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List of abbreviations

2’0-mePS 2’0-methyl phosphorothioate CRISPRI CRISPR interference
AAV Adeno associated virus cS Chondroitin sulphate
AC Articular cartilage dCas9 Deficient Cas9 protein
ACT Adoptive cell therapy DCs Dendritic cells
ADA Adenosine deaminase DMD Duchenne muscular dystrophy
ADAR2 /;geAnt(;spizezdeaminase that acts on DS Dermatan sulphate
DSBs Double-strand breaks
ADA-SCID ADA severe .cc.>mbined EBV Epstein-Barr virus
immunodeficiency
+E) Alternative end joining ECM Extracellular matrix
AIDS Acquired immunodeficiency ER Endoplasmic reficulum
syndrome ERT Enzyme replacement therapy
ALL Acute lymphoblastic leukemia ESC Embryonic stem cell
AML Acute myeloid leukemia ESE Exonic splicing enhancer
AON Antisense oligonucleotide eSpCas9 Enhanced specificity Cas9
ARSB Arylsulfatase B ESS Exonic splicing silencer
ARSB N-Acetylgalactosamine-4-sulfatase EV Empty targeting vector
ART Antiretroviral therapy evoCas9 Evolved Cas9
BER Base excision repair FACS Fluorescence-activated cell sorting
BMD Becker muscular dystrophy FC Fold change
C4s Chondroitin 4-sulfate FDR False discovery rate
C6S Chondroitin 6-sulfate FIX Clotting factor IX
CADD Combined annotation-dependent FViIl Clotting factor VIII
depletion GAA Acid a-glucosidase
CAR Chimeric antigen receptor GAGs Glycosaminoglycans
CD19 Cluster of differentiation 19 GalNAC N-acetylgalactosamine
cDNA Complementary DNA GlcA Glucuronic acid
CGD Chronic granulomatous disease GlcNAC N-acetylglucosamine
CHX Cycloheximide GNPs Gold nanoparticles
CI-M6PR g-a;'i::;‘ijr;]:isizg::tto:ﬁannose GO Gene ontology
GVHD Graft versus host disease
cLp Crosslinking and —
immunoprecipitation HA Hyaluronic acid
CNS Central nervous system HbA Hemoglobin A
CPM Counts per million HbF Fetal hemoglobin
CRISPR RNA crRNA HDR Homology directed repair
Clustered Regularly Interspaced HGMD Human gene mutation database
CRISPR/Cas9  Short Palindromic Repeats/CRISPR ipsce Human induced pluripotent stem

associated protein 9

cells
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HITI Homology-independent targeted MSC Mesenchymal stem cells
integration MW Molecular weight
HIV Human immunodeficiency virus NGD No-go decay
Hi ibility leuk
HLA |sFocompanb| ity leukocyte NGS Next-generation sequencing
antigen
i Heterogeneous nuclear NHEJ Nonhomologous end joining
ribonucleoproteins NK Natural killer
HPFH Hereditary persistence of HbF NMD Nonsense-mediated decay
HPV Human papillomavirus NSD Nonstop decay
HS Heparan sulphate Non transfusion-dependent
NTDT thalassemia
HSCs Hematopoietic stem cells
Hematopoietic stem cell PAM Protospacer-adjacent motif
HSCT . . ) -
transplantation Photoactivatable-ribonucleoside
PAR-CLIP
L . enhanced CLIP
HSPCs Hematopoietic stem and progenitor
cells PAS Periodic acid—Schiff
HypaCas9 Hyper-accurate Cas9 PCR Polymerase chain reaction
. Individual-nucleotide resolution Pharmacological chaperone
PCT
iCLIP UV CLIP therapy
IdoA L-iduronic acid pegRNA Prime editing extended guide RNA
IDS Iduronate-2-sulfatase PIDs Primary immunodeficiency
IDUA A-L-iduronidase diseases
. . Precise integration into target
iPSCs Induced pluripotent cells PITCh
chromosome
IRAEs Immune-related adverse events PKU Phenylketonuria
| | ic splicing sil
55 ntronic splicing silencer PMO Phosphorodiamidate morpholino
KS Keratan sulphate oligomer
LCA Leber’s congenital amaurosis PST Protein substitution therapy
LNPs Lipid nanoparticles FAAVS Recombinant adeno-associated
LSDs Lysosomal storage disorders viruses
M6P Mannose-6-phosphate RNAi RNA interference
M6PR M6P receptor RNA-seq RNA sequencing
MEFs Mouse embryonic fibroblasts RNP Ribonucleoprotein
MHC Major histocompatibility complex RRM RNA recognition motif
MHC Myosin heavy chain i Recursive splicing
miRNA Microrna RSV Rous sarcoma virus
MME) Microhomology-mediated end SCD Sickle cell disease
joining SF3B Splicing factor 3B
MMR Mismatch repair sgRNA Single guide RNA
MNs Meganucleases shRNA Short hairpin RNA
MOE 2’0-methoxyethyl SMA Spinal muscular atrophy
MPS Mucopolysaccharidoses SNP Single-nucleotide polymorphism
mRNA Messenger RNA snRNA Small nuclear RNA
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snRNP Small nuclear ribonuclear protein

SNVs Single-nucleotide variants

sQTL Splicing quantitative trait locus

SR Serine/arginine-rich

SREs Splicing regulatory elements

SRSF SR splicing factor

SRT Substrate reduction therapy

SSBs Single-strand breaks

SSOs Splice-switching oligonucleotides

TALENS Transcription activator-like effector
nucleases

TDT Transfusion-dependent thalassemia

TILs Tumor-infiltrating lymphocytes

TLR4 Toll-like receptor 4

TRAC T cell receptor a constant

tracrRNA Trans-activating CRISPR RNA

tTCR Transgenic T cell receptor

UuGAGs Urinary gags

VCN Vector copy number

vg/dg Genome/diploid genome

WES Whole exome sequencing

WGS Whole genome sequencing

ZFN Zinc finger nucleases
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Lysosomal storage disorders

Lysosomes are organelles with a highly specialized role in the degradation and
recycling of a wide range of macromolecules, including profeins, glycogen,
sphingolipids and glycosaminoglycans (GAGs) [1, 2]. Transport of substrates to
lysosomes is governed by the nature of the substrate itself and occurs through a
variety of endocytic mechanisms. These include phagocytosis, macropinocytosis,
clathrin-mediated endocytosis, caveolin-mediated endocytosis, and clathrin-
and caveolin-independent endocytosis [2]. In addition, cells are able to transport
their cytoplasmic infracellular materials fo the lysosome through autophagy.
The degradation of substrates in lysosomes is managed through a network of
approximately 70 acidic hydrolases that interact with substrates in the lysosomal
lumen. These lysosomal enzymes are primarily synthesized in the endoplasmic
reticulum (ER) and travel to the cis-Golgi compartment where mannose-6-
phosphate (MéP) residues are added [3]. Most lysosomal enzymes are fransported
to the lysosome via the MéP groups which interact with the MéP receptor (M6PR) [4].

Lysosomes act as a waste disposal system and are essential regulators
of cellular homeostasis. In addition, advances in the understanding of lysosomal
function have shown that lysosomes play a vital role in nutrient and amino acid
sensing, and in cell growth and cell catabolism via recycling of degradation
products to the cell [5, 6]. Lysosomal enzymes are therefore essential for the
regulation of the complex regulatory elements involved in cellular homeostasis that
are initiated within the lysosome.

Disease-associated variants in the enzymes involved in complex stepwise
degradation processes in the lysosome lead to rare and severe genetic diseases
known as lysosomal storage disorders (LSDs). LSDs are generally inherited as
recessive fraits with a cumulative incidence of approximately 1 in 5,000 live births
[7-10]. Disease-associated variants in lysosomal enzymes result in their deficiency
or absence, which leads to progressive lysosomal accumulation of undegraded
substrate that ultimately leads to cellular and organ dysfunction [11]. LSDs are
classified based on the deficient enzyme and on the accumulated substrate.

LSDs are multisystem disorders that can feature a wide range of clinical
symptoms and although clinical features can vary amongst the disorders, they all
share a progressive disease course. The rate of the disease progression is variable
between and within LSDs. Symptoms can develop at a wide range of ages, starting
in utero or in newborns, or become evident in adulthood.
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Mucopolysaccharidosis

Within the LSDs, Mucopolysaccharidoses (MPS) are monogenic autosomal
recessive diseases caused by deficiencies in lysosomal enzymes involved in the
degradation of GAGs. GAGs are essential components in connective tissues and
extracellular matrix and are continuously renewed throughout the whole body.
The GAG family includes dermatan sulphate (DS), heparan sulphate (HS), keratan
sulphate (KS), chondroitin sulphate (CS) and hyaluronan. All these GAGs have their
own specific degradation pathways. GAGs can be degraded exiracellularly or are
fransported to the lysosome via endocytosis where they are degraded by enzymes
through a multistep process. Deficiency of any of the enzymes involved in the GAG
degradation process leads to different types of MPS. The partially degraded GAG
molecules are stored in lysosomes, but are also excreted into urine, a hallmark that
is often used for diagnosic purposes. Currently, there are 11 known enzymes that
catalyze the degradation of GAGs, and their dysfunction leads to 7 distinct MPS
types (Table 1) [12].

Disease-associated variants in the IDUA gene cause MPS | and lead to
the accumulation of HS and DS [13, 14]. There are three MPS | subtypes based on
the disease severity: the severe Hurler form, the intermediate Hurler-Scheie form
and the mild Scheie form [15]. Symptoms of MPS | include organomegaly, skeletal
abnormalities and corneal clouding. Neurodegeneration occurs in Hurler, but
not in Scheie [15]. MPS Il — the only X-linked MPS disease — is caused by disease-
associated variants in the IDS gene [16]. MPS Il has historically been classified into
the two subtypes attenuated and severe [17, 18]. More recently the two sub-types
neuropathic and non-neuropathic are proposed, based on CNS involvement [19].
Incomplete GAG degradation leads to accumulation of HS and DS, which causes
severe skeletal abnormalities, organomegaly and neurodegeneration [20-22]. MPS
lIl'is subdivided into 4 separate types, each with a different enzyme deficiency: A,
B, C and D, caused by Heparan sulfamidase, N-acetylglucosaminidase, Heparan-
a-glucosaminide N-acetyltransferase, and N-acetylglucosamine é-sulfatase,
respectively[23-27]. All subtypes feature substantial HS accumulation in organs and
in the central nervous system (CNS), leading to severe diseases with progressive
neurodegeneration [28-33]. MPS IV is categorized into two subtypes; A and B,
caused by disease-associated variants in GALNS and GLBI respectively [34, 35].
Both subtypes show accumulation of KS, while MPS IVA also shows accumulation
of chondroitin é-sulfate (CéS). Patients with both subtypes develop severe skeletal
abnormalities and organomegaly [36]. MPS IVB patients generally exhibit milder
phenotypes than MPS IVA patients. There is no indication for CNS involvement in
both MPS IVA and MPS IVB [37]. MPS VIl patients have disease-associated variantsin
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the GUSB gene, resulting in accumulation of HS, DS and chondroitin 4-sulfate (C4S)

and CéS [38]. This leads to severe organomegaly and skeletal abnormalities as well
as neurodegeneration [39-42]. The exiremely rare MPS IX form is caused by disease-
associated variants in HYALI, which leads to accumulation of hyaluronan [43, 44].
Patients present joint problems and short stature, but not with visceral or neurological
involvement [43, 45]. Lastly, and the focus of this thesis, MPS VI is primarily a skeletal
and joint disease caused by DS and C4S accumulation [46, 47].

MPS Storage ez
Eponym Enzyme deficiency Gene CNS Pathology Cartilage
type product
Pathology
Hurler Severe Severe
| Hurler/Scheie a-L-iduronidase IDUA HS, DS Mild to Moderate Moderate
Scheie No Mild
I Hunter |Iduronate-2-sulfatase IDS HS, DS No to Severe Moderate
l-A  Sanfilippo type A heparan N-sulfatase SGSH HS Severe Mild

a-N-acetylglucos-

-8 Sanfilippo type B aminidase NAGLU HS Severe Mild
Acetyl-CoA:a-

lI-C Sanfilippo type C glucosaminide-N- HGSNAT HS Severe Mild
acetyltransferase

I-D Sanfiippo type D N-acelylglucosamine-6- ~yo g Severe Mild
sulfatase

IV-A Morquio type A galactose-é-sulfatase GALNS  KS, CéS Moderate Severe

IV-B Morquio type B B-galactosidase GLBI KS, Moderate Severe

VI Matoteaux-Lamy N-acetylgalactosamine- ARSB DS, C4S No Moderate to
4-sulfatase Severe

. HS, DS, C4S, | . Mild to
VIl Sly B-glucuronidase GUSB cés Mild Moderate
IX Natowicz Hyaluronidase HYALI Hyaluronan No Moderate*
syndrome

Table 1. Enzyme deficiencies and storage products in MPS. C4S: chondroitin 4-sulphate, C6S: chondroitin
6-sulphate, DS: dermatan sulphate, HS: heparan sulphate, KS: keratan sulphate, *based on a very small

patient population.
Mucopolysaccharidosis VI

MPS VI (OMIM #253200), also known as Maroteaux-Lamy disease, is an autosomal
recessive disease characterized by deficiency of the ARSB enzyme. ARSB deficiency
is caused by disease-associated variants in the ARSB (arylsulfatase B, also called



General infroduction and outline of thesis| 15

N-acetylgalactosamine-4-sulfatase) gene [46]. This impairs degradation of DS and
C4S, which leads to progressive accumulation of these GAGs in the lysosome and
ulfimately to progressive cellular and organ deterioration [47]. The incidence of MPS
VI has been estimated between 1in 43,261 and 1in 1,505,160 live births [48], but has
been shown to be more prevalent in some regions such as Saudi Arabia and certain
parts of Brazil, influenced by higher degrees of consanguinity [49]. MPS VI patients
present a clinical spectrum ranging from mildly affected patients with a slow disease
progression to severely affected patients with a rapid disease progression [50, 51].

Disease progression in MPS VI

MPS VI patients present without obvious symptoms at birth with relatively normal
early childhood milestones, regardless of phenotypic severity [52]. Signs and
symptoms of MPS VI often begin to become apparent during early childhood.
Changes in general appearance include coarse facial features such as a broad
noses, thick lips and protruding tongue, large head circumference, and restricted
mobility of the hand, shoulder and elbow joints [17, 21]. In addition, MPS VI patients
are prone to ear infections and progressive hearing loss caused by conductive
and sensorineural deficits. GAG deposition in the respiratory system can lead to
upper respiratory infections, severe airway obstruction and narrowing of the
frachea. These airway changes offen lead fo sleep apnea and further progress
to reduced pulmonary function and eventually require ventilator support [17]. This
is additionally compromised by changes in the thoracic skeleton, causing severe
skeletal abnormalities that ultimately affect the cardio-respiratory system. GAG
accumulation in the heart, liver and spleen result in cardiomyopathy, cardiac
valve dysplasia and enlargement of abdominal organs (hepatosplenomegaly).
Accumulation of GAGs in the cornea often leads to corneal clouding, which comes
with significant vision loss. Although not typically described as a neurological disease,
there is an indication for neurological involvement, but not as evident and well
established as in other mucopolysaccharidoses such as | and Il. MPS VI patients can
develop hip dysplasia, short stature, joint pain and arthropathy with restrictions in
theirrange of motion due to dysostosis multiplex and irregular ossification of the joints
[51, 53]. Hands can become claw-like and aggravated by the frequent occurrence
of carpal tunnel syndrome, whilst ribs have an unusual thickened appearance.
Without treatment, death usually occurs in late childhood or adolescence for
severely affected MPS VI patients. Milder affected MPS VI patients can survive intfo
adulthood, but with a significantly reduced life expectancy. The most prominent
causes of death include heart disease and airway obstruction.
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Molecular biology of ARSB

ARSB is a 533 amino acid protein synthesized in the ER. After translocation of the
polypeptide to the lumen of the ER, a 39 amino acid long signal peptide is cleaved
off. The 55.8 kDa ARSB polypeptide acquires the mannose é-phosphate lysosomal
targeting signal. A precursor ARSB protein is formed during transport through the
ER and the Golgi complex with a molecular mass of 66 kDa, which is subsequently
processed to 57 kDa. Further maturation of the protein results in an amino-terminal
43 kDa, a cenfral 7k Da species and a carboxyl-terminal 8 kDa species within the
lysosome. Variants in the ARSB gene can affect any aspect of these processes, from
synthesis to transport and maturation, as well as the catalytic activity. The human
ARSB gene contains 8 exons and 7 infrons, and is exceptionally large, spanning
almost 209 kb with a coding sequence of 5,3kb. Over 200 disease-associated
variants have been reported for the ARSB gene, which are spread out over the
entire gene [49].

Glycosaminoglycans

The GAG family is a group of complex macromolecules involved in a large variety of
important biological processes. Based on the different disaccharide units forming the
GAGs, four main groups can be distinguished: heparan sulfate, chondroitin sulfate/
dermatan sulfate, keratan sulfate and hyaluronan. In proteoglycans, hyaluronan
acts as a backbone to which link and core proteins are bound. HS, CS/DS or KS
extend perpendicular from the core protein in a feather- like structure (Figure 1).
GAGs can form different profeoglycans depending on the core protfein. E.g. for
aggrecan, a major component of articular cartilage, the protein core is encoded
by the ACAN gene. Over 40 different protein cores have been identified, all with
their own GAG pattern and function [54, 55]. GAGs are renewed confinuously; this
involves a step-wise process of synthesis and degradation, the latter occurs via a
series of lysosomal enzymes.

Heparan sulfate
Heparan sulfate is an important component of both the extracellular matrix and the
plasma membrane [56]. Due to the large number of potential modifications on HS
chains, HS occurs in highly diverse structural forms that make these very information
rich and that are key to their protein-binding and regulatory properties [57, 58].
HS interactions are crucial in cellular and micro-environmental regulation, and
in maintaining cellular functions [59]. HS has also been shown to be an essential
component for normal development and physiology by interacting with growth
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HS, CS, DS or KS

Core B - JU | S
protein  \[f-- B /S

Link

Hyaluronan )
protein

backbone

Figure 1. Schematic representation of a proteoglycan. Link (green) and core (red) proteins are connected
to the backbone Hyaluronan (Blue). GAGs (pink) are covalently linked to the core protein in a feather like

structure. HS: heparan sulfate, CS: chondroitin sulfate, DS: dermatan sulfate, KS: keratin sulfate.

factors, enzymes, extracellular matrix proteins and protfeins on the surface of
pathogens [60, 61].

HS polysaccharides are composed of repeating disaccharide units, either
glucuronic acid (GIcA) or L-iduronic acid (ldoA) bound to N-acetylglucosamine
(GIcNAc), which can be further modified. HS features minimally modified
N-acetylated regions primarily made up of GlcA-GIcNAc repeats, which separate
the highly sulphated domains — also known as S domains - from the rest of the chain.
The S domains are generally 3-8 disaccharides in length and can be modified by
the addition of N- and O-sulphate groups and by epimerisation of GIcA to IdoA [57,
62].

Large HS complexes are hydrolyzed by endo-R-glucuronidase that initiate
the degradation (Figure 2). HS degradation is then followed by desulphation of the
terminal iduronic acid-2-sulphate by Iduronate-2-sulfatase, making the substrate
suitable for a-iduronidase. After hydrolysis, the remaining residue is converted into
an N-glucosamine by Heparan N-sulphatase-mediated removal of a sulphate. The
membrane-bound N-acetyliransferase catalyses the N-acetylation of the remaining
amino group, leaving an N-acetylglucosamine. The terminal GIcNAc residue is
enzymatically cleaved by a-N-Acetylglucosaminidase followed by cleavage of
a glucuronic acid by R-glucuronidase. The remaining sulphates are removed by
N-Acetylglucosamine-é-sulfatase and the final product undergoes a final hydrolysis
by a-N-Acetylglucosaminidase [63].
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Chondroitin sulfates & Dermatan sulfate
Chondroitin sulfates are key componentsin the ECM of hyaline cartilage. In addition,
chondroitin sulfate plays an important role in neural signal fransduction and is
found in various other biological tissues such as skin, blood vessels and bone [64-
67]. In chondroitin sulfates, the disaccharide unit contains N-acetylgalactosamine
(GalNAc) and GIcA [62]. Chondroitin sulfates can be classified in different groups
based on the position of sulfur groups that are present on the chondroitin sulfate
backbone. The most prevalent C4S and CéS are sulfated on position 4 and é
respectively [64, 68, 69]. Dermatan sulfate (DS) is a key component involved in
maintaining structure and integrity in many fissues in the animal and human body
such as the corneaq, the heart valve, bone and cartilage [65, 66, 70, 71]. Moreover,
DS is involved in biological processes such as cell division, cell signaling, wound
repair and inflammation [72, 73]. Dermatan sulfate has a similar desulphation
pattern as chondroitin sulfate with GalNAc and GIcA as the disaccharide units.
However, unlike CS, DS can also contfain IdoA residues instead of GIcA [62]. The
level of complexity of the DS molecule varies greatly due to a variety of factors,
such as the total length of the DS chain, the presence and location of IdoA residues,
the level of sulphation and the alternatives for core proteins [70]. This provides DS
with high diversity in binding affinity and confrols protein interactions.

DS and C4S are related GAG molecules with a similar structure and follow
the same degradation pathway, with an exira step for DS to remove the IdoA
units (Figure 3). DS degradation is initiated by the desulphation of the terminal
iduronic acid by iduronic acid-2-sulphatase, followed by another desulphation
catalyzed by a-iduronidase to remove all iduronic acids. Hereafter, this substrate
and C4S follow the same degradation pathway. The terminal GalNAc-4-SO4
can be processed via two pathways. The first hydrolysis of the GalNAc-4-SO4 is
mediated by ARSB, followed by further hydrolysis of the terminal hexosamines by
B-N-Acetylhexosaminidase A or B. In the second pathway, the GalNAc-4-SO4 unit
is removed by B-N-acetylhexosaminidase A followed by ARSB sulfatase cleavage.
Both pathways result in a substrate that is further cleaved by B-Glucuronidase to
remove the B-glucuronic acid unit from the GalNAc-4-SO4 unit. The GalNAc-4-SO4
unit is further cleaved by ARSB [63].

Keratan sulfate
Keratan sulfate is divided intfo three subtypes KS I, KS II, and KS lll based on the
linkage to the core protein [74, 75]. KS lis linked to an asparagine residue and found
in the cornea, where it maintains the even spacing of type | collagen fibrils to allow
the passage of light [74, 76]. KS Il is linked to a serine or threonine residue and is
found in cartilage [77, 78]. Here, KS Il is linked to the large proteoglycan aggrecan
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Figure 2. Heparan sulphate degradation pathway. Heparan sulphate is degraded by series of lysosomal
enzymes within the lysosomes. Deficiencies of each enzyme results in specific MPS disorders, as illustrated

on the right side.
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and provides the properties to joints to bear significant loads and to counteract the
compressive forces that occur during movement. KS lll is linked to the core protein
through a mannose-serine and is found in the brain, where it plays an important role
in nervous system development and metabolism [79, 80].

KS is a heavily sulfated chain of repeating units of N-acetyllactosamines
which can reach up to a length of 50 disaccharides and contfains a mixture
of nonsulfated, monosulfated and disulfated disaccharide units [62]. KS
degradation is initiated with a desulphation by Galactose é-sulfatase, followed by
B-galactosidase digestion (Figure 4). The terminal GIcNAc-6-SO4 is desulphated by
N-Acetylglucosamine-6-sulfatase followed by an elimination of the GIcNAc group
by B-N-Acetylhexosaminidase A or B. Alternatively, the GIcNAc-6-SO4 group can be
cleaved by B-N-Acetylhexosaminidase A directly. Both processes result in formation
of the same residue that is processed by B-Galactosidase, and finally the remaining
monosaccharide is desulphated by N-Acetylglucosamine-é-sulfatase [63].

Hyaluronan
Hyaluronic acid (HA) or hyaluronan is the largest and most predominant GAG,
and the only GAG that is not sulfated [81]. HA is an essential component of the
extracellular matrix of connective, epithelial and brain tissue. HA can retain water
up to 100 times its weight, control water homeostasis and is able to self-aggregate
or act as a backbone in proteoglycans [82-84]. In cartilage, these characteristics
help to form an elastic tissue that absorbs energy and revert back to its original
shape upon release of mechanical stress. HA plays a crucial biological role in
wound healing in the skin, with an important role from early inflammatory activation
up to the reepithelization process [81, 85-87].

HA is a polymer of repeating GlcA and GIcNAc saccharides that forms
molecules of up to 25,000 disaccharide repeats in length [81]. Degradation of
hyaluronan starts on the cell surface with cleavage of HA by Hyaluronidase-2 (Figure
5). The resulting fragments of approximately 50 disaccharides are internalized
and fransported to the lysosome. The fragments are degraded into tetra- and
disaccharides by Hyaluronidase-1. A series of cleavages by B-Glucuronidase and
B-N-Acetylhexosaminidase o remove the GlcA and GIcNAc, respectively, result in
the complete breakdown of hyaluronan into monosaccharides [63].

Bone and Cartilage development
Cartilage can be classified in three types; elastic carfilage, hyaline cartilage and
fibrocartilage, which differ in the composition of their extracellular matrix (ECM).
Chondrocytes are the primary cells in cartilage, and due fo the high ratio of
matrix to cell volume in cartilage, occupy only up to 5% of the cartilage volume.
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Figure 3. Chondroitin & dermatan sulphate degradation pathway. Chondroitin & dermatan sulphate are
degraded by series of lysosomal enzymes within the lysosomes. Deficiencies in each enzyme results in various
MPS disorders, as illustrated on the right side. Dermatan sulphate requires an additional step to remove the

IdoA units. The subsequent substrate and chondroitin sulphate follow the same degradation pathway.

Chondrocytes are highly metabolically active, and synthesize and degrade the
ECM components that compose cartilage. The ECM in articular cartilage (AC)
is mainly made up of collagen |l fibers, GAGs and proteoglycans produced by
chondrocytes. The negatively charged glycans in the cartilage retain water and
form a network with the collagen fibers that provide the tissue with elasticity and
shock absorbing qualities, and facilitate movement in the joints. AC is an avascular
fissue and chondrocytes rely on diffusion for their nutrients [88].
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During development, long bones are formed through endochondral ossification,
a process where cartilage tissue is replaced by bone tissue. Growth in long
bones is achieved through endochondral ossification of the epiphyseal plate —
or growth plate. Four distinct populations of cell types can be identified in bone:
osteoprogenitor cells, osteoblasts, osteocytes and osteoclasts. Osteoprogenitors
are stem cells that invade the tissue during endochondral ossification and are
precursors of osteoblasts. Osteoblasts are mononucleated cells involved in bone
development and can further differentiate into osteocytes, which are mature bone
cells associated with the maintenance of bone. Osteoclasts are large, multinuclear
cells of hematopoietic origin, involved in the resorption of bone.

Although many regulatory pathways are involved in controlling bone and
carfilage histogenesis, Sox? and Runx2 are known as the master regulatory genes.
Sox9 regulates cartilage formation and directly controls franscriptional activation of
other genes inits regulatory network such as Sox5, Soxé, Col2, Col?, Acanand Col11.
Runx2 regulates bone formation and directly confrols franscriptional activation of
other genes in its regulatory network such as SP7, Col10, Ihh, Mmp13, Alpl, Sppl,
Sparc and Bglap [89].

Bone and Cartilage development in Mucopolysaccharidosis
In all types of MPS one or more types of GAGs accumulate, all of which are
crucial during the development, growth and maintenance of bone and cartilage.
Dysregulation of these processes due to the accumulation of GAGs leads to the
bone and carfilage disease, which are hallmarks of all types of MPS. Symptoms
include joint problems leading to immobility and malformation of bones. Lysosomal
deposition of GAGs in the chondrocytes leads to stiff joints, contractures and poor
mobility, and ultimately manifests as a degenerative joint disease. Due to the hip
being one of the primarily affected joints, MPS VI patients become wheelchair
bound at early age. In addition, the range of motion of joints as well as hand
function is decreased [51, 53].

Three main mechanisms contribute to the bone and cartfilage pathology
in MPS; dysregulation of signaling pathways, inflammation and the impact of
mechanical forces.

The composition and metabolism of the exiracellular matrix of cartilage
is regulated by the degradation and de novo synthesis of its components, which
are mainly mediated by osteocytes and chondrocytes in bone and cartilage,
respectively. Infralysosomal GAG storage followed by cellular dysfunction provokes
a cascade of pathological processes that directly affects the homeostasis of the
ECM. GAG accumulation interferes with normal growth and maintenance of
cartilage, whichin turn leads to short stature and skeletal malformations. GAGs have
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Figure 4. Keratan sulphate degradation pathway. Keratan sulphate is degraded by series of lysosomal
enzymes within the lysosomes. Deficiencies of each enzyme results in various MPS disorders, as illustrated

on the right side.

an important regulatory function in endochondral ossification, which is disturbed by
GAG accumulation in MPS; partially degraded and undegraded GAGs interact
with several growth factors, such as BMPs, TGF-B, Wnt, FGFs and the FGF receptor,
all crucial factors in the formation of bone and cartilage [20].

GAG accumulation can lead to the activation of the Toll-like receptor 4
(TLR4) pathway through its interaction with GAG fragments [?1, 92]. The activation
of this pathway in osteoblasts, osteocytes, osteoclasts, and chondrocytes has been
associated with inflammation. The inactivation of the TLR4 pathway has improved
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the pathology in an MPS VIl model, further highlighting the importance of the TLR4
pathway in MPS disease progression [?3]. In addition, the deterioration of the joints
leads to pain and further inflammation of these joints. TLR4 activation results in the
secretion of pro-inflammatory cytokines such as TNF-a, IL-1R and nitric oxide into
the ECM, and bears a striking resemblance to the secretion in degenerative and
inflammatory diseases such as osteo- and rheumatoid arthritis.

As the cartilage tissue degenerates, friction between the bone tissue leads
to its malformation and degeneration. This changes the patients’ posture, leading
to further deterioration due to the alteration of the weight bearing forces in the
joints and bones [51].

The processes of dysregulation of signaling pathways, inlammation and
problems with mechanical loading are fightly linked and influence each other
greatly. Hence, a more in-depth analysis into the interplay of these processes
would greatly deepen our understanding of the events leading up to the bone and
cartilage pathology.

Although all types of MPS share bone and cartilage pathology, the severity
and presentation can differ between and within each MPS type. The difference
between different MPS types in the involvement of bone and cartilage disease
can be explained by the difference in GAG and metabolites accumulation. GAGs
have an important function in cartilage biology but the prevalence and turnover
of the different types of GAGs in the cartfilage differ. In addition, GAG metabolites
have variable binding affinities and binding partners, and can influence various key
pathways involved in chondrogenesis [90].

In MPS | and MPS II, the accumulation of HS and DS leads to short stature,
joint contracture, malformation of flat bones and dysostosis multiplex. The severity
of the bone and cartilage pathology in MPS | depends on the subtype, with a mild
involvement in Scheie to a more severe from in Hurler. Although similar products
accumulate in MPS | and |, the skeletal involvement is generally less severe in
MPS I. The reasons for these differences are poorly understood but is likely due
to the different levels of GAG accumulation. In addition, the ratio of HS and DS
accumulation may differ between the two types of MPS, which might influence the
pathology. The bone and cartilage pathology are the mildest of all MPS types in
patients with any of the four types of MPS IIl. In MPS Ill, the sole accumulation of HS
leads to widening and thickening of bones at older age. No defects are observed
in the growth of these patients as stature is not affected. Accumulation of HS is
observed in chondrocytes, but not as prominently as in MPS |. The accumulation of
CS and KS lead to severe bone and carfilage pathology in MPS IVA patients. Similar
features are observed as in the severe MPS | patients. In addition, the accumulation
of these GAGs in ligaments and adjacent connective tissue lead fo hypermobile
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Figure 5. Hyaluronan degradation pathway. Hyaluronan is degraded by series of lysosomal enzymes within

the lysosomes. Deficiencies in each enzyme results in various MPS disorders, as illustrated on the right side.

joints, a unique frait within the MPS disorders. Accumulation in the cartilage disturbs
ossification of cartilage at the proximal lateral portion of the tibia and leads fo
fragmentation of the capital femoral epiphyses. MPS IV-B Patients usually present
similar but milder clinical features compared to those associated in MPS IV-A. MPS
Vlis characterized by DS and CS accumulation, and bone and cartilage pathology
severity varies greatly between patients. In the rapidly progressive phenotype, MPS
VI leads to severe bone and cartilage pathology at a young age. In the slowly
progressive phenotype, symptoms are milder and present later in life. Symptoms
include the fragmentation of the capital femoral epiphyses, short stafure, joint
confracture, and dysostosis multiplex. Irrespective of the disease progression, hip
disease is one of the most prominent features of MPS VI pathology. Due to the small
patient population, litfle is known about bone and cartilage disease in MPS VIl and
IX. In MPS VI, skeletal abnormalities are often present due to the accumulation of
DS, HS and CS. The bone and cartilage pathology generally seem to lead to similar
symptoms and fo a similar range of severity as seen in MPS I. MPS IX is the rarest form
of MPS, but all patients seem to present some form of bone and cartilage pathology
such as a mild short stature.

The difference in bone and cartilage pathology within the MPS types can
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be explained by factors such as the severity of the disease-associated variant, the
presence of a disease-modifying factor and a difference in the immune system
between patients. Not all disease-associated variants have the same effect on the
enzyme activity. Although all these variants lead to the typical enzyme deficiency
seen in patients, the levels of residual enzyme activity can differ between variants
and a genotype-phenotype relationship has been suggested for multiple types of
MPS [19, 94-96]. For some types of MPS, the biochemical assays to measure the
enzyme activity fail to detect any difference between the variants, most likely due
to the sensitivity of these assays. For instance, in MPS |l there is a strong genotype-
phenotype relationship for the involvement of brain pathology, but enzyme activity
assays failed to detect any difference in enzyme activity between the groups [19].

Modifying factors can influence the severity and clinical penetrance of
a disease, as seen in other diseases [?7-100]. Although no modifying factors have
beenreported to influence the clinical pathology in MPS patients so far, one cannot
rule out the possible involvement of these factors. The identification of modifying
factors is challenging, especially with the limited number of patients available for
analysis. Although these factors might provide some insight in the difference in
disease progression, they are not widely studied.

In asimilarmanner to the modifying factors, differencesinimmune responses
between patients can play a vital role in the disease progression, as inflammation
appears to play an important role in the establishment and disease progression in
bone and cartilage.

Splicing and human disorders

Determining the disease-associated variant in MPS VI is a crucial part of diagnosis
and genetic counseling. Although the identification of variants has become easier
with the infroduction of more advanced sequencing techniques, functional analysis
of the variants is scarce and identifying the disease-associated variant can be
challenging. In addition, infronic variants are often not considered although they
can have a profound effect on splicing. Although the basic principles of splicing
are well known, predicting the effect of a variant on the splicing outcome is still
challenging due fo its complexregulation. This ulfimately leads to an underestimation
of the percentage of splicing variants. Understanding the effect of variants on
splicing is not only important for diagnostic purposes but it can be a target for the
development of novel therapies such as anfisense oligonucleotides and gene
therapy. An in-depth review on the different types of alternative splicing, their
involvement in genetic disease and possible therapeutic strategies to modulate
alternative splicing can be found in chapter 2.
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Therapy for MPS

The current therapy formost types of MPS consists of palliative care and management
of clinical symptoms in the form of enzyme replacement therapy (ERT). In ERT,
purified recombinant disease-specific enzyme is administered infravenously on a
weekly or bi-weekly basis to prevent accumulation of substrate [17]. Lysosomal
enzymes circulating in blood are endocytosed and frafficked to the lysosome via
the Mé6P receptors on the surface of target cells [101]. ERT has been approved for
MPS I (2003), MPS 1l (2006), MPS IVA (2015), MPS VI (2005) and MPS VII (2017).

ERT has significant positive effects on numerous parameters such as liver
and spleen size, urinary GAGs and the overall quality of life [102, 103]. However, the
effects of ERT on the corneaq, heart valves and central nervous system are limited or
absent [104]. Although ERT ameliorates bone and joint problems in various animal
models if started very early, little improvement of bone and cartilage disease is
observed in humans [51, 93, 105]. Moreover, due fo the foreign nature of the infused
enzyme, patients freated with ERT can develop neutralizing anfibodies that reduce
the efficacy of the therapy [106, 107].

Allogeneic hematopoietic stem cell transplantation (HSCT) is an alternative
option as the standard of care for some MPS types. HSCT is a well-established stem
cell therapy for MPS that uses Hematopoietic stem cells (HSCs) to reconstitute the
entire lympho-haematopoietic system in the patient [108]. The therapeutic efficacy
varies depending on the type of MPS, age of the patient, clinical severity, and
disease stage.

Multiple patients across the MPS types have undergone HSCT with limited
efficacy; although higher circulation enzyme levels led to decreased symptoms
such as hepatosplenomegaly and to improved joint mobility, the therapeutic effect
on the skeletal problems and brain phenotype was limited [109]. Moreover, graft
versus host disease (GVHD) has been reported for 36% of all MPS VI patients that
received allogenic HSCT [109].

Although allogenic HSCT offers a one-time intervention and is more cost
efficient than ERT, it remains a controversial therapy due the limited effect on
crucial targets such as the skeletal problems and the brain. Due to the limited
efficacy, limited availability of donors, GVHD, mortality risk and other complications
associated with allogenic HSCT, ERT remains mostly preferred above allogenic HSCT.

Both infravenous ERT and allogenic HSCT have limited effects on the
skeletal problems and the central nervous system, due to the poor vascularization
of the tissue or due to the inability of the enzyme to cross the blood brain barrier,
respectively. Therefore, the development of novel therapies to treat these symptoms
is warranted.
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In a pre-clinical setting, infra-articular injection of ERT reduced storage
material in articular cartilage of MPS VI cats [110]. However, 1 month after injection
re-accumulation occurred in the surface of the carfilage and within 2 months, GAG
accumulation recurred throughout the full thickness of the arficular cartfilage [110].
Monthly intra-articular injections showed significant improvement after 10 months of
freatment with no adverse events and negligible anti rhARSB antibody fiters [111].
No outward signs of inflammation following intra-articular injection were observed
in the injected joints. Although the feasibility of intra-articular injection of ERT in MPS
patients is uncertain, these results do demonstrate that ARSB is able to penetrate
the avascular articular cartilage if administered via injection.

Other treatment modalities for MPS disorders are currently being evaluated,
including substrate reduction therapy (SRT) [112-114], anfi-inflammatory therapy
[115-117], stop codon read-through and pharmacological chaperone therapy
(PCT) [118, 119]. Although these therapies offer new treatment modalities alone
or in combination with ERT, they are not curative and/or only beneficial for a small
number of patients.

Gene therapy

Gene therapy is designed to be a one-time and generic freatment with long-term
benefit. In gene therapy, the missing or defective gene is infroduced into patient
cells in vivo or ex vivo, followed by the confinuous release of this corrected enzyme
into the body.

In vivo gene therapy

For in vivo gene therapy, the missing or deficient gene is usually transferred into
the somatic cells of a patient using different viral vector systems, such as lentiviral
and adeno associated virus (AAV)-based vectors. AAV vectors persist as episomal
vectors and thus pose a low risk of insertional mutagenesis and genotoxicity.
However, the efficiency of AAV vectors to deliver the enzyme drops over time due
to their episomal nature, especially in dividing cells. A second fransduction with the
AAV virus is hindered due to the development of neutralizing antibodies after the
first infection. In addition, a significant percentage of the population have already
developed neutralizing antfibodies against naturally-occurring AAV viruses and this
pre-existing immunity to AAV renders patients not eligible for freatment. AAV entry is
determined by the interaction of the virus capsid profeins and the receptors on the
cell surface. AAV serotypes are characterized by their varying capsid proteins, all
with different affinities to specific cell types, which gives this approach the potential
to target the AAYV virus fo specific tissues.
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MPS |

Promising results in relieving the brain pathology were obtained in a feline model of
MPS | with infrathecally administered AAV9. Enzyme activity was detectable in parts
of the brain and spinal cord, while no enzyme activity was detected in untreated
MPS | cats. Administration of AAV? improved CNS pathology and reduced GAG
accumulation in peripheral tissues such as liver, spleen, heart, and lung [120]. Similar
results using intrathecally administered AAV9 gene therapy were obtained in an
immunologically tolerant MPS | canine model [121]. A phase | clinical trial using
infravenously-administered AAV9 gene therapy designed to deliver a functional
IDUA enzyme to the brain is currently ongoing [122].

MPS I

In an MPS Il model mouse, infracisternal administration of AAV9 corrected
neurological and systemic symptoms. Cross-correction occurred as GAG
accumulatfion decreased in CNS lesions as well as in peripheral fissues such as
liver, spleen heart, kidney, and lung in treated mice. In addition, treatment of MPS
Il mice corrected behavioral deficits and prolonged survival [123]. Hinderer et
al. showed improved CNS pathology and long-term memory in MPS Il mice after
infracerebroventricular administration of AAV? vector. Accumulation of lysosomal
storage materials was decreased in the brain of treated MPS Il mice and GAG
accumulation was reduced in peripheral tissues such as the liver [124]. In a similar
study, effectiveness of AAV9 was evaluated after infracerebroventricular injection
in an MPS Il mouse model. Low level of IDS activity in CNS lesions (7-40% of wild-type)
was observed; however, GAG accumulation was reduced in brain, and neurologic
deficits were improved [125].

Infravenous injection of AAV? in MPS Il mice led to an upregulation of
circulating IDS with GAG reduction in peripheral fissues and the CNS. Survival
normalized and the behavioral phenotype improved. Remarkably, GAG
accumulation reduced and the survival rate normalized even with a freatment
started at 9 months of age. A phase /Il clinical trial designed to treat the CNS effects
in MPS Il patients with intfrathecally injected AAV? gene therapy is currently ongoing
[126].

MPS TIA
Inframuscular administration of AAV1 or AAVS8 resulted in low levels of circulating
enzyme and did not achieve any therapeutic effect in an MPS llIA mouse
model. Conversely, infravenously-administered AAV8 led to normalized levels of
circulating enzyme in female and a fourfold higher level in male mice. Lysosomal
GAG accumulation was corrected in most tissues and the survival rate increased
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in male mice. Inferestingly, a 50% reduction of GAG accumulation in the brain in
combination with a partial improvement of the brain pathology was observed
in male mice, whereas no difference was observed in female mice due fo the
difference in AAV transduction between genders [127].

Improved therapeutic outcomes were observed in an MPS llIA mouse
model after infravenous administration of AAV2/8 carrying an engineered enzyme.
The addition of a signal peptide and blood-brain barrier binding domain to increase
enzyme secretion and blood-brain barrier transcytosis resulted in elevated enzyme
levels in the brain and a normalized behavioral phenotype and improved brain
pathology [128].

A phase | trial using intracisternal administered AAV10 was completed in
2014 [129, 130]. 4 MPS llIA patients between 2 years and 8 months and 6 years of
age were recruited and received intracerebral injections of AAV10 gene therapy
via 12 needles over the course of 2 hours. Immunosuppressive treatment was started
15 days prior to and was maintained after infracerebral injection to reduce the risk
of elimination of transduced cells. Data collected during the one-year follow-up
showed good tolerance and no adverse effects related to the gene therapy or
immunosuppressive treatment were reported. These results initiafed a long-term
follow-up study in 4 patients, which was completed in 2017 [131]. Patients tolerated
the therapy well up to 30 months after injection. In addition, elevated enzymatic
activity in the cerebrospinal luid and an improvement in neuropsychological scores
were reported 30 months after injection [132]. An updated version of the therapy
was developed with a different promotor driving the fransgene (CAG instead of
mPGK), which resulted in a 3-fold increase in expression in the brain of MPS IlIA mice
compared to the previous version. This gene therapy proved to be more effective in
correcting the lysosomal pathology and reduced the inflammatory response in the
mouse model. These results inifiated a new phase II/1ll clinical trial with the improved
AAV gene therapy, which is currently ongoing [133].

In a different study, a single infravenous administration of AAV? in an
MPS A mouse model significantly reduced GAG accumulation throughout the
central nervous system and peripheral tissues. The efficacy of the treatment was
highest when the mice were treated at an early age. If freatment was inifiated
up fo 3 months of age, the behavioral performance improved and survival rate
normalized. Although GAG storage in the CNS was reduced with no further decline
in the behavioral performance of older mice, their survival rate was increased but
not completely normalized [134]. These results led to the initiation of two phase I/II
clinical trials [135, 136].
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MPS 11IB

Intfracerebral administration of AAV2/5 resulted in improved biochemical and
histological markers in an MPS llIB dog model. Although the treatment did not
result in the complete resolution of disease-related brain pathology, biochemical
markers such as GAG levels were close to normal. The therapy was well tolerated
when combined with immunosuppression [137]. These results led to the initiation
of a phase I/l clinical trial, which has now been completed [138]. Results showed
that intracerebral administration of AAV2/5 in combination with immunosuppressive
freatment was well folerated and resulted in upregulated circulating enzymes in the
cerebrospinal fluid. All patients showed improvement of their neurodevelopmental
symptoms and behavior over the follow-up period. The youngest patient close to
normalized compared to unaffected children of the same age [139].

Infravenous administration of AAV9 achieved a high level of functional
enzyme in the circulation with a reduction of GAG accumulation in peripheral and
brain fissues in an MPS IIIB mouse model. Survival rate significantly increased and
the behavioral phenotype improved after freatment [140]. In addition, most of the
metabolomic abnormalities observed in MPS IlIB normalized in the serum of freated
mice [141]. A phase /Il trails is currently ongoing based on this pre-clinical work
[142].

MPS VI
In an MPS VI rat model, a comparison was made between infravenous and
inframuscular administration of AAV with a constitutively active promotor [143].
Intravenous administration of AAV2/8 driven by a liver specific promotor was more
efficacious than intramuscular administration of AAV2/1 gene therapy driven by
either a muscle specific promotor or a constitutively active promotor in a feline
MPS VI model. Infravenous administration resulted in elevated circulating enzymes
in both the rat and feline model, however muscle transduction by inframuscular
administration did not result in elevated circulating enzymes from the muscle.
Although inframuscular administration of AAV with a constitutively active promotor
resulted in elevated circulating enzymes, this was the result of transduction of
extramuscular fissue. Infravenous administration resulted in elevated circulating
enzymes in both the rat and feline model followed by a reduction of urinary
GAG levels and GAG accumulation in peripheral fissues. An improvement in
skeletal pathology was observed in infravenously-freated rats, while only a minor
improvement was observed after inframuscular treatment. A follow-up study using
infravenously-administered AAV2/8 gene therapy showed a similar improvement in
skeletal pathology in the feline model [144]. These results lead to an ongoing phase
I/l clinical frial based on AAV2/8 gene therapy encoding the ARSB enzyme via a
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liver-specific thyroxine-binding globulin promoter [145].

Infravenous gammaretroviral gene therapy reduced the clinical
manifestations in MPS VI cats. In a range of fissues, high levels of enzymes were
detected with a normalization of GAG accumulation. Treated cats showed a
reduction in aortic valve thickening and aortic dilatation and achieved higher
body weights. In addition, arficular cartilage erosion was reduced and longer
appendicular skeleton lengths were reached after treatment. Although general
bone disease was reduced, some aspects such as the abnormal carpal shape,
bone lucency, cervical spine score and length of the cervical vertebral bone did
not improve upon freatment [146].

MPS VII

A single AAV?9 injection via the fail vein in an adult MPS VIl mouse model led to the
systemic delivery of the gene in brain and peripheral tissues, although the vector
copy numbers in the CNS were lower compared to the numbers in the peripheral
tissues. This freatment did not resolve the clearance of storage materials in several
regions of the brain, nor did it improve the cognitive deficits. In addition, no change
in survival rate was observed between treated and untreated MPS VIl mice [147]. A
comparison between infravenous injection and intfrathecal injection of AAV? gene
therapy showed the latter to be more effective in the brain of an MPS VII canine
model. Intrathecal injection significantly reduced GAGs in the CNS lesions, whereas
infravenous injection was followed by an elevation of enzyme in the CNS, but no
reduction of GAGs in the brain. A fail vein injection with a peptide-modified AAV2
showed positive effects on the disease pathology in MPS VIl mice: cognitive deficits
were reversed, GAG storage in the brain was reduced and survival was increased
[147].

Neonatal retroviral freatment by intravenous injection resulted in long-term
elevated enzyme levels in the circulation of MPS VIl dogs [148, 149]. A complete or
near-complete normalization of GAG accumulation was observed in all peripheral
organs after freatment. GAG accumulation in the brain decreased after treatment,
although not to WT levels [148]. The mean survival of treated dogs was increased
from 0,4 years fo 6.1 years [149]. Despite these positive clinical effects, enzyme
analysis of the lumbar discs in freated dogs failed to detect any restoration of
enzyme activity, and bone and spine disease was still present after freatment. The
ventral vertebrae and ventral epiphyses remained hypoplastic and desiccation of
the nucleus pulposus was observed in some disks.

Ex vivo gene therapy
For ex vivo gene therapy, recipient cells such as HSCs are isolated from the patient’s
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bone marrow or peripheral blood, and subsequently fransduced ex vivo by viral
vectors — most typically gammaretroviral or lentiviral - to infroduce the genes
encoding the lysosomal enzyme of inferest. The tfransduced cells are transplanted
info the recipient’s body following a myeloablative pre-condifioning regimen, such
as busulfan. Gammaretroviral or lentiviral systems can achieve a high transduction
efficiency in a broad range of cells to enable long-term stable expression. These
approaches are based on random integrafion of the transgene into the host
genome, and high levels of circulating enzymes can be achieved when targeting
HSCs. However, due to the random nature of viral integration, side-effects such
as activation of oncogenes or inactivation of a tumor suppression gene can
occur, potentially leading to tumorigenesis in the targeted cell. To reduce the risk,
organizations such as the FDA recommend that the vector copy number (VCN)
should remain below 5 copies per genome, and that a safe promoter that drives
the transgene is selected.

MPS |

In a pre-clinical setting, lentiviral gene therapy showed a great therapeutic effect
in an MPS | mouse model, albeit with a VCN of approximately 11 vector genome/
diploid genome (vg/dg) in clonogenic progenitors [150]. After fransduction,
supraphysiological enzymes levels were achieved in the circulation as well as in
brain and peripheral fissues. GAG accumulation was reduced o wild-type levels in
peripheral tissues, and the number of enlarged lysosomes in brain and peripheral
fissues was almost completely corrected. Skeletal abnormalities, such as the skull
width and femur length, were resolved in a dose dependent manner. Since mice
were treated af 8 weeks of age, it would be interesting to see whether the freatment
can also reverse the pathology in older mice. A phase I/Il clinical trial based on
these findings is currently ongoing [151].

MPS I
In MPS Il mice, lentiviral gene therapy increased enzyme levels and led fo a
reduction of GAGs in peripheral tissues. A slight increase of enzyme activity in
the cerebrum improved the neurological outcome in treated mice, however the
freatment did not completely normalize the neurological pathology. Unfortunately,
the authors failed to provide the VCN of the transplanted cells. A lentiviral gene
therapy strategy using an ApoEll peptide in MPS Il mice showed an improved
efficacy when compared to normal HSCT and gene therapy without the peptide
[152]. Adding the ApoEll peptide did not negatively affect the in vitro intracellular
enzyme activity and secretion, nor did it affect chimerism and VCN remained
around 5 vg/dg. Enzyme levels in peripheral as well as in brain tissues were similar
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between both gene therapy groups, whereas enzyme levels in plasma were more
than three-fold higher with the ApoEll peptide compared to without the peptide. All
freated groups showed a normalization of pathology markers such as heart failure
markers and peripheral inflammation. All freated groups showed an improvement
in skeletal abnormalities as the zygomatic arch, humerus and femur widths were
normalized after freatment. Remarkably, only mice freated with the ApoEll peptide
gene therapy showed a full normalization of GAG accumulation in brain fissue. The
same pattern was seen for multiple other MPS Il related symptoms such as behavior,
astrogliosis, brain microglial activation and other brain-related pathology: only the
ApoEll peptide gene therapy normalized the pathology completely.

MPS TIIA

A comparison between HSCT with donor cells originating from WT and fransduced
cells (donor or MPS IlIA) was made in an MPS IlIA mouse model, which showed an
increased efficacy with lentiviral gene therapy. All methods resulted in elevated
enzyme activity in the circulation with a close to fotal reduction of accumulated
GAG in peripheral tissues. The survival of treated mice was significantly higher
than the untreated group. With approximately 10% of enzyme activity in the brain
compared to WT, mice freated with fransduced donor cells showed improved
neuropathology. However, with slightly lower enzymatic activity, transduced
MPS 1lIA cells were ineffective in correcting the neurological disease [153]. A
further refinement improved the efficacy of the lentiviral gene therapy [154]. With
supraphysiological levels of circulating enzymes and approximately 10% of the WT
levelsin the brain, GAG accumulation was normalized in peripheral as well as in brain
tissue. In addition, the behavior and other neurological symptoms normalized after
freatment. A pre-clinical safety and efficacy study further showed low genotoxicity
and effective engraftment [155]. These results initiated an ongoing phase I/1l clinical
trial [156].

MPS 11IB
In a comparison between unmodified HSCT and HSCT with lentiviral gene therapy,
the latter showed to be superior in freating the murine brain phenotype, although
the VCN was high with approximately 7 vg/dg. Ex vivo lentiviral gene therapy in
MPS 1IIB mice showed supraphysiological levels of enzymes in peripheral tissues and
the circulation, where conventional HSCT only achieved a fraction of those levels.
In contrast to HSCT, an increased enzyme activity in the brain was observed with
lentiviral gene therapy. Only gene therapy-treated mice showed normalization of
GAG accumulation in all fissues with a correction in MPS llIB-related neurological
disease and behavior [157]. The addition of a tag designed to increase uptake into
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the brain did not result in an improved phenotypical correction of the brain.

MPS VII

MPS VII mice freated with lentiviral gene therapy showed a reduction of GAG
accumulation in a wide range of tissues. Mice treated at birth or at 7 weeks showed
a clearance of GAGs in peripheral tissues. In addition, mice treated at birth showed
a minor clearance of GAGs in brain tissue. Therapeutic intervention resulted in a
correction of bone pathology in both groups: an improvement in bone surface
density, cortfical bone thickness, vertebral and femoral bone mineral volume was
observed. However, chondrogenic pathology was unresponsive fo the treatment:
growth plate heights, lumbar and femoral bone lengths did not improve [158]. In a
similar study using lentiviral gene therapy in MPS VII mice, bone disease improved
and GAG accumulation in peripheral fissues decreased after treatment. However,
cartilage pathology did not improve after treatment, and no reduction in GAG
levels was observed in this fissue [159].

Gene editing

Viral based gene therapies offer a great therapeutic potential but also have
drawbacks that limit their potential. Lentiviral gene therapy comes with concerns
regarding insertional mutagenesis due to the random integration of the transgene.
The efficacy of non-intfegrating gene therapies such as AAV based gene therapy
drops over fime due their episomal nature. In addition, existing neutralizing
antibodies can reduce the therapeutic potential. Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR associated protein 9 (CRISPR/Cas?) introduced
a novel system to develop gene therapy strategies and combining a cell-based
therapy with CRISPR/Cas? gene editing would offer a precise strategy with
confinuous expression and with reduced risk of random integration. Potential gene
editing strategies include gene correction, insertion of a cDNA transgene in a safe
harbor, gene knock-out and manipulation of gene-expression regulatory elements
such as promoter activity or splicing. Depending on the cell target and gene editing
efficiency, gene editing can in principle be developed into an ex vivo or in vivo
therapy, although careful considerations need to be taken, especially for in vivo
applications [160, 161]. In addition, gene editing offers a tool to generate and/
or correct cell lines for the development of in vitro model systems to develop new
therapies and disease modeling. Various fechnological advances in gene editing
have been made recently, an overview of these advances and the obstacles still to
overcome can be found in chapter 4. Although most work using gene editing is pre-
clinical, advances have been made in the clinical implementation, an overview of
these advances of gene editing can be found in chapter 5.
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Aims and scope

Aim

Several ex vivo and in vivo gene therapies show promising pre-clinical results in
reducing GAG accumulation in peripheral tissues and correction of abnormalities
in the central nervous system for different types of MPS. Although joint and skeletal
disease in MPS disorders is well documented and confribute significantly to the
burden of disease experience by patients, most studies show little to no data on
improvement of skeletal abnormalities. Treatment of bone and especially carfilage
fissue is challenging and novel technologies should be considered to treat these
severe skeletal problems. For the development of freatment options, human patient
derived model systems that reflect the cartilage pathology in MPS VI are essential.
It will also be important to establish the molecular consequences and the impact
of genetic variants in MPS VL. This is important for genetic counseling and decision
making on freatment with ERT, but also for future clinical frials fo test novel therapies.
The aim of this thesis is to improve the diagnosis of MPS VI, to generate an in vitro
disease model for MPS VI based on induced pluripotent cells (iPSCs), and to apply
this model for the investigation of molecular mechanisms in cartilage pathology in
MPS and for the development of novel therapies to freat cartilage. An inventory of
technology and clinical applications of gene editing will be made as this method
plays a central role in the research described in this thesis.

Scope
In chapter 2, an overview is provided based on the latest literature on alternative
splicing in genetic diseases, improved diagnostics based on splicing, and novel
freatment options. Improving the molecular diagnosis of MPS VI with a focus on
aberrant splicing is presented in chapter 3. We developed a novel splicing assay
that resulted identification and characterization of several aberrant splicing events
for ARSB.

Chapter 4 provides a literature review on gene editing with the focus on
CRISPR/Cas9-mediated gene editing with an overview of the latest technological
advances and the challenges to their clinical implementation. A further description
of the preclinical developments and clinical trials aimed to develop tfreatment
options for human disease using gene editing is given in chapter 5.

A generic gene correction method was developed using CRISPR/Cas?
in iPSCs and applied to the modeling of the lysosomal storage disorder Pompe
disease in chapter 6. A detailed protocol for several forms of gene editing in human
iPSCs is presented in chapter 7. In chapter 8, this gene editing pipeline was applied
to generate isogenic IPSC lines from MPS VI patients, followed by a chondrogenic
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differentiation of these cells in a serum-free differentiation protocol to investigate
the molecular mechanisms involved in the cartilage pathology in MPS VL.
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Abstract

Alternative splicing is an important mechanism to regulate gene expression and to
expand the repertoire of gene products in order to accommodate an increase in com-
plexity of multicellular organisms. It needs to be precisely regulated, which is achieved
via RNA structure, splicing factors, transcriptional regulation, and chromatin. Changes in
any of these factors can lead to disease. These may include the core spliceosome, splic-
ing enhancer/repressor sequences and their interacting proteins, the speed of transcrip-
tion by RNA polymerase I, and histone modifications. While the basic principle of
splicing is well understood, it is still very difficult to predict splicing outcome, due to
the multiple levels of regulation. Current molecular diagnostics mainly uses Sanger
sequencing of exons, or next-generation sequencing of gene panels or the whole
exome. Functional analysis of potential splicing variants is scarce, and intronic variants
are often not considered. This likely results in underestimation of the percentage of
splicing variants. Understanding how sequence variants may affect splicing is not only
crucial for confirmation of diagnosis and for genetic counseling, but also for the devel-
opment of novel treatment options. These include small molecules, transsplicing, anti-
sense oligonucleotides, and gene therapy. Here we review the current state of
molecular mechanisms of splicing regulation and how deregulation can lead to human
disease, diagnostics to detect splicing variants, and novel treatment options based on

splicing correction.

LIST OF ABBREVIATIONS

2'0-mePS 2'O-methyl phosphorothioate

AON antisense oligonucleotide

BMD Becker muscular dystrophy

CADD combined annotation-dependent depletion
cDNA complementary DNA

CLIP crosslinking and immunoprecipitation
DMD Duchenne muscular dystrophy

ESC embryonic stem cell

ESE exonic splicing enhancer

ESS exonic splicing silencer

GAA acid a-glucosidase

HDR homology directed repair

HGMD human gene mutation database
hnRNPs heterogeneous nuclear ribonucleoproteins
iCLIP individual-nucleotide resolution UV CLIP
ISS intronic splicing silencer

MOE 2'O-methoxyethyl

mRNA messenger RNA

NGD No-go decay

NGS next-generation sequencing

NHE]J nonhomologous end joining
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NMD nonsense-mediated decay

NSD nonstop decay

PAR-CLIP photoactivatable-ribonucleoside enhanced CLIP
PMO phosphorodiamidate morpholino oligomer
rAAVs recombinant adeno-associated viruses
RRM RNA recognition motif

SFE3B splicing factor 3B

SMA spinal muscular atrophy

SNP single-nucleotide polymorphism

snRNA small nuclear RNA

snRNP small nuclear ribonuclear protein
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sQTL splicing quantitative trait locus
SR serine/arginine-rich

SREs splicing regulatory elements
SRSF SR splicing factor

SSOs splice-switching oligonucleotides
WES whole exome sequencing

WGS whole genome sequencing

1. INTRODUCTION

Determination of the pathogenicity of sequence variants is important
for prediction of disease severity and genetic counseling. Furthermore,
understanding the basic mechanism underlying disease caused by pathogenic
variants is critical for development of new therapies. To date, approximately
192,000 disease-related lesions have been described in the human gene
mutation database (HGMD). These occur in more than 30% of human
protein-coding genes (http://www.hgmd.ct.ac.uk). Of all variants that are
annotated in HGMD, 17,439 entries are believed to alter canonical splicing
(HGMD, December 2016). These account for 9.1% of all disease-associated
variants in the database, although this likely represents an underestimation as
most efforts are directed toward missense and nonsense variants and because
splicing is difficult to predict. With the advent of new next-generation
sequencing (NGS) techniques (Goodwin et al., 2016), many more variants
and genes that are linked to disease are likely to be added to the HGMD,
broadening our insight of genotype/phenotype relations. However, there
is an enormous pace at which new potentially pathogenic variants are
discovered, with associated challenges to determine their pathogenicity.
This review highlights advances in diagnostics, our understanding of the
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different levels at which splicing is regulated in healthy individuals and in
disease, and the development of potential novel treatment options based
on splicing correction.

2. DIFFERENT OUTCOMES OF ALTERNATIVE SPLICING
AND THEIR IMPACT ON PROTEIN EXPRESSION

Current estimates state that the human genome contains close to
21,000 protein-coding genes (Moraes and Goes, 2016). Alternative promoter
usage, transcription termination, RINA processing, and posttranslational
modifications further expand the repertoire for protein diversity. A striking
example of diversity generated by alternative splicing is the Dscam gene in
Drosophila, from which potentially 38,016 different transcripts can be
expressed (Park and Graveley, 2007). Interestingly, almost all human gene
transcripts undergo alternative splicing and are able to produce multiple types
of transcripts (Barbosa-Morais et al., 2012; Pan et al., 2008; Wang et al.,
2008). These potentially could expand the repertoire of human proteins
by approximately 10-fold (Nilsen and Graveley, 2010). Indeed, the major
fraction of alternatively spliced messenger RNA (mRNA) transcripts is
engaged by ribosomes, suggesting these transcripts are translated into protein
(Weatheritt et al., 2016). It will be important to confirm this hypothesis with
proteomic approaches (Tress et al., 2017). Another important role for alter-
native splicing is the regulation of mRINA expression by generating out of
frame products resulting in mRNA-decay, for example intron retention
(Wong et al., 2016). One such case is the autoregulatory negative feedback
loop that controls expression of Chtop (chromatin target of Prmt1). In this
loop, Chtop binds its own mRNA and regulates intron 2 retention. Subse-
quently, a premature termination codon in the 5" end of intron 2 leads to
nonsense-mediated decay (NMD) of the mRNA (Izumikawa et al., 2016).
Furthermore, the extent of alternative splicing differs per type of tissue, with
relatively high levels in brain compared to other tissues (Barbosa-Morais
etal., 2012). Alternative splicing is thought to be important for normal deve-
lopment and homeostasis of various tissues including the nervous system
(Raj and Blencowe, 2015), the immune system (Carpenter et al., 2014),
and muscle (Jangi et al., 2014).

Multiple types of alternative splicing are known. Many genes constitu-
tively express one major isoform which contains all canonical exons (Fig. 1).
During alternative splicing, canonical splice sites can be skipped and/or
noncanonical splice sites can be utilized to form different transcripts.
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The consequences include exon skipping, exon inclusion, alternative 3’ and 5’
splice site usage, and intron retention (Fig. 1). Genetic variants can shift splicing
patterns by altering the recognition of splice sites and/or splicing regulatory
elements (SREs) by the spliceosome. This can have multiple outcomes.

(1) When the new length of the coding region in the mature mRINA
cannot be divided by three, the result will be a reading frame shift and
the generation of a premature stop-codon or the abolishment of a natural
stop-codon. Normally, these products are degraded via the NMD pathway
or the nonstop decay (NSD) pathway, respectively (reviewed by Simms
etal., 2017). Aberrant proteins generated by NSD-mRNA are subsequently
degraded by a ribosome-associated E3 ubiquitin ligase that is capable of
detecting defective nascent proteins, targeting them for degradation. This
acts as a protein quality control measure (Bengtson and Joazeiro, 2010).
Activation of these decay pathways is often seen in human disease (Miller
and Pearce, 2014). Interestingly, they also play important roles in normal
physiology to provide an extra layer of regulation of gene expression. Exam-
ples include the determination of human stem cell fate (Lou et al., 2016),
inflammation, and myeloid cell differentiation (Saul et al., 2016).

(2) Another outcome of alternative splicing can be that inclusion and/or
exclusion of nucleotides leaves the reading frame intact, which generally
does not result in mRINA decay via the NMD or NSD pathways. This
includes the utilization of mutually exclusive exons, and it can potentially
reshape the function of the encoded protein. In normal development and
homeostasis, it provides an important mechanism to generate alternative
proteins with tissue-specific expression patterns and distinct functions.
For example, alternative splicing can alter protein localization via changes
in signaling peptides (Balthazar et al., 2017), protein—protein interaction
networks in neuronal tissue (Ellis et al., 2012), and organization of
T-tubule structure during the maturation of muscle fibers via alternative
splicing of four trafficking proteins (Giudice et al., 2016). Furthermore,
inclusion of microexons, which are 3-50bp in length, leaves the reading
frame intact in 80%—90% of cases in neuronal tissue, suggesting that micro-
exon inclusion is another important mechanism for protein diversification
(Irimia et al., 2014; Li et al., 2015) (Fig. 1). Variations in the human genome
can lead to alternative splicing with pathogenic consequences. In human dis-
ease, aberrant splicing can generate protein products with loss or gain of
function and/or toxicity, such as in several forms of Tauopathies (reviewed
in Park et al., 2016). In-frame splice products can potentially activate
another decay pathway, termed the no-go decay (NGD) pathway. This
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pathway is initiated by barriers that block translation elongation in the ribo-
some, such as the presence of RINA structures like hairpins and pseudoknots
(Doma and Parker, 2006). NGD is initiated in a similar manner compared to
NSD, with endonucleolytic cleavage of stalled mR NAs close to the stall site,
leaving an NSD-like substrate. This cleavage is stimulated by the DOM34:
HBS1 complex both in NSD and in NGD (Tsuboi et al., 2012).

(3) Besides changes within the coding region of pre-mRNA, alternative
splicing can also induce the usage of alternative translation start/stop sites and
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of different polyadenylation signals, which in turn causes changes in the 5’

and 3’ UTRs, respectively (Fig. 1). These variations can result in differential
binding of RINA-binding proteins (RBPs), leading to the use of different
polyadenylation signals or inclusion/exclusion of miRINA binding sites.
One example is the upregulation of expression of functional DUX4 mRNA.
Upon contraction of the D474 repeat at the telomeric end of chromosome
10, DUX4 expression is induced. However, only in the context of a partic-
ular genetic background in which DUX4 splicing leads to inclusion of a
polyA signal in the mRNA, functional DUX4 protein is produced
(Daxinger et al., 2015). DUX4 protein is toxic to skeletal muscle cells,
and these events result in facioscapulohumeral muscular dystrophy.

3. MECHANISMS OF SPLICING REGULATION IN
HOMEOSTASIS AND DISEASE

3.1 Spliceosome

Pre-mRNA splicing is regulated at several layers. The first is at the level of
the core splicing machinery, which consists of a large RINA/protein com-
plex termed the spliceosome. It exists in two forms: the major and the minor
spliceosomes, of which the major spliceosome accounts for splicing of more
than 99% of all introns (Turunen et al., 2013). The major spliceosome is
composed of the small nuclear ribonuclear proteins (snRNPs) U1, U2,
U4, U5, and U6, which assemble in a specific order (Fig. 2). The mechanism
of action has been extensively reviewed by Lee and Rio (2015). The minor
spliceosome has a similar mechanism as the major spliceosome. It recognizes
slightly different consensus intronic sequences and utilizes the functional
analogs U11, U12, U4atac, and U6atac of the U1, U2, U4, and U6 snRNPs
from the major spliceosome, respectively. U5 remains shared between both
complexes (Turunen et al., 2013). The spliceosome identifies target introns
by recognition of conserved splice elements that are present in the native
pre-mRNA sequence including the 5" and 3’ splice sites, the branch point site
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Fig. 2 Schematic representation of splicing performed by the major spliceosome. Pre-
mRNA splicing starts with recognition of the 5 and 3’ splice sites. Looping occurs to
form the A-complex, generating a platform for the binding of the U4—U5—U6 tri-snRNP
to form the B-complex. After activation of the B-complex, two transesterification steps
follow to cut out the intron lariat via C- and P-complexes formation and ligation of the
remaining exons, resulting in completion of the splicing process and formation of the
mature mRNA.

and the polypyrimidine tract (Fig. 2). U1 recognizes the 5’ splice site, while U2
recognizes the branch point and the 3’ splice site to form the A-complex. In a
next step, U4, U5, and U6 snRINPs join to form the B-complex. Two trans-
esterification reactions follow in which the intron lariat is cut and exons are
ligated during processing through the C- and P-complexes (reviewed in
Moore and Sharp, 1993). It is well known that variations in any of the con-
served splicing elements can result in aberrant splicing patterns. In fact, we cal-
culated that 63% of splicing variants annotated in the HGMD are located
within the two bases at the beginning and the end of introns (http://www.
hgmd.cfac.uk/ac/hoho2.php). Pathogenic splicing variants that cause mono-
genic disorders have been identified in hundreds of disease-causing genes.
These variants are often located at well-defined splice sites.

3.2 The Spliceosome in Human Disease

Pathogenic variants in genes encoding for subunits of the major spliceosome
occur in various cancers and in retinitis pigmentosa (see review in Singh and
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Cooper, 2012). Variants causing retinitis pigmentosa were identified in U4/
U5/U6 tri-snRNP-specific proteins, but these only affected splicing of
retina-related genes (Ruzickova and Stanek, 2016). The question is why
only the retina is affected by defects in the major spliceosome. It has been
hypothesized that splicing activity is only partially decreased in retinitis
pigmentosa, and that only weakly spliced introns present in retina-specific
genes are affected (Linder et al., 2011).

Additional evidence for a role of the major spliceosome in human devel-
opment and disease was reported recently for germ cell development and
variants that may cause male infertility (Wu et al., 2016). A genome-wide
association study, in which single-nucleotide polymorphisms (SNPs) are
compared, identified significant differences in the genomes of 981 patients
with nonobstructive azoospermia (NOA) disorder, compared to the genomes
of 1,657 healthy controls. This demonstrated linkage with the locus
containing the SNRPA1 gene, which encodes for the U2A subunit of the
major spliceosome. Missense variants in the human SNRPAT expressed in
Drosophila resulted in deregulation of the major spliceosome and disrupted
spermatogenesis in Drosophila. In addition, knockdown of other core subunits
of the major spliceosome (U1, U2, U4, and U5) in Drosophila resulted in male
infertility. These results suggest that the major spliceosome is involved in sper-
matogenesis, and that its dysfunction could explain infertility in patients with
NOA. Variants in U4atac, U11/U12-65k, and U12 of the minor spliceosome
cause Taybi—Linder syndrome, isolated growth hormone deficiency, and early
onset cerebellar ataxia, respectively. This is caused by intron retention of tran-
scripts that are processed by the minor spliceosome (Argente etal., 2014; Edery
et al., 2011; Elsaid et al., 2017).

The examples above show that variants in components of the core
spliceosomal machinery can cause various human disorders that affect very
distinct cell types (Fig. 3). While this seems counterintuitive, it may indicate
that splicing outcome is a trade-off between many regulatory pathways, and
that the requirements for splicing regulatory factors to ensure correct splicing
can be highly cell type specific.

3.3 Splicing Enhancers and Repressors

Besides the spliceosome, additional layers for the regulation of splicing exist.
SREs are encoded in pre-mRNA transcripts. These are called exonic splic-
ing enhancers (ESEs), intronic splicing enhancers, exonic splicing silencers
(ESSs) or intronic splicing silencers (ISSs), and can be located at any position
along the pre-mRNA (Fig. 3). Over 300 splicing regulatory proteins exist
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Fig. 3 Regulation of splicing. Splicing regulatory elements are utilized to guide binding
of constitutive or tissue-specific splicing factors to modulate splicing. Transcription rate
and changes in chromatin marks can also have a profound effect on splicing outcome.

that are thought to act via these elements (Hoskins and Moore, 2012). Fol-
lowing their binding to splice enhancer or silencer sequences, these proteins
confer a positive or negative signal, influencing recognition of nearby splice
sites by the spliceosome, thereby influencing splicing outcome (Fig. 3).
These signals are important for the recognition of splice sites and have been
shown to be able to function over distances >300bp (Schultz et al., 2016).
There are several different types of splicing regulatory protein groups,
including heterogeneous nuclear ribonucleoproteins (hnRNPs), serine/
argenine-rich (SR) proteins, and tissue-specific RBPs. Each of these families
can have both positive and negative effects on splicing.

The hnRNP family of splicing regulatory proteins is a group consisting
of at least 20 proteins that exert different functions, dictated by their domain
organization and cellular localization (reviewed in Geuens et al., 2016).
hnRNPs are involved in multiple RNA-related processes during the regu-
lation of transcription and translation (Park et al., 2015), such as RNA traf-
ficking and localization (Gao et al., 2008; Shan et al., 2003), loading of
mRNA into exosomes (Villarroya-Beltri et al., 2013), telomere main-
tenance (Pont et al,, 2012), and splicing. hnRNPs can influence exon
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definition either positively or negatively to modulate splicing. For example,
hnRNP A1l primarily binds to splicing silencers from which it negatively
influences exon definition in various ways (Blanchette and Chabot, 1999;
Krecic and Swanson, 1999; Okunola and Krainer, 2009). hnRNP A1l
has also been implicated in stimulation of exon inclusion (Martinez-
Contreras et al., 2006; Oh et al., 2013). Similarly, hnRNP L can bind to
multiple SREs to influence exon definition either positively or negatively
(Motta-Mena et al., 2010). Because of the heterogeneous functions of mem-
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bers of the hnRNP family, it remains difficult to predict splicing-outcome

when variants disrupt binding of these proteins. However, it is thought that
hnRNPs tend to have more negative than positive effects on exon definition
(Geuens et al., 2016).

hnR NPs have also been implicated in disease. An example is hnRNP C.
It is one of the first family members that have been shown to be essential for
splicing (Choi et al., 1986). hnRINP C plays a role in packaging of native
RNA transcripts (Choi et al., 1986; Dreyfuss et al., 1993) and suppression
of inclusion of alternative exons (Konig et al., 2010), especially of cryptic
exons generated by transposition of Alu-elements (Zarnack et al., 2013).
Dysregulation of hnRNP C can lead to altered expression of cancer-related
genes such as BRCA (Anantha et al., 2013), indicating its potential role in
certain malignancies. Furthermore, hnRINPs have been shown to play a
major role in the regulation of splicing in neuronal cell homeostasis and have
been implicated in diseases including ALS/FTLD, fragile X syndrome,
Alzheimer’s disease, and spinal muscular atrophy (SMA) (reviewed in
Geuens et al., 2016).

SR proteins contain an N-terminal RNA recognition motif (RRM) and
a C-terminal SR domain (Long and Caceres, 2009). Like hnRNPs, SR pro-
teins can influence splice site definition in both positive and negative ways
(Pandit et al., 2013; Zhou and Fu, 2013). Among the first identified SR pro-
teins are SR splicing factor 1 (SRSF1) (also known as SF2/ASF) and SRSF2
(also known as SC35) (Fu et al., 1992; Krainer et al., 1990; Manley and
Krainer, 2010). So far, 12 SRSF factors have been described, all of which
function in splicing regulation (reviewed in Howard and Sanford, 2015).

Pathogenic variants that disrupt SREs can result in altered splicing pat-
terns and disease. An example can be found in patients with SMA. SMA is
caused by pathogenic variants in the SMINT gene. Its sister gene SMNZ2 is
inactivated by a point variant in exon 7, which disrupts an ESE that is nor-
mally recognized by SRSF1 (Cartegni et al., 2006), and/or generates an ESS
that is bound by hnRNP A1 and A2, resulting in exon skipping (Kashima
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et al., 2007). Antisense therapies are now being evaluated that block an ISS
located in SMIN2 intron 7 to promote canonical splicing (Singh et al., 2006;
see Section 5.3). Another example is pyruvate dehydrogenase complex defi-
ciency, which causes Leigh’s encephalomyelopathies and lactic acidosis, and
is predominantly caused by pathogenic variants in the E1a gene. One variant
has been identified that causes missplicing of E1a exon 7 due to an increase
in the strength of an SRSF2 binding site in intron 7, which results in acti-
vation of a cryptic splice donor site (Gabut et al., 2005).

3.4 Tissue-Specific Master Splicing Factors

Tissue-specific splicing proteins play important roles in cellular diftferentiation,
cell-fate determination, and regulation of cellular homeostasis. A number of
master splicing factors have been identified that regulate downstream splicing
networks in a tissue-specific manner (Jangi and Sharp, 2014). Dysregulation
or pathogenic variants in these factors can lead to several diseases. Examples
are found within the RNA binding motif (RBM) family, the Rbfox family,
and the muscleblind family.

3.5 RBM Family

RBM24 and its close paralog RBM38 have been found to regulate alterna-
tive splicing and to play an important role in myogenesis. Jin et al. showed
that RBM24 is involved in the posttranscriptional regulation of myogenin
and p21. RBM24 regulates the mRNA levels of myogenin and p21, in part,
through a myogenin-dependent posttranscriptional regulatory pathway and
promotes myogenic differentiation (Jiang et al., 2014; Jin et al., 2010).
Knockdown of RBM24 resulted in a decreased half-life of myogenin,
suppression of differentiation-associated cell cycle arrest, and a delayed myo-
genic differentiation (Jin et al., 2010; Miyamoto et al., 2009). Knockdown
of RBM38 had similar eftects on cell cycle arrest and myogenic differenti-
ation (Miyamoto et al., 2009). Overexpression of either RBM24 or RBM38
had the opposite effect. It induced cell cycle arrest, and promoted myogenic
differentiation (Miyamoto et al., 2009). Yang et al. identified RBM24 as a
crucial muscle-specific splicing factor for skeletal muscle and cardiac devel-
opment. In vitro splicing assays showed that muscle-specific exon inclusion
in nuclear extracts of nonmuscle cells was promoted by recombinant
RBM24, and that RBM24 is crucial for at least 68 splicing events, mainly
exon inclusions (Yang et al., 2014).
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RBM24 and RBM38 have been suggested to act as tumor suppressors.
RBM38 is repressed in acute myeloid leukemia (AML) patients, and low
levels of RBM38 mRINA and downstream effector proteins may contribute
to the differentiation block in AML (Wampfler et al., 2016). RBM24 is
thought to act as a tumor suppressor through the upregulation of miR-25
in nasopharyngeal carcinoma (Hua et al., 2016). RBM24 has also been
linked to Hirschsprung disease where it binds to MIR 143HG and accelerates
its transcript degradation (Du et al., 2016).

RBM20 directly regulates splicing of Titin through binding to certain
regions of the pre-mRINA where it represses splicing (Li et al., 2013). In the
remaining regions, where there is no binding of RBM20, Titin pre-mRNA
is normally spliced, which generates a partially processed Titin pre-mRNA.
Instead of being exported from the nucleus, these partially processed Titin
pre-mRNAs are stored in the nucleus awaiting further processing. The 5’ splice
site and 3’ splice site of the exons flanking the RBM20-repressed regions are
then utilized to remove the repressed internal exons and introns (L1 et al., 2013).

RBM?20 has also been related to human heart disease. Pathogenic vari-
ants in RBM20 lead to several cardiomyopathies like sudden cardiac death
and dilated cardiomyopathy (Brauch et al., 2009). A deletion of the RBM20-
RRM in a mouse model and knockout of RBM20 in rat showed more
expression of the cardiomyopathy-related compliant Titin isoforms and
recapitulated the human RBM?20-associated cardiomyopathy (Guo et al,,
2012; Methawasin et al., 2014). Hinze et al. used a Titin N2B knockout

... AN2B/AN2B
mouse (Titin )

, which shows a complex cardiac phenotype
including cardiac atrophy and dysfunction. Altering differential splicing of
RBM20 substrates showed positive eftects on cardiac function in this model,
which suggested RBM20 as a therapeutic target (Hinze et al., 2016). In
double-deficient mice (Titin®N25/AN?B RBMV20AREM YT - oplicing of
the compliant Titin isoforms was reduced and this was accompanied by pos-
itive effects on mRINA levels of genes related to the cAMP response, cardiac
dimensions, and oxidative phosphorylation. In this splice-rescue mouse
model, a reduction of 50% of RMB20 function was sufficient to restore
the diastolic dysfunction completely and reverted the cardiac atrophy, while
no obvious extracardiac phenotypes with respect to weight, fertility, and
grooming behavior were observed (Hinze et al., 2016).

3.6 Rbfox Family

The Rbfox family regulates alternative splicing in multiple cell types, includ-
ing embryonic stem cells (ESCs), and cells from neuronal and myogenic

@)
Dy
Q
O
—_
®
-
N




64 | Chapter 2

lineages (Gehman et al., 2012; Jin et al., 2003; Zhang et al., 2008). The
Rbfox1 and Rbfox3 family members are expressed in muscle and neuronal
tissues, whereas Rbfox2 regulates expression of more than 70 RBPs in
mouse ESCs, thereby inducing alternative splicing-mediated NMD. This
results in differentiation toward the mesodermal lineage (Jangi et al., 2014).

Rbfox1 has been linked to several disorders, one of which is autism spec-
trum disorder (ASD) (Martin et al., 2007; Sebat et al., 2007). In patients with
ASD, downregulation of Rbfox1 in the brain was associated with altered
splicing patterns of 48 ASD-susceptibility genes (Weyn-Vanhentenryck
etal., 2014), and correlated with altered splicing of its predicted target exons
(Bhalla et al., 2004; Voineagu et al., 2011). Hamada et al. showed that a spe-
cific isoform of Rbfox, Rbfox-isoform1 (isol), plays an important role in
synapse network formation and neuronal migration and that this may relate
to ASD. Rbfox-isol knockdown in vitro resulted in a reduction of mature
spine number and spine density, while in vivo knockdown showed defects
in the radial migration and terminal translocation of cortical neurons.
Involvement of Rbfox1-iso1 in the formation or maintenance of the synapse
network was proposed (Hamada et al., 2016).

Gao et al. have shown that Rbfox1 is also an important regulator of alter-
native RNA splicing during heart failure, and proposed Rbfox1-mediated
pre-mRNA splicing as a new potential therapeutic target (Gao et al.,
2016). In a mouse model, Rbfox1 deficiency promoted pressure overload-
induced heart failure and cardiac hypertrophy, whereas cardiac reexpression
of Rbfox1 rescued this pathology. The same study showed that Rbfox1
expression is decreased in human failing hearts, and that Rbfox1 expression
is essential for normal heart development in the developing zebrafish
(Gao et al., 2016). The proposed mechanism involves the MEF2 transcrip-
tion factor family. Rbfox regulates the switch from MEF2 isoform al to
o2, which have differential effects on expression of cardiac hypertrophy
genes. Similar Rbfox1 binding motifs are found near the targeted MEF2
a2 exons across zebrafish, mice, rats, and humans, suggesting a conserved
Rbfox1/MEF2 mechanism.

In a similar fashion, dysregulation of Rbfox2 has been linked to other
cardiac pathologies like hypoplastic left heart syndrome (HLHS) and cardiac
pathology in diabetes. A study by Verma et al. showed that Rbfox2 is a major
contributor to transcriptome changes in HLHS patients. In these patients,
Rbfox2 carries pathogenic variants that alter its function in pre-mRNA
splicing. In particular, Rbfox2 binding sites were found in 936 difterentially
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expressed transcripts in the right ventricle of infant HLHS patients (Verma
et al., 2016). Nutter et al. showed that in diabetic hearts, 73% of the mis-
spliced transcripts have an Rbfox2 binding site. A dominant-negative mech-
anism has been proposed for Rbfox2, in which an Rbfox2 isoform binds to
wild-type Rbfox2 and subsequently inhibits Rbfox2-mediated splicing
(Nutter et al., 2016). Rbfox3 has been less well studied in relation to disease,
although a recent study linked variants in RBFOX3 with sleep latency
(Amin et al., 2016).
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3.7 Muscleblind Family

Another well-studied splicing network is controlled by the muscleblind
family. Members of this family play a role in cell differentiation, inferred
from an improved efficiency of cellular reprogramming to induced plurip-
otent stem cells after knockdown of muscleblind-like splicing regulator 1
(MBNL1) and the MBNL-associated changes in splicing patterns upon
mesodermal differentiation (Han et al., 2013; Venables et al., 2013).
A variety of alternative splicing events involving cassette exons are directly
regulated by MBNL1 and MBINL2 and these differ between ESCs and other
cell types. In ESCs, overexpression of MBNL proteins shifted the splicing
pattern toward a differentiation-like splicing pattern, whereas MBNL
knockdown in differentiated cells promoted an ESC-like splicing pattern
(Han et al., 2013). Another group showed that during cardiomyocyte matu-
ration MBNL1-dependent splicing changes were enriched for spliceosomal
genes as well as genes relevant to vesicular trafficking and membrane orga-
nization (Giudice et al., 2014). The function of MBNL and its effect on
splicing regulation in myotonic dystrophy (DM) has been extensively
reviewed in Cardani et al. (2014). A recent study showed that splicing events
are responsive to the dose of MBNL1 protein. Splicing events were evalu-
ated upon a range of MBNL1 protein levels, and each splicing event pres-
ented a unique dose—response curve. It has been suggested that the
alternative splicing events can be used as a biomarker to accurately estimate
the functional levels of MBNL1 protein in DM (Wagner et al., 2016).

The above tissue-specific regulators of splicing have many downstream
targets and can be considered important master regulators. It will be inter-
esting to further define the hierarchy of tissue-specific splicing regulation.
This will be important to understand the consequences of misregulation
of these factors for human development and disease.
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3.8 Chromatin and Splicing Regulation

The cotranscriptional nature of pre-mRINA imposes transcription and
chromatin structure as potential levels at which splicing may be regulated
(Fig. 3). Chromatin structure differentiates intronic from exonic sequences
(Schwartz et al., 2009b). One of the factors influencing this 1s GC content.
In general, GC content tends to be higher in exonic regions. GC-rich
regions are more likely to result in DNA methylation, as this occurs at
CG dinucleotides (Gelfman and Ast, 2013). When DNA is methylated, it
is more densely packed in chromatin, thereby slowing down passage of
RNA-polymerase II (RNAPII) during transcription. This leads to a lower
transcription rate, resulting in increased accumulation of RNAPII over
intron—exon boundaries and exon bodies, and ultimately increases the
chance of exon inclusion during cotranscriptional splicing as it allows more
time for splicing (Adelman and Lis, 2012; Jonkers et al., 2014; Kwak and Lis,
2013). Furthermore, levels of specific histone modifications are different in
exonic regions compared to intronic regions. One example is histone 3
lysine 36 trimethylation (H3K36me3), which is associated with transcrip-
tional elongation and tends to coaccumulate with RINAPII at canonical
splice sites and exonic regions (Ye et al., 2014). H3K36me3 also seems to
be more enriched at constitutive exons compared to alternative exons
(Kolasinska-Zwierz et al., 2009). The histone deacetylase complex RPD3S
is recruited to the H3K36 di- and trimethylation marks and removes acet-
ylation marks from nearby nucleosomes. Acetylation of histones generally
leads to a more open chromatin structure, and removal of these marks leads
to a more closed structure, resulting in a lowered transcription rate at these
sites and consequently more time for correct splicing. Variants in the SETD2
gene, which encodes for the enzyme responsible for H3K36 trimethylation,
have been linked to human kidney cancer via alterations in RINA processing
of highly transcribed genes including intron retention and aberrant splicing
(Simon et al., 2014). Furthermore, alteration of H3K36me3 levels result in
increased risk of renal cell carcinoma-specific death via changes in RINA
processing (Ho et al., 2016).

Other histone marks that have been associated with splicing include
H3K4me3, H4K20mel, and H3K79 di- and trimethylation (Andersson
et al., 2009; Luco et al., 2010; Shindo et al., 2013; Ye et al., 2014). All these
marks have established roles during transcriptional regulation, and their
effects on splicing may either be explained by indirect effects on the speed
of transcription or by providing binding platforms for splicing proteins that
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modulate splicing cotranscriptionally. H3K4me3, which is associated with
transcriptional activation, has been linked both with inclusion and exclusion
of exons in several studies (Luco et al., 2010; Shindo et al., 2013). Enrich-
ment in H3K79me1, which is involved in various roles of chromatin rem-
odeling, correlates with exon inclusion in human embryonic and fetal lung
fibroblast cell lines in a similar way as H3K36me3 (Shindo et al., 2013).
H4K20mel is enriched in exons and has been coupled to transcription elon-
gation (Schwartz et al., 2009b). Global cassette exon inclusion levels
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positively correlate with global H4K20mel levels of nucleosomes at the
position of cassette exons in B-lymphocytes and chronic myelogenous
leukemia cell lines (Liu et al., 2014).

Recruitment of splicing regulatory proteins can occur via chromatin-
binding factors, as is the case with MRG15, which is part of several
histone-modifying complexes. MR G15 is recruited to the H3K36me3 his-
tone mark. By binding to the PTB splicing regulatory factor, MR G15 can
form an active cotranscriptional complex that acts as a scaffold for splicing
machinery components (Llorian et al., 2010; Luco et al., 2010). Another
interaction between chromatin-binding proteins and splicing regulatory
proteins can be found in the interaction between PSIP1, a H3K36me3
reader protein, with SRSF1 (Pradeepa et al., 2012). Furthermore CHD1,
and ATP-dependent chromatin remodeling factor, is known to interact
with the U2 snRNP (Sims et al., 2007).

Chromatin-binding proteins can act as scaffolds to recruit elements of
the splicing machinery toward actively transcribed genes, specifically
toward intronic regions. These and other findings strongly support the
“exon definition” model, which states that exonic marks are recognized
by the splicing machinery. This model is indeed favored in vertebrate
species, where intronic lengths are considerably longer than exonic lengths
(Hollander et al., 2016). Variants that lead to changes in the distribution of
histone marks that are associated with exon definition could potentially lead
to altered splicing.

3.9 Recursive Splicing

In very large introns, the three reactive sites in splicing, i.e., the 5 splice site,
the branch point, and the 3’ splice site, are separated by long stretches of
RNA sequence (Fig. 4A and B). How these sites come together in a
three-dimensional space is hard to explain with a conventional splicing
mechanism. In humans, over 3400 introns are longer than 50kb, and over
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1200 introns are longer than 100kb (Bradnam and Korf, 2008). A refined
mechanism for splicing of large introns was proposed and termed recursive
splicing (RS). RS is the removal of large introns using noncanonical
splice sites deep in the intron to splice out the intron in a stepwise manner
(Fig. 4A and B). This phenomenon was already described in 1998 when
Hatton et al. reported the stepwise removal of an intron of the Ultrabithorax
gene in Drosophila melanogaster (Hatton et al., 1998). Only recently has it
become clear that RS is widespread in Drosophila and has been conserved
between species (Duff et al., 2015; Kelly et al., 2015; Sibley et al., 2015).

A recent study showed a sequential and principally obligatory process for
genes that have recursive splice sites in Drosophila (Duff et al., 2015). Using
deep-sequencing methods, 197 functional recursive splice sites were iden-
tified that were highly conserved between Drosophila strains. One-hundred
and fifteen Drosophila genes were reported to undergo RS. Sibley et al.
reported that nine genes in the human brain utilized RS to remove an intron
(Sibley et al., 2015). A study using human primary endothelial cells detected
intermediate splicing products from eight recursive splice sites in a 134kb
intron of the SAMD4A gene that appeared and disappeared during transcript
production (Kelly etal., 2015). In contrast to RS seen in Drosophila, in which
the recursive introns are completely spliced out (Fig. 4A), humans harbor a
“recursive splicing exon” that seems crucial for removing the long intron
and can be retained (Fig. 4B). Two functions of the RS exon in human have
been proposed. First, to serve as quality control. RS exons are completely
spliced out in normal mRNA, but can be retained when the exon is gener-
ated by a faulty splicing event or from an aberrant promotor sequence.
A retained RS exon in an mRNA transcript usually leads to NMD due
to premature stop codons. Second, the recognition of recursive splice sites
is improved through the process of exon definition, a mechanism that
defines splice sites on either side of the exon by recruiting splice promoting
proteins (Sibley et al., 2015).

To the best of our knowledge, no disease has been linked to RS yet,
however, mutating three recursive splice sites in SAMD4A using CRISPR/
Cas9 resulted in a 35%—50% reduction of mRINA levels (Kelly et al., 2015).
Furthermore, an antisense oligonucleotide (AON) that blocked the recur-
sive splice site in the zebrafish cadm2a gene resulted in a twofold reduction of’
mRNA levels in vivo (Sibley et al., 2015). These results highlight the impor-
tance of RS for gene expression, and they open the possibility that human
disorders may exist that are caused by disruption of this process, for example
by deep intronic variants that are usually missed in standard diagnostics.
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Interestingly, a recent study by Gazzoli et al. reported that RS occurs in
many introns of the dystrophin gene, and that current therapies for
Duchenne muscular dystrophy (DMD) based on skipping of exons 45-55
might be affected by RS (Gazzoli et al., 2016).

4. IDENTIFICATION OF PATHOGENIC VARIANTS THAT
AFFECT SPLICING

4.1 Molecular Diagnostics in the NGS Era

Massively parallel sequencing, or NGS, has the major benefit that it can
query multiple genomic regions in the same sample. Regions of interest
can be specifically enriched using different techniques including solid
and liquid hybridization capture techniques and multiplexed PCR-based
methods. This technique can be beneficial for single gene screening of var-
iants, particularly in large genes like dystrophin (Wang et al., 2014), and the
breast cancer genes BRCA1 and BRCAZ2 (Neveling et al., 2017), for which
robust screening methods have been developed.

Enrichment and subsequent sequencing of genes that are known to be
linked to a specific phenotype is known as gene panel sequencing. This tech-
nique is currently the most common NGS technique used in a diagnostic
setting. Examples of gene panels include those for inherited retinal disease
(Carrigan et al., 2016), early onset epileptic encephalopathy (Gokben
et al., 2016), specific types of cancer (Stanislaw et al., 2016), eye disorders
(Consugar et al., 2015), hearing disorders (Tekin et al., 2016), neurodegen-
erative disorders (Kruger et al., 2016), cardiac disorders (Proost et al., 2017),
and many others. Gene panel sequencing is a popular tool in clinical genetic
laboratories because costs for sequencing and data analysis are significantly
lower than for whole genome sequencing (WGS) techniques.

Whole exome sequencing (WES), in which the protein-coding part of
the genome is analyzed by high-throughput sequencing, is becoming the
next standard in DNA sequencing of patients that lack a diagnosis. WES
enrichment is performed in the same way as gene panel sequencing, in fact
many gene panels are generated by filtering WES data. In WES, several
enrichment strategies can be used to enrich for all coding regions of the
entire genome, including in-solution hybridization, selective circularization
PCR, and high-multiplex PCR techniques (reviewed in Ballester et al.,
2016). In this way, the analysis is performed in a less biased manner and novel
potentially disease-causing genes may be identified. Many genes have been
identified by WES that have a previously unrecognized link to disease
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(Beaulieu et al., 2014; Chong et al., 2015; Wright et al., 2015). The wealth
of variants detected with WES that could potentially be pathogenic neces-
sitates extensive filtering. These filtering steps can include discarding variants
that are above a certain threshold for minor allele frequency, as well as syn-
onymous variants and intronic variants. However, this filtering increases the
risk of discarding pathogenic variants for which the mechanism of pathoge-
nicity is difficult to predict, for example, variants that affect splicing.

Al NGS techniques mentioned earlier have one major limitation, which
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1s that targeted enrichment is performed before sequence analysis. This gen-

erates an inherent bias of these approaches, and likely leaves causative var-
iants undetected. Indeed, a recent survey has shown that NGS-based
screening results in a genetic diagnosis in only 23%—26% of cases (Sawyer
et al., 2016; Yang et al., 2013).

The optimal NGS technique for implementation in DNA diagnostics
would be WGS, provided that costs and analysis time can be reduced in
future improvements. This technique analyzes the complete genome,
removing the bias of targeted enrichment seen in WES or gene panel
sequencing. It should be noted however that technical bias can still occur,
for instance GC-rich regions are difficult to sequence and repeat-containing
sequences are excluded. WGS datasets take a relatively long time and large
computer power to analyze because of their size. Furthermore, due to inclu-
sion of all regions of the DNA, including noncoding parts, many more var-
1ants are detected, and the task to identify the truly pathogenic variant is even
more daunting. Often datasets are extensively filtered for variants that are
likely nonsignificant using algorithms that predict variant pathogenicity.
The implementation of WGS in diagnostics has led to discovery of new dis-
ease genes. An example is the study from Nishiguchi et al., which resulted in
the identification of causative variants in patients with autosomal recessive
retinitis pigmentosa, including variants in the NEK2 gene. These variants
have not been linked previously to this disease (Nishiguchi et al., 2013).

4.2 In Silico Prediction of Functional Effects That Variants
Have on Splicing

Various algorithms have been developed for splicing prediction. Currently,

splicing prediction is routinely performed by diagnostics laboratories

(Fig. 5). Many difterent online tools have been made available for prediction

of splicing-related elements and/or to anticipate the effects that variants have

on splicing (Table 1). Below, some of these are described in more detail.
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Fig. 5 Assays for testing alternative splicing.

A plethora of algorithms can be used to predict the presence of 3’ and
5’ splice sites (reviewed in Jian et al., 2014) as well as splicing enhancer
and splicing silencer elements (Sironi et al., 2004; Soukarieh et al., 2016;
Yeo et al., 2004). Human splicing finder (HSF) and SROOGLE are two
widely used prediction tools that integrate many of different algorithms in
one interface (Desmet et al., 2009; Schwartz et al., 2009a). However, inter-
pretation of the output in these programs can be challenging (Van der Wal
et al., 2017a). Recently, the Automated Splice Site and Exon Definition
Analyses (ASSEDA) tool has become available online. It predicts splice site
utilization based on predicted splice site strengths (Mucaki et al., 2013).

Although these algorithms can be used to predict splicing outcome, cau-
tion should be taken when interpreting results from such predictions, as it
does not always reflect the true molecular outcome. This was exemplified
by Schleit et al. who functionally investigated splicing outcome of COL1A1
mRNA in 40 individuals suspected of osteogenesis imperfecta (Schleit et al.,
2015). Subsequently, variants present within the COL1A1 gene of these
individuals were analyzed with three different splicing prediction algo-
rithms. The outcome of these predictions was correct in less than 75% of
instances, compared to functional tests.
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Table 1 Splice Prediction Tools Accessible Online

Type of Motif Original
Prediction Tool Detected Reference Site
Splice site Splice sites, Based on http://ibis.tau.ac.il/ssat/
analyzer tool  branch site. SRE  (Shapiro and  SpliceSiteFrame.htm
elements Senapathy,
1987)
NetGene2 Splice sites Hebsgaard http://www.cbs.dtu.dk/
et al. (1996) services/NetGene2/
NNSplice Splice sites Reese et al. https:/omictools.com/
(1997) nnsplice-tool
GENSCAN  Splice sites Burge and http://genes.mit.edu/
Karlin (1997) GENSCAN.html
SpliceView Splice sites Rogozin and  http://bioinfo.itb.cnr.it/cgi-
Milanesi (1997) bin/oriel/wwwspliceview.pl
MaxEntScan  Splice sites Yeo and Burge http:/genes.mit.edu/
(2004) burgelab/maxent/
Xmaxentscan_scoreseq.html
SplicePredictor Splice sites Brendel and http://sites.usd.edu/
Klefte (1998)  bioinformatics/projects/
splicepredictor
Spliceport Splice sites Dogan et al. http://spliceport.cbcb.umd.
(2007) edu/
Human Splice sites, Desmet et al.  http:/www.umd.be/HSF/
splicing finder branch site. SRE  (2009)
elements
CRYP-SKIP  Splice sites Divina et al. http:// cryp-skip.img.cas.cz/
(2009)
EX-SKIP Exonic splicing Raponi et al.  http:/ex-skip.img.cas.cz/
regulatory (2011)
elements
SROOGLE Splice sites, Schwartz et al.  http:/sroogle.tau.ac.il/
branch site. SRE  (2009a)
elements
GeneSplicer Splice sites Pertea et al. https://ccb jhu.edu/

(2001)

software/genesplicer/

Continued
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Table 1 Splice Prediction Tools Accessible Online—cont'd

Prediction Tool

Type of Motif
Detected

Original
Reference

Site

AVISPA Splice sites Barash et al. http://avispa.biociphers.org
(2013)
ESEFinder Exonic splicing ~ Cartegni et al.  http:/krainer01.cshl.edu/
enhancers (2003) cgi-bin/tools/ESE3/
esefinder.cgi?process=home
[RESCUE]-  Exonic splicing  Fairbrother http://genes.mit.edu/
ESE regulatory et al. (2002) burgelab/rescue-ese/
elements
ASPic Splice sites Martelli et al.  https:/algolab.eu/research/
(2011) aspic/
RegRINA2 Big range of Chang et al. http://regrna2.mbc.nctu.
motifs, including  (2013) edu.tw/
user defined
Mutation Protein and RNA Schwarz et al.  http:/www.mutationtaster.
Taster2 changes (2014) org/
Imhotep Many different Knecht et al.  http:/www.uni-kiel.de/
aspects (incl. (2017) medinfo/cgi-bin/predictor/
DNA, RNA, and
protein level)
AASsites Classifies probable Faber et al. http://genius.embnet.dkfz-
change in splicing (2011) heidelberg.de/menu/
biounit/open-husar
SNPlice Effect of variants Mudvari et al.  https:/code.google.com/
on intron (2015) archive/p/snplice/
retention
Spliceman Effect of variants  Lim and http://fairbrother.biomed.
on splicing Fairbrother brown.edu/spliceman/
(2012)
ASSEDA Effect of variants Mucaki et al.  http:/splice.uwo.ca/

on splicing

(2013)

Most algorithms have been generated based on difterent datasets and use

different calculations, which explains why splicing predictions can vary sub-

stantially between different algorithms. Alamut® is a commercial platform

that uses five different algorithms to predict the strengths of both 3’ and

5’ splice sites, as well as algorithms that detect potential binding sites of
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multiple splicing factors. The program helps the user by visualizing the
potential presence of these sites, an example of which can be found in
Bergsma etal. (2016). Certain programs focus not only on variants that affect
splicing, but also on changes to protein sequence and stability. One example
is Mutationtaster, which integrates information from different biomedical
databases to test evolutionary conservation, splice-site changes, loss of pro-
tein features, and changes that might affect the amount of mRINA (Schwarz
et al., 2010). In the era of NGS, high-throughput data interpretation is
becoming more and more essential. A new version, Mutationtaster2, has

@)
Dy
Q
O
—_
®
-
N

been generated to analyze multiple variants in a short period of time from
deep-sequencing data (Schwarz et al., 2014). Another program that is well
suited for multiple predictions of results from NGS datasets is combined
annotation-dependent depletion (CADD), which incorporates multiple fac-
tors and gives a single pathogenicity score to variants (Kircher et al., 2014).
More examples of splicing prediction programs include IntSplice for predic-
tion of the splicing consequences of intronic single-nucleotide variations,
and IMHOTEP, a composite score integrating popular tools for predicting
the functional consequences of nonsynonymous sequence variants (Knecht
etal., 2017; Shibata et al., 2016). Interestingly, a comparison of IMHOTEP
against a variety of other prediction tools, including CADD, showed that it
was superior in predicting variants that aftect splicing (Knecht et al., 2017).
Finally, to generate more accurate predictions, splice prediction programs
have been generated based on functional data (Di Giacomo et al., 2013;
Soukarieh et al., 2016). Although algorithms based on functional data will
likely give a better representation of splicing in vivo, these two algorithms
have been based on a relatively small dataset. With current RNA sequencing
techniques, algorithms based on larger datasets can be generated, which will
likely lead to better splicing prediction algorithms in the near future.

The programs and algorithms described above each have their benefits
and drawbacks. Algorithms and prediction tools for pathogenicity will
become increasingly important with implementation of NGS techniques
in diagnostics. However, functional data that confirm these predictions
are often lacking. In practice, predictions always should be verified using
a functional assay to confirm a particular diagnosis.

4.3 Functional Assays

A widely used approach to evaluate functional effects that variants may have
on splicing is to introduce part of the genomic region of the gene of interest
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in an artificial minigene system (Fig. 5). This technique can be used to study
splicing of genes that have extremely low or no detectable expression in
patient material or if the material is not available. The system is utilized
to evaluate splicing of well-described genes associated with disease, such
as dystrophin, CFTR, BRCA1, and BRCA2 (Bonnet et al., 2008; Giorgi
et al., 2015; Wang et al., 2016). These assays may utilize a dedicated exon
trapping vector in which only the exon of interest and short (30-150bp)
flanking intronic regions are included. This system represents a quick and
easy way to analyze the effect of selected variants on pre-mRINA splicing.
Several recent studies have utilized minigene assays to validate the effect
of variants on alternative splicing, including variants aftecting splicing of
SLC26A4 mRNA causing autoimmune thyroid diseases (Bouattour
et al., 2017) and the PKD2 gene causing polycystic kidney disease
(Gonzalez-Paredes et al., 2016). A disadvantage is that the assay is particu-
larly biased, because the exon is placed outside its in vivo context, with
altered transcription, transcript stability, and flanking intronic sequences.
An improvement is to insert the exon of interest including neighboring
introns and exons in an expression vector, provided that the total insert is
not too long. Some of the above-mentioned disadvantages also apply to this
option. Minigenes are useful tools to test potential pathogenic eftects of var-
iants, but care should be taken with translating results to regulation of splic-
ing in vivo, as alternative splicing can differ between cell/tissue types.

With current NGS techniques, it is now possible to perform genome-
wide mRNA expression analyses for diagnostic purposes to directly detect
aberrant splicing in mRNA isolated from patient-derived cells (Fig. 5). Short
sequence reads can be generated, from which splicing products need to be
reassembled in silico, which can be a challenge. Numerous mapping proto-
cols, programs, and pipelines have been generated to deal with this problem,
and each of these have their own benefits and drawbacks (Engstrom et al.,
2013). Recent advances have enabled long-read RNA sequencing, a third-
generation sequencing technique, enabling sequencing of large stretches of
contiguous mRNA avoiding in silico reconstruction of isoforms (reviewed
in Rhoads and Au, 2015). This technique has led to the detection of many
previously unknown splice isoforms (Sharon et al., 2013). Furthermore, it
allows for the generation of full-length personal trancriptomes, highlighting
the potential for clinical implementation (Tilgner et al., 2014).

Several challenges remain to be overcome before RINA-based NGS
methods can be implemented in routine diagnostics (Byron et al., 2016).
One reason for this is that it requires patient material, which can be
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impractical, or even impossible to obtain, depending on the tissue in which
the gene of interest is expressed. In addition, expression levels of the gene of
interest need to be high enough to detect aberrant splicing, which will affect
the required depth of sequencing. However, for certain genes with ubiqui-
tous expression patterns, gene-tailored diagnostics based on mRINA analysis
should be possible. For example, it is feasible to perform unbiased PCR -
based analyses of all exons from fibroblast cultures to detect splicing variants
of the acid a-glucosidase (GAA) gene causing Pompe disease, a metabolic
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myopathy (Fig. 5). This approach has already revealed novel splicing variants

(Bergsma et al., 2015, 2016). In principle, it should be possible to develop
diagnostic kits tailored for the detection of splicing variants in genes that are
expressed in easy-to-obtain human material such as blood, urine, and skin.
At present, PCR -based methods are the cheapest and easiest way for gene-
tailored mRNA analysis, but in the future it is likely that these will be rep-
laced by NGS-based techniques.

Recently, genome-editing techniques such as CRISPR/Cas9 have
opened new possibilities for investigating functional effects of alternative
splicing. CRISPR/Cas9 can be used to induce splicing variants to test for
pathogenic effects, as exemplified in Zhang et al. (2016). Another applica-
tion is the generation of transgenic mice to modulate expression of specific
alternative transcripts, in which inhibition of expression of a Titin isoform
was used to study the effects on M-line formation in striated muscle
(Charton et al., 2016). The relative ease of generating transgenic animal
models will likely lead to more functional studies of alternative splicing in
relation to disease.

4.4 Ultraviolet Crosslinking and Immunoprecipitation

RBPs are key players in posttranslational gene regulation and RINA
processing (Gerstberger et al., 2014). To understand the mechanisms
involved, systematic identification of endogenous protein—RNA interac-
tions is crucial. In 2003, Ule et al. developed a method for the genome-wide
identification of RBP-binding sites called ultraviolet (UV) crosslinking and
immunoprecipitation (CLIP) (Ule et al., 2003). This method relies on
crosslinking of the protein—-RNA complexes, followed by purification
and release of RNA fragments by protein digestion. The complementary
DNA (cDNA) library generated from these RINA fragments can be sub-
jected to deep sequencing. Bioinformatic analysis of these data can reveal
the RBP—RNA interactions. A variety of bioinformatics pipelines for the
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handling of genome-wide CLIP data has been developed over the years,
which has been extensively reviewed by Wang et al. (2015).

Since its introduction, the CLIP method has evolved into three
distinct versions: (1) high-throughput sequencing of RNA isolated by
CLIP (HITS-CLIP), the first CLIP platform developed for the genome-wide-
identification of RBP binding sites (Licatalosi et al., 2008). (2)
Photoactivatable-ribonucleoside enhanced CLIP (PAR-CLIP), which
improved the signal-to-noise ratio by incorporating photoreactive ribonucle-
oside analogs into living cells via the culture system prior to UV treatment
(Hafner et al., 2010). (3) Individual-nucleotide resolution UV CLIP (iCLIP),
which is based on truncation of cDNAs at the crosslink site and identifies the
positions of crosslink sites at single-nucleotide resolution (Konig et al., 2010).
New variants such as the enhanced CLIP (eCLIP), which decreases PCR
amplification by a 1000-fold (Van Nostrand et al., 2016), infrared-CLIP
(irCLIP), which uses an infrared dye-conjugated and biotinylated ligation
adaptor for visualization of UV-crosslinked protein-RNNA complexes
(Zarnegar et al., 2016), and bromodeoxyuridine CLIP (BrdU-CLIP), which
incorporates BrdUTP into the cDNA during reverse transcription (Weyn-
Vanhentenryck et al., 2014), have been developed more recently with
undoubtedly many more variants to follow. With the introduction of CLIP
and all its variants, the RINA-regulation field has rapidly developed and this
has greatly increased our understanding of RBP—RINA interactions over the
past few years.

This is well exemplified by recent studies on RBM10, a splicing regu-
latory protein. Wang et al. used PAR-CLIP to identify binding sites for
RBM10 in HEK 293 cells. A large number of binding sites were identified
and these were located in close proximity to splice sites. A role for RBM10
in splicing regulation was proposed, especially in alternative splicing
resulting in exon skipping (Wang et al., 2013). Pathogenic variants in
RBMT10 result in TARP (talipes equinovarus, atrial septal defect, robin
sequence, and persistent left superior vena cava) syndrome. iCLIP was used
to understand how loss of RBM10 function might result in TARP (Rodor
et al., 2017). RNA targets of RBM10 in a mouse mandibular embryonic
cell line were identified, and this revealed a clear enrichment of RBM10
binding in the proximity of the branch point and the 3’ splice site of
protein-coding genes. In addition, RBM10 binding to small nuclear RNAs
(snRINAs) of canonical and minor spliceosomes was shown. Together with
full transcriptome analysis of gene expression and splicing changes in mouse
ESCs with disrupted RBM10 expression and RBM10 knockout mouse
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mandibular cells, this revealed an important role of RBM10 in the regulation
of alternative splicing. This suggests that TARP syndrome might be induced
by loss-of-function variants in RBM10 that cause dysregulation of alterna-
tive splicing and/or altered expression of other genes. One gene in which
splicing changes were observed was OPA1, which is involved in optic atro-
phy that is also recognized in TARP syndrome (Rodor et al., 2017). In a
different study iCLIP demonstrated the role of RBM10 in NUMB splicing
regulation, a gene that is involved in the Notch signaling pathway and that is
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frequently altered in lung cancer. RBM10 variants were shown to promote
cell growth by alternative splicing of NUMB pre-mRNA leading to lung
adenocarcinoma progression (Bechara et al., 2013).

4.5 Are Splicing Variants Underestimated?

Of all variants that are listed in HGMD, 16,356 entries are known to alter
splicing (HGMD, December 2016). These represent 9.1% of all disease-
associated variants present in the database. There is increasing evidence that
this percentage may be an underestimation for a number of reasons. In the
early days of sequence analysis, functional analysis of reverse-transcribed
mRNAs using PCR techniques was often employed for finding variants that
alter the length of mRINA transcripts. The first dataset specific for patho-
genic splice variants presented 101 variants, and these were thought to
account for at least 15% of pathogenic variants (Krawczak et al., 1992).
Sanger sequencing of genomic DNA is to date the golden standard in genetic
diagnostics. Owing to the high number of common SNPs (minor allele fre-
quency of >1%) that are present in noncoding intronic regions, exonic
sequences are prioritized for detection of pathogenic variants, leading to
an overrepresentation of variants other than splicing variants in current data-
bases. Indeed, a recent survey shows that approximately 25% of missense and
nonsense variants described in the HGM database may have an effect on
splicing (Sterne-Weiler et al., 2011), suggesting that one-third of all patho-
genic single-nucleotide variants in the database potentially affect splicing.
Synonymous variants, that are usually disregarded as they do not change
the amino acid sequence, can also have an effect on splicing. A study per-
formed by Supek et al. indicates that synonymous variants occur more often
in oncogenes where they might act as driver variants by changing SR Es, ulti-
mately resulting in altered splicing (Supek et al., 2014).

Functional investigation of all known variants present in a single exon in
BRCA2 and MLH1 yielded a high percentage of variants that aftect splicing
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(42% and 77%, respectively) (Di Giacomo et al., 2013; Soukarieh et al.,
2016). One mathematical model even suggests that up to 62% of all
disease-causing variants affect splicing (Lopez-Bigas et al., 2005). These pre-
dictions should be further investigated at the functional level.

A more comprehensive understanding of the splicing code will be nec-
essary to estimate the impact that variants have on splicing in general.
A recent study showed that disease-causing variants located in deep intronic
regions affect splicing nine times more often than SNPs (Xiong et al., 2015).
Furthermore, if missense variants have a low predicted impact on protein
function, the likelihood that these variants lead to aberrant splicing is five
times higher.

As well as rare variants, polymorphisms can also impact splicing. It has
been estimated that up to 45% of synonymous SNPs potentially alter pre-
mRNA splicing patterns (Mueller et al., 2015). Furthermore, splicing quan-
titative trait loci (sQTLs), which are regions in the DNA that correlate with
splicing patterns and are defined by the presence of SNPs, are thought to be
important contributors to phenotypic variation (Li et al., 2016). In a recent
study, Takata et al. analyzed tissue from the prefrontal cortex of 206 indi-
viduals and identified genome-wide alternative splicing events controlled
by sQTLs (Takata et al., 2017). Investigation of sQTLs SNPs located in
schizophrenia-associated loci linked to four potential candidate genes which
underwent alternative splicing and could be implicated in schizophrenia.

The data highlighted earlier indicate that the effect of (pathogenic) var-
iants on splicing of pre-mRINA may be considerably underestimated and
warrants future investigation.

5. THERAPEUTIC APPROACHES TO MODULATE SPLICING

Human disease caused by aberrant splicing is amenable to modulation
in several ways. In recent years, new developments have presented promis-
ing therapeutic strategies.

5.1 Small Molecule Modulators of Splicing

Small molecules that modulate alternative splicing or inhibit the major
spliceosome have been reported for the treatment of cancer and monogenic
disorders. The advantages of using small molecules include that these can be
administered orally, and that these may cross the blood—brain barrier.

In cancer, splicing regulatory sequences in (proto-)oncogenes can be
mutated, and/or splicing factors can have altered expression. This can cause
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alternative splicing and induce resistance to cancer drugs, or it can lead to
escape of cancers cells from the immune system. This has been extensively
reviewed in Lee and Abdel-Wahab (2016) and Salton and Misteli (2016)
(Fig. 6). Small molecules have been developed that block early spliceosome
formation via binding to the splicing factor 3B (SF3B) core spliceosome sub-
unit, or that alter phosphorylation of splicing regulatory SR proteins. One of
the earliest drugs to modulate splicing in cancer is the compound
spliceostatin A, which targets the SF3B subunit of U2 snRNP, leading to
cell cycle arrest in G1 and G2/M (Kaida et al., 2007). Unfortunately, a clin-
ical trial with the SF3B inhibitor E7107 was suspended due to toxicity
(Hong et al., 2014). Currently, one trial is recruiting patients for treatment
with H3B-8800 (NCT02841540), another SF3B inhibitor.

Many small molecules have been reported that modulate aberrant splic-
ing in monogenic disorders in vitro, but preclinical safety and efficacy for
most of these compounds remain to be established (reviewed in Bates
et al.,, 2017; Ohe and Hagiwara, 2015). It is worth noting that high-
throughput screens with compounds that are already used in the clinic
may identify other compounds that also modulate splicing. An example is
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Fig. 6 Potential therapeutic strategies to interfere with splicing. Red asterisks indicate a
hypothetical pathogenic variant. Potential therapeutic interventions include deletion of
an exon from the DNA using gene-editing tools, small molecules that interfere with the
activity of splicing proteins, vector-based snRNA-AONs, and chemically modified AONs.
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provided by cardiotonic steroids. It was demonstrated that these regulate
alternative splicing via depletion of SRSF3 and TRA2B, resulting in
increased exon 10 inclusion in microtubule-associated protein tau (MAPT)
in frontotemporal dementia in vitro (Anderson et al., 2012; Stoilov et al.,
2008). Another example is DM type 1 (DM1), in which the master splicing
tactor MBNL1 is sequestered and depleted by CTG repeats in the myotonin
protein kinase transcript, resulting in defects in alternative splicing. Metfor-
min (Biguanides), which is commonly used for the treatment of type 2 dia-
betes, was shown to downregulate the master splicing factor RBM3 and
alleviate some alternative splicing defects in DM1 (Laustriat et al., 2015).
For SMA (discussed in more detail below), multiple splice-switching com-
pounds were identified using large-scale drug screens. An example is
Aclarubicin, which promotes inclusion of exon 7 of SMN2 (Andreassi
et al., 2001). More recently, additional molecules have been identified that
can alter SMIN2 splicing to promote exon 7 inclusion using high-throughput
screening. These include SMN-C1, SMN-C2, SMN-C3 (Naryshkin et al.,
2014), and NVS-SM1 (Palacino et al., 2015). Both studies demonstrated
enhanced survival of humanized SMIN7delta mice after treatment with these
compounds. Global gene expression analysis showed no major off-target
effects, suggesting that these small molecules were selective. Lead optimiza-
tion of SMN-C3 from Naryshkin et al. (2014) resulted in the compound
RG7800, which was used in the clinical trial NCT02240355 (Ratni
et al., 2016). This trial was unexpectedly terminated because of toxic effects
found after 39 weeks in a parallel monkey study. To generate new com-
pounds, chemical optimizations were performed on hits from Naryshkin
etal. (2014), and a safety study was completed on a derivative of one of these
hits (NCT02633709, Woll et al., 2016). NVS-SM1 described in Palacino
et al. (2015) is currently used in a clinical trial to evaluate safety and efficacy
(NCT02268552, Palacino et al., 2015). These findings highlight the poten-
tial of using small molecules for targeting splicing regulators for the treat-
ment of monogenetic disorders and especially in the case of SMA. The
challenge for the future will be to identify compounds with high selectivity
and low toxicity, and to understand their mechanism of action.

5.2 Transsplicing

Another option for correcting aberrant splicing caused by the presence of
splice altering wvariants is spliceosome-mediated RINA transsplicing
(SMaRT) (reviewed in Berger et al.,, 2016). This technique is based on
the property of the spliceosome to enable the combination of transcripts
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from two independent RINA molecules to form one mR NA transcript. Sev-
eral applications of SMaR T have been reported. Examples include cystic
fibrosis (Mansfield et al., 2000), Huntington’s disease (Rindt et al., 2012),
inherited tauopathy (Avale et al., 2013), and p53-defective cancers
(He et al., 2015). The process of transsplicing rarely occurs in humans
(Lei et al., 2016), and the challenge will be to increase the efficiency of this
approach for clinical development.
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5.3 Antisense Oligonucleotides

A specific way to influence gene expression can be accomplished with short
(~15-30nt) RINA-based molecules termed AONs that bind to RNA in a
sequence-dependent manner. Several types of AONs can be distinguished.
These include single-stranded and double-stranded AONs for mRINA deg-
radation, and splice-switching oligonucleotides (SSOs). To induce mRINA
degradation, either the RINA interference (RINA1) pathway (using dsRINA)
or the RNase H pathway (using ssRINA) may be utilized. SSOs rely on the
ability to bind to splicing regulator sequences at the pre-mRINA to modulate
splicing outcome. AONs have chemically modified backbones to prevent
degradation. The type of modification has consequences for the mechanism
of action (e.g., (in)activity toward RNase H and RINAi pathways) and for
biodistribution and pharmacokinetics. The difficulty to deliver RINA-based
molecules to cells is an area of active research, including the development of
conjugates and chemistries that improve cellular delivery.

In RINAi, double-stranded RINA is administered to cells, which is
then processed and loaded on the RNA-induced silencing complex
(RISC). The RNA binds to a target mRNA, which results in its
degradation, or inhibition of protein translation (Elbashir et al., 2001).
Although no RINAI drugs are on the market thus far, several are currently
tested in clinical trials. The most clinically advanced example is RNAi-
mediated treatment of diabetic macular edema, which is currently in Phase
IT trials (NCT01445899). RNAI has been used to modulate splicing of alter-
native exons by targeting sequences that are located in the vicinity of those
exons (Allo et al., 2009). Although RNAIi has been extensively investigated
as a potential therapy, doubts have been raised on its clinical applicability
(Krieg, 2011). Off-target effects are a concern (Jackson and Linsley,
2010). Moreover, the administration of double-stranded RNA can lead
to an innate immune response via recognition of double-stranded RINA
by Toll-like receptors (de Fougerolles et al., 2007). These drawbacks need
to be overcome before RINAI can be applied to the clinic.
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Single-stranded AONSs can target RINA after which these are recognized
by the endogenous RNA degradation pathways involving RNase H. The
single-stranded AON is usually modified to prevent its degradation; how-
ever, these modifications often interfere with the RNase H pathway. To
prevent this, modifications to the backbone of the RNA molecule are made
at the nucleotides on the outside of the molecule, the result of which is ter-
med a gapmer (Yu et al., 2013). In this way, exonucleases do not degrade the
RNA target. RINA bases in the middle of the AON are not modified so that
they are still recognized by RNNAse H. One of the antisense gapmers under
development is Mipomersen for intervention in patients with heterozygous
familial hypercholesterolemia. This second-generation AON gapmer targets
the splice acceptor of exon 21 in the APOB gene, causing both exon skip-
ping of exon 21 and cleavage of the mRINA by RINAse H, both resulting in
downregulation of expression of the apolipoprotein B enzyme (Kastelein
et al., 2006). First indications of clinical trials using subcutaneous adminis-
tration (3 X weekly) revealed that indeed ApoB production was lower in
treated patients (Akdim et al., 2010; Akdim et al., 2011; Kastelein et al.,
2006) (NCT00216463, NCT00231569). However, adverse events also
occurred, including injection site reactions, increased liver fat percentage,
and increased serum transaminase levels. Four Phase III clinical trials
(NCT00607373, NCT00706849, NCT00794664, and NCT00694109)
indicated that mipomersen treatment resulted in lower levels of LDL-C,
non-HDL cholesterol and Lp(a). Furthermore, a dramatic reduction in car-
diac events was seen, indicating that the drug has beneficial therapeutic
effects (Duell et al., 2016). The drug was FDA approved in 2013 for homo-
zygous hypercholesterolemia, however, it should be stated that it received a
black box label for potential hepatotoxicity.

SSOs are designed to modulate pre-mRNA splicing (Fig. 6). These typ-
ically utilize chemically modified AONSs that do not activate the RNase H or
RNAi pathways. The first SSOs carried a 2'O-methylphosphorotioate
(2'O-mePS) backbone and were targeted against cryptic splice sites in
mRNAs derived from pathogenic variants in the f-globin gene (Dominski
and Kole, 1993; Sierakowska et al., 1996). Currently, a host of different
backbone structures are under investigation for application in the clinic. Fre-
quently used backbone chemistries include 2’O-mePS, 2'O-methoxyethyl
(MOE), phosphorodiamidate morpholino oligomer (PMO), and peptide
nucleic acids (Geary et al.,, 2015). Recently, a new type of backbone
chemistry, tricyclo-DNA, was suggested to enhance cellular uptake
(Goyenvalle et al., 2015). Methods to improve uptake include the addition
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of cell-penetrating peptides (reviewed in Boisguerin et al., 2015) and deliv-
ery via nanoparticles (reviewed in Petrilli et al., 2014). Furthermore,
coadministration of specific monosaccharides can also lead to improved
uptake (Cao et al., 2016; Han et al., 2016). For many disorders, preclinical
development of SSO-mediated therapy has been performed, including
Hutchinson—Gilford progeria syndrome (Osorio et al., 2011), type I
Usher syndrome (Lentz et al., 2013), cystic fibrosis (Igreja et al., 2016),
Leber congenital amaurosis (Garanto et al., 2016), certain types of cancer
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(reviewed in Farooqi et al., 2014), and Pompe disease. In the latter, a sub-

strate reduction strategy used SSO-mediated reduction of glycogen synthase
expression (Clayton et al., 2014), while direct approaches used promotion of
canonical GAA splicing via inhibition of cryptic splicing (Bergsma et al.,
2016; Van der Wal et al., 2017a, b).

For two diseases, DMD and SMA, clinical development of AON
therapy have also passed Phase III trials (CliniclaTrials.gov identifiers
NCT02255552 and NCT02193074, respectively) after extensive preclinical
work (reviewed in Aartsma-Rus, 2010; Singh et al.,, 2015) and both
drugs have been approved by the FDA. Eteplirsen, a PMO-based AON
for DMD was approved by the FDA in September 2016 for IV administra-
tion (dose of 30 mg/kg weekly) (Niks and Aartsma-Rus, 2017). Nusinersen,
an MOE phosphorothioate-modified AON for SMA, was approved by the
FDA in December 2016 for intrathecal administration (three loading doses
of 12mg/kgL, fourth dose 30 days later, and every 3 months thereafter)
(Chiriboga et al., 2017). New generation AONs are currently being devel-
oped to improve uptake and lower toxicity. For example, cellular uptake in
heart, skeletal muscle, and the CINS is still inefticient following intravenous
administration, and it can be anticipated that new generation SSOs with
improved properties with respect to cellular uptake will be tested in future
clinical trials. For SMA a new type of AON containing a morpholino back-
bone and a conjugated peptide showed improved uptake in vivo in a mouse
model (Shabanpoor et al., 2017). Increasing amounts of reports now focus
on improved AON therapeutic targeting strategies for previous and novel
targets (d’Ydewalle et al., 2017; Osman et al., 2016).

5.4 Gene Therapy
5.4.1 U1/U7 snRNAs
Delivery of AONS into target tissues is challenging, and recent advances in
viral-based gene therapy can overcome this limitation (Naldini, 2015). Nat-
urally occurring snRINAs, which are normally involved in processing of
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pre-mRNAs, can be used for viral vector-based delivery of antisense
sequences. Ul and U7 snRNAs have been used to modulate splicing
(Imbert et al., 2017) (Fig. 6). The U7 snRNA is normally utilized in
processing of histone pre-mRNAs. When the SM binding site is modified,
it can function to target and block any desired sequence on a pre-mRNA of
choice (Soldati and Schumperli, 1988 reviewed in Schumperli and Pillai,
2004). Natural U1 snRNA consists of four stem loops (sl) that bind the core
spliceosomal components U1-70k (sl 1), U1-A (sl 2), U1-C (sl 3), and U2
snRINP (sl 4). It also contains an SM binding site for SM proteins. This
assembly generates a functional U1 snRINP, which is involved in intron def-
inition by binding to splice donor sites (Lee and Rio, 2015; Stark et al.,
2001). Bases 3—10 of the U1 snRINA are involved in this binding and can
be modified by insertion of up to 50 bases and then targeted to any desired
sequence. For example, targeting to mutated (cryptic) splice donor sites can
result in promotion of intron definition. It should be noted that intronic
splice donor sites are often well conserved and therefore potential off-targets
should be determined.

Evidence that the modified U1/U7 snRINA system 1is capable of
targeting a heterologous pre-mRNA and to modulate its splicing was shown
for beta thalassemia. The IVS2-705T > G variant in the pre-mRNA of
p-globin generates a cryptic splice site. Targeting this cryptic splice site with
U1 or U7 snRNA in the pre-mRNA restored canonical splicing to up 56%
and 65% of healthy individuals, respectively (Gorman et al., 1998, 2000).
Many studies used the U7 snRNA system to modulate splicing in vitro.
The targeting strategy is similar to that used with chemical stable AONs
and the efficacy can be comparable. The U1l snRNA targeting implements
a different strategy as it is semirestricted to the splice donor site. Proof of
principle for a Ul snRINA-mediated therapy for SMA was reported by
Rogalska et al., who demonstrated increased survival in a mouse model.
Untreated mice died within 6 days, while insertion of a single germline copy
of exon-specific Ul snRINA resulted in increased survival up to at least
250 days. Off-target effects were reduced by targeting a nonconserved
intronic sequence upstream of the splice donor site, resulting in 12 genes
with changed expression (Rogalska et al., 2016).

For in vivo targeting, the modified U1/U7 snRNA system can be
inserted into different viruses including retroviruses, lentiviruses, adenovi-
ruses, and recombinant adeno-associated viruses (rAAVs) (extensively
reviewed in Imbert et al., 2017). rAAV is of particular interest because it
can be targeted to a wide range of tissue types using diftferent tropisms.
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Furthermore, it is relative safe as it has low likelihood to integrate into
the genome, and the transgene can be expressed over prolonged periods
up to years. Disadvantages include antibody formation against the capsid
(Kotterman and Schaffer, 2014), and, because rAAV is a noninsertional
vector, decreased transgene expression over time due to cell division and
cell loss. A long-term follow-up study of golden retriever muscular dystro-
phy dogs using rAAV-U7 snRNA for the skipping of exons 6 and 8, which
was applied to skeletal muscle, demonstrated loss of rAAV copy number,
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and dystrophin positive fibers during a period of 5 years (Vulin et al.,

2012). This may have been caused by turnover of transduced fibers, as
the exon skipping strategy converted the DMD phenotype to a milder
Becker muscular dystrophy (BMD) phenotype, which still has ongoing
muscle wasting and regeneration.

5.4.2 Gene Editing

Permanent modulation of splicing has recently become possible with the
development of gene-editing techniques, which use designer nucleases such
as ZFNs, TALENSs, or CRISPR/Cas9 (Fig. 6). These can generate double-
strand breaks at predetermined locations in genomic DNA (Maggio and
Goncalves, 2015). Repair of these breaks is performed by the host, either
by using the nonhomologous end joining (NHE]) pathway or by homology
directed repair (HDR). The NHE] pathway can be exploited to knockout
genes (by disrupting the reading frame) or to generate deletions, while the
HDR pathway requires a donor template with homology arms that can be
used to repair or modify target genes. The NHE] pathway is also active in
nondividing cells, which allows gene editing of terminally difterentiated cells
(Lieber, 2010). The field is currently addressing the low efficiencies of HDR
in nondividing cells, and a recent study demonstrated that transgene integra-
tion via homology-independent targeted integration (HITI) was possible via
the NHE] pathway (Suzuki et al., 2016).

Strategies that apply to splicing may include restoration of the reading
frame by generation of a small nucleotide deletion or insertion, deletion
of an exon to bypass variation hotspots and to restore the reading frame,
or disruption of cryptic splice sites. To apply this strategy, designer nucleases
have to be delivered to the target cells in vivo or ex vivo. In vitro studies
demonstrated the potential of this approach by reframing dystrophin tran-
scripts via removal of various exons to produce a shorter but functional pro-
tein, which is associated with a milder BMD phenotype (Iyombe-Engembe
et al., 2016; Maggio et al., 2016; Young et al., 2016).
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The first proof of principle study for in vivo targeting used either elec-
troporation or adenoviral infection to deliver CRISPR/Cas9 in mdx mice.
This successtully removed exon 23 in the dystrophin gene (Xu et al., 2016).
Using the smaller SaCas9 (Ran et al.,, 2015) three studies demonstrated
in vivo delivery of CRISPR/cas9 to muscle and heart tissue using
systemic administration of rAAVS8/9 (Long et al., 2016; Nelson et al.,
2016; Tabebordbar et al., 2016). Muscle strength and force measurements
showed improvements as compared with untreated mdx mice. Tabebordbar
et al. also demonstrated that muscle stem cells were targeted, which is
important for regeneration of myofibers with a reframed dystrophin protein
(Tabebordbar et al., 2016). These studies presented a novel approach to
modulate splicing using designer nucleases. Challenges for the future include
the efficiency of in vivo gene editing, and the safety profile of such methods.
In particular, undesired double-stranded DINA breaks generated by oft-
target effects would pose a threat for the development of tumorigenic cells.
Ex vivo application of gene editing followed by cell engraftment is currently
under clinical development for the treatment of HIV (Tebas et al., 2014),
and has so far not reported serious adverse events.

6. FUTURE PERSPECTIVES

This review has highlighted the complexity of splicing and its crucial
role in gene regulation in healthy and diseased individuals. Yet, our under-
standing of how sequence variants may affect splicing outcome and how this
relates to human disease is at its infancy. Our ability to detect sequence var-
iants at the DNA level have reached the previously unthinkable milestone of
WGS at an affordable price and high speed. This has also exponentially
increased the number of questions regarding pathogenicity of sequence var-
iants. Currently, DNA NGS is mostly confined to gene panels or whole
exomes, but in the near future it can be expected that WGS analysis will
be increasingly applied, provided that the costs will further decrease. This
will put an even larger pressure on our ability to assess which variants
may be pathogenic. Improved in silico prediction programs would be
important. Next-generation programs would be needed that take into
account the different layers at which splicing is regulated, including expres-
sion and activity of splicing factors, presence, and strengths of cis acting ele-
ments, transcription rate, chromatin environment, activation of decay
pathways, and other splicing mechanisms such as RS.
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Functional assays to detect aberrant splicing will continue to be essential
to validate prediction programs, but also to improve these. Single gene-
based assays using PCR analysis of all exons are fast, simple, and feasible
for a subset of genes with ubiquitous expression. In the future, it can be
expected that PCR analysis will be replaced by NGS-based analysis.
Upcoming is genome-wide analysis of mRNA transcripts using long-read
RNAseq, which allow the analysis of isoforms without in silico reconstruc-
tion from short reads, and can even be analyzed on the single cell level
(Karlsson and Linnarsson, 2017). In addition, CLIP-based technology to
detect RNA—protein interactions will remain a crucial approach to under-
stand splicing mechanisms, and optimization and diversifications of CLIP
will expand our options for in-depth mechanistic studies.

Another challenge for the future is to link splicing outcome to disease. Is
the variant dominant negative? Is there leaky wild-type splicing? How much
normal product is needed to correct the disease? Why are certain organs/
tissues particularly sensitive to variants in general splicing factors? Can we
link splicing outcome to disease severity? The answers to these questions
will be helpful to develop novel treatment options. While a number of
options are under development and some have entered the clinic, thera-
peutic intervention with splicing still faces some important challenges.
For AON:S, cellular uptake and tolerability are key issues. The development
of next-generation AONs with improved properties is promising and may
play an important role in upcoming trials for a variety of disorders. Small
molecule drugs that interfere with expression or activity of splicing factors
face the challenge of specificity. Gene therapy is a promising, rapidly devel-
oping field, and potentially offers a long- or life-term treatment option. The
challenges depend on the type of gene therapy. Safety with respect to
genome integrity and immune responses to viral vectors, and long-term
efficacy are important aspects that need to be addressed. Current AAV
and LV vectors appear eftective and safe in a number of clinical trials.
The excellent progress that has been made in the past few years in splicing
research is expected to result in improved DNA and RNA-based diagnosis
and methods to predict or determine splicing outcome, a better understand-
ing of splicing mechanisms, and clinical development of more treatment
options for human diseases based on splicing correction.
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Identification and characterization of disease-associated vari-
ants in monogenic disorders is an important aspect of diag-
nosis, genetic counseling, prediction of disease severity, and
development of therapy. However, the effects of disease-associ-
ated variants on pre-mRNA splicing and mRNA degradation
are difficult to predict and often missed. Here we present a
generic assay for unbiased identification and quantification
of arylsulfatase B (ARSB) mRNA for molecular diagnosis of pa-
tients with mucopolysaccharidosis VI (MPS VI). We found that
healthy control individuals have inefficient ARSB splicing
because of natural skipping of exon 5 and inclusion of two
pseudoexons in introns 5 and 6. Analyses of 12 MPS VI patients
with 10 different genotypes resulted in identification of a 151-
bp intron inclusion caused by the ¢.1142+2T>C variant and
detection of low ARSB expression from alleles with the
€.629A>G variant. A special case showed skipping of exon 4
and low ARSB expression. Although no disease-associated
DNA variant could be identified in this patient, the molecular
diagnosis could be made based on RNA. These results highlight
the relevance of RNA-based analyses to establish a molecular
diagnosis of MPS VI. We speculate that inefficient natural
splicing of ARSB may be a target for therapy based on promo-
tion of canonical splicing.

INTRODUCTION

Mucopolysaccharidosis VI (MPS VI; MIM: 253200) is a lysosomal
storage disease caused by disease-associated variants in the arylsulfa-
tase B (ARSB) gene and has an autosomal recessive inheritance. ARSB
enzyme deficiency results in failure to degrade glycosaminoglycans
(GAGs) within lysosomes, resulting in their accumulation and lyso-
somal pathology in multiple tissues. The most prominently affected
tissues include cartilage, bone, cornea, heart valves, and visceral
organs.'~® Patients with MPS VI can be diagnosed with a slowly or
rapidly progressive form of the disease, although a broad clinical spec-
trum exists.” ® Enzyme replacement therapy (ERT) for MPS VI,
where the human recombinant ARSB enzyme is administered weekly

via intravenous infusion, has been available since 2005. ERT improves
body growth and symptoms in visceral organs and extends life expec-
tancy but has limited efficacy in connective tissues.” '
diagnosis of MPS VI is based on ARSB enzyme deficiency and the
presence of disease-associated variants in the ARSB gene.® Current
diagnostic assays for identification of DNA variants are based on
sequence analysis of exons and short stretches of adjacent introns.
However, disease-associated variants outside of these regions are
missed in such analyses. In addition, the effects of variants on pre-
mRNA splicing and/or mRNA expression remain unknown.

The molecular

To date, over 200 unique variants in the ARSB gene have been re-
ported,"” of which 37% are classified as likely pathogenic and 16%
as pathogenic, and insufficient data are available for classification of
~45% of variants. Currently ~5% of the reported ARSB variants
have been reported to affect splicing, but it is likely that this is an un-
derestimation based on the reported frequency of splicing variants in
human disease.'>'> This amounts to up to ~20% of disease-associ-
ated variants in general, implying that up to an additional ~30 of
the 200 known ARSB variants for which insufficient information is
available or that are currently classified as missense might have an un-
documented effect on splicing, which should be investigated
further."*'®"” The effect of variants on splicing are difficult to predict
in silico.'>'? Even when a strong effect on splicing is predicted, the
outcome of aberrant splicing is unclear.”” For instance, loss of a splice
site may result in exon skipping or inclusion, intron retention, and/or
utilization of a cryptic splice site. Depending on the number of nucle-
otides in the skipped or included sequence, the reading frame may
remain intact or become disrupted. The latter can result in mRNA
degradation via the nonsense-mediated decay (NMD) pathway and
can remain unnoticed unless this pathway is inhibited experimentally;
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for example, using cycloheximide (CHX). Identification of disease-
associated variants and understanding their mechanism of action is
becoming increasingly important to confirm the diagnosis, for genetic
counseling, and for development of novel therapies.”””' Newborn
screening has been shown to be feasible for MPS VI.>"** It will be
of great importance for newborn screening programs to have a full
understanding of ARSB disease-associated variants, including their
putative effects on RNA processing and stability.

Previously, we developed a generic approach for identification and
characterization of variants that affect GAA splicing in Pompe disease
and applied this assay to identify multiple novel splicing events
caused by disease-associated variants that were known or that were
missed by standard diagnostics.””>” Here we tailored this assay for
detection of ARSB splicing in MPS VI and extended it to enable detec-
tion of ARSB transcripts that undergo mRNA decay. The ARSB
splicing assay yielded novel information at the RNA level for 4 pa-
tients with three different genotypes of 12 MPS VI patients in the
Netherlands, including an RNA-based molecular diagnosis of MPS
VI in a patient lacking ARSB disease-associated DNA variants. In
addition, it revealed inefficient canonical splicing of exons 5 and 6
in all analyzed patients and control individuals, providing a putative
target for a generic strategy for MPS VI based on improving canonical
splicing.

RESULTS

Healthy Control Individuals

The generic splicing assay consists of flanking-exon RT-PCR (using
primers in exons flanking the exon of interest) and exon-internal
RT-qPCR (using primers within the exon of interest) of all exons, fol-
lowed by Sanger sequence analysis of splicing products, as decribed.”
We tailored this assay to ARSB and included treatment with CHX to
inhibit NMD to detect aberrant splicing products that changed the
reading frame and caused a premature termination codon. Primary
fibroblasts of two healthy control individuals were used to validate
the approach. Flanking-exon RT-PCR analysis of all but the first
and last exons showed that all canonical splicing products were de-
tected at the expected sizes in healthy control individuals 1 and 2 (Fig-
ures 1A and 1B). Inhibition of NMD by treatment with CHX resulted
in identification of additional aberrant products in healthy control in-
dividual 1 (products 1-4). Healthy control individual 2 showed iden-
tical products, and, in addition, showed a lowly expressed product
(product 5) that was insensitive to NMD inhibition. Repeated ana-
lyses showed that product 5 can be easily missed in RT-PCR analysis,
likely because of its low abundance, and that it could also be detected
in control individual 1 in some cases (data not shown). Sequence

analysis showed that products 1 and 2 contained an inclusion of a
pseudoexon of 214 nt from ¢.1142+456 to ¢.1142+670 in intron 5.
Analysis of products 3 and 4 showed inclusion of a pseudoexon of
181 nt from ¢.1214-1523 to ¢.1214-1342 in intron 6. Product 5 was
the result of a perfect skip of exon 5, resulting in loss of 244 nt (Figures
1Cand 1D). All of these products resulted in an out-of-frame product
that was predicted to undergo NMD. In agreement, products 1-4
were only detected after inhibition of NMD; however, product 5
was detected irrespective of CHX treatment, suggesting escape from
NMD. RT-qPCR analysis showed quantification of all ARSB exons
in healthy control individuals 1 and 2. The expression levels of all
exons were similar in both healthy control individuals, with slightly
lower levels in control individual 2 compared control individual 1
(Figure 1E). In summary, these results established the generic splicing
assay for ARSB and showed inefficient ARSB splicing in healthy con-
trol individuals.

Patient 1

Patient #1 is homozygous for ¢.1142+2T>C, which is located near the
splice donor of exon 5 (Figure 2A; Table 1). This variant has been
published before by our center.” No splicing analysis has been re-
ported by us or others, but Garrido et al.***’ reported that the similar
variant ¢.1142+2T>A induces skipping of exon 5. In silico splicing
prediction of both variants indicated loss of the canonical splice
donor of exon 5 (Figure 2F, left panel; data not shown). Flanking-
exon RT-PCR analysis of all exons showed the presence of canonical
splicing products for exons 2-4 but very low expression of canonical
splicing products for exons 5-7 (Figure 2B). After inhibition of NMD,
several splicing products for exons 5-7 were detected, suggesting that
the 3’ part of the ARSB mRNA was mostly degraded under normal
growth conditions (see below for identification of these products).
Quantification of ARSB mRNA expression using exon-internal RT-
qPCR analysis of cells grown in the absence of CHX showed that
expression of exons 6-8 was below 10% of the levels in healthy control
individuals. Exons 1-5 showed expression of ~50% of that of healthy
control individuals, suggesting that this part of the mRNA partially
escaped mRNA degradation. Flanking-exon RT-PCR analysis further
showed two aberrant splice products for exon 5: one with a low mo-
lecular weight (MW) (product 5) and one with a higher MW than ex-
pected (product 6). Expression of exon 5 products in the absence of
CHX was low in flanking-exon RT-PCR because of low expression
of exon 6, in which the reverse primer was located. Sequence analysis
indicated that product 5 was the result of complete skipping of exon 5.
However, this exon 5 skip cannot be attributed to the ¢.1142+2T>C
variant because it also occurs in healthy control individuals (Figure 1),
and there was no indication that the level of exon 5 skipping was

Figure 1. Splicing Analysis of Two Healthy Control Individuals

(A) Schematic overview of the ARSB gene with intron size, exon size, and exon number. (B) Flanking-exon RT-PCR analysis of two healthy control individuals. Exon numbers
are indicated above the lanes. PCR products were separated by electrophoresis on a 1% agarose gel. Asterisks indicate alternative splicing products detected in healthy
individuals. Numbers besides the bands refer to the products analyzed in further detail. (C) Sequence analysis of the aberrant splicing products shown in (B). (D) Cartoons of
splicing events detected in healthy control individuals. Exons are indicated as green boxes. Introns are depicted as lines. A broken line indicates that the intron is longer than
suggested in this drawing. Canonical splicing is indicated in black and alternative splicing in red. (E) Exon-internal RT-gPCR analysis of healthy control individuals 1 and 2.
Values are means relative to healthy control individual 1. GAPDH was used for normalization. Error bars indicate SD (n = 3).
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increased compared with the healthy control individuals. Product 6
was identified after NMD inhibition. Sequence analysis of this prod-
uct showed partial retention of intron 5 (Figures 2D and 2E, left
panels). This was confirmed using flanking-exon RT-PCR analysis
of exon 6, resulting in product 7, which was also larger than expected
and showed the same partial inclusion of intron 5 (Figures 2D and 2E,
right panels). Inclusion of the first 151 nt of intron 5 causes a shift in
the reading frame, likely causing mRNA degradation starting at exon
6. Interestingly, partial retention of intron 5 seemed to prevent utili-
zation of the cryptic splice acceptor seen in healthy control individ-
uals in intron 5 at c.1142+456 (as judged from the absence of a
band corresponding to product 1 (P1) and P2, as seen in Figure 1).
Px likely represented the canonical splicing product for exon 6, based
on size. Topo cloning followed by sequencing did not result in its
identification, likely because of its very low abundance. Similar to
healthy control individuals, inclusion of the pseudoexon in intron 6
was detected in this patient, as seen from the higher-MW P3 and
P4 for flanking-exon RT-PCR analysis of exons 6 and 7, respectively
(Figure 2B). Splicing prediction indicated the presence of a strong
cryptic splice donor at position ¢.1142+151, which is the new donor
that was indeed used in P6 and P7 and resulted in intron retention
(Figure 2F, right panel). Taken together, these results indicate that
¢.1142+2T>C has the following effects: (1) it causes partial retention
of 151 nt of intron 5, which leads to a frameshift and degradation of
the downstream part of the mRNA; (2) it prevents utilization of the
pseudoexon in intron 5; and (3) it has negligible effects on exon
5 skipping.

Patients 2-9

We applied the splicing assay to 8 additional patients with missense
variants to assess whether these variants could also affect splicing. Pa-
tients 2 and 3 were homozygous for ¢.454C>T, located in exon 2. Pa-
tient 4 was heterozygous for c.629A>G and c.937C>G, which are
located in exons 3 and 5, respectively. Patient 5-8 were homozygous
for a disease-associated variant located in exon 5; patient 5 carried
c.971G>T, patients 6 and 8 carried c.937C>T, and patient 7 carried
c.995T>G. Patient 9 was homozygous for ¢.903C>G in exon 5 and
c.1151G>A in exon 6. All of these missense variants have a predicted
or demonstrated deleterious effect on ARSB enzyme activity.” For all
of these variants, in silico prediction indicated no effect on splicing
(data not shown). Flanking-exon RT-PCR analysis of cells grown in
the absence or presence of CHX indicated normal ARSB splicing in
all cases (Figure S1). All analyzed patients showed inclusion of pseu-
doexons in introns 5 and 6, similar to healthy control individuals. We
conclude that the missense variants that were present in patients 2-9
did not induce detectable aberrant ARSB splicing.

Patients 10 and 11

Patients 10 and 11 are siblings and compound heterozygous for the
c.629A>G missense variant located in exon 3 and the ¢.979C>T
nonsense variant located in exon 5 (Figure 3A). The ¢.979C>T variant
results in a premature translation termination codon with predicted
mRNA degradation via the NMD pathway. In silico splicing predic-
tion of both variants indicated no effects on splicing (data not shown).
Both variants have been classified previously as disease associated.””
Flanking-exon RT-PCR analysis showed all canonical splicing prod-
ucts in both patients, although the levels were severely reduced
compared with healthy controls. The expression levels of all exons
increased upon CHX treatment, indicating degradation by NMD.
The same non-canonical products (i.e., products with the pseudoex-
ons in introns 5 and 6) as in healthy controls were detected after
NMD inhibition (Figures 3B and 3C). The exon-internal RT-qPCR
assay confirmed the low levels of ARSB mRNA expression, which
were approximately 20% of the values of healthy control individuals
for all exons in both patients. These results indicate that these patients
have low ARSB mRNA expression. Although a 50% reduction in
mRNA expression can be explained by NMD of mRNA that is ex-
pressed from the c.979C>T allele, the cause of the additional 30%
reduction in mRNA expression from the c.629A>G allele is unclear.
Further research is needed to investigate whether this additional
reduction in mRNA expression is caused by c.629A>G itself or by
another, still unidentified ARSB sequence variant.

Patient 12

Patient 12 was diagnosed with MPS VI based on deficient ARSB enzy-
matic activity and clinical symptoms; however, no disease-associated
variants in the ARSB gene were found at the DNA level by standard
diagnostic analysis (Figure 4A). Flanking-exon RT-PCR showed
that all canonical splicing products were present at very low levels
(Figure 4B). This was likely due to degradation by NMD because
expression of all exons was elevated following inhibition of NMD us-
ing CHX. A very low level of expression for the canonical exon 4
product was detected (top band in RT-PCR of exon 4; Figure 4).
Exon-internal RT-qPCR analysis confirmed the low ARSB expres-
sion, with levels of all exons that were below 10% compared with
the levels of healthy control individual 1 (Figure 4C). Besides all ca-
nonical splicing products, an aberrant product (P8) with a low MW
was detected using flanking-exon RT-PCR analysis of exon 4. This
product was the result of a perfect skip of exon 4, as shown by
sequence analysis (Figure 4D). The size of exon 4 is 208 nt, and skip-
ping of this exon results in a frameshift, likely causing NMD. This was
indeed observed because the exon 4-skipped mRNA was more abun-
dant following inhibition of NMD (Figure 4E). In addition, we
observed that the pseudoexon in intron 5 (P1 and P2 in Figure 1)

Figure 2. Splicing Analysis of Patient 1

(A) A schematic overview of the ARSB gene, with the disease-associated variant indicated by a red solid line. (B) Flanking-exon RT-PCR analysis of patient 1. (C) Exon-internal
RT-gPCR analysis of patient 1. Values are means relative to healthy control individual 1. GAPDH was used for normalization. Error bars indicate SD (n = 3). (D) Sequence
analysis of the aberrant splicing products shown in (B). (E) Cartoons of aberrant splicing events detected in patient 1. (F) Alamut Visual splicing prediction for five algorithms of
variant ¢.1142+2T>C compared with the wild type. The left panel shows the canonical splice donor, and the right panel shows the splice donor used in P6 and P7. Larger bars

indicate higher scores in the algorithms.

@)
Dy
Q
O
—_
®
-
w




Table 1. Characteristics of Included Patients

116 | Chapter 3

Molecular Therapy

Methods & Clinical Development

Age at

ARSB Activity
in Fibroblast
(nmol/h*mg)

Diagnosis
(Years)
29

Type of Disease

AProtein (HGVS
Nomenclature)

ADNA (cDNA HGVS

Nomenclature)

AProtein (HGVS
Nomenclature)

ADNA (cDNA

Ethnicity

Progression

Location

Location

HGVS Nomenclature)
c.1142+2T>C

Patient

Pakistani

84.8

rapidly

p?

intron 5

c.1142+2T>C

p?

intron 5

Turkish
Turkish

Dutch

0.7

61.9

slowly

P.(R152W)
p.(R152W)

p-(R152W) c.454 C>T exon 2

p.(RI52W)
p.(Y210C)

exon 2

c454C>T

79.9 7.5

slowly

exon 2

c.454C>T

exon 2

c454C>T

50.2 103

slowly

p.(P313A)

exon 5

c937C>G

exon 3

.629A>G

Guinea

57.6 1.4

41.8

rapidly

p.(G324V)
p.(P313S)

exon 5

c971G>T

p.(G324V)
p.(P313S)

exon 5

c.971G>T

Caribbean

rapidly

exon 5

c937C>T

exon 5

c.937C>T

2.7 Moroccan

69.4

rapidly

p.(V332G)
p.(P313A)

€.995T>G exon 5

p.(V332G)
p.(P313A)

exon 5

¢c.995T>G

Dutch

4.6
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exon 5

c937C>G

exon 5

¢.937C>G

Turkish
Dutch

1.9

p.[(N301K);(S384N)]  rapidly 85.7
p.(R327X)

exons 5 & 6

[903C>Gs1151G>A]

p.[(N301K);(S384N)]

p.(Y210C)

exons 5 & 6

€[903C>G;1151G>A]

40.7 6.4
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exon 5

c979C>T

exon 3

.629A>G

Dutch

823 5.9
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p.(R327X)

exon 5

c979C>T

p.(Y210C)

exon 3

.629A>G

Dutch/Zimbabwe

3.1

36.3

rapidly

unknown

unknown

12

ARSB activity range in fibroblasts: healthy individuals, 320-1,080 nmol/h*mg; patients, 19-105 nmol/h*mg.

seen in all individuals was lacking, likely because of the exon 4 skip,
but that the pseudoexon in intron 6 (P3 and P4 in Figure 1) remained
present.

To identify the genomic DNA variant that might be involved, we
performed sequence analysis of all exons and their boundaries (up
to 500 nt into the introns), but this failed to result in identification
of any disease-associated variant. Because ARSB has very large
intron sizes (8.9 kb for intron 3 and 69.4 kb for intron 4), it could
be a candidate for recursive splicing (RS). The predicted consensus
sequence AGGTRAGW used by Sibley et al.”' was present eight
times at several locations in intron 4, but targeted sequencing of
these regions did not reveal the presence of any ARSB DNA
sequence variant, and RNA sequencing (RNA-seq) analysis did
not reveal RS in ARSB (data not shown). Heterozygous SNPs
were detected at the DNA level in intron 2 and exon 5 and at the
RNA level at a 50/50 ratio in exon 5, arguing against a large gene
deletion or a promoter variant.

To examine the genomic organization, a SNP array of the patient
as well as of the parents was performed. This showed two maternal
gains of 484 kb and 225 kb on the X chromosome and two paternal
gains on chromosome 5 and 17 of 38 kb and 300 kb, respectively
(Figure 4F). The X chromosome gains and the gain on chromo-
some 17 did not contain any genes known to be involved in
splicing that could explain the results of the splicing assay. The
gain on chromosome 5 was located in 5q14.1, which is also the
location of the ARSB gene, and consisted of exons 2-4 of the
ARSB gene. Although the exact location of this gain could not be
determined, it is possible that it would disrupt one allele of patient
12 and cause skipping of exon 4. Nevertheless, it is unclear how
this putative mono-allelic disruption could explain the results of
the splicing assay because the results of the flanking-exon RT-
PCR and the exon-internal RT-qPCR suggested degradation of
both alleles. To examine this further, we analyzed the parents.
Both parents showed expression levels of ARSB that were ~50%
of levels in healthy control individuals. The father contributed
the allele with the gain in 5ql4.1, which might have disrupted
ARSB expression to a large extent and might have caused skipping
of exon 4. It is unclear why exon 4 skipping was minimally present
in the father and so abundant in the patient. The mother likely
contributed an allele with low ARSB expression, but it remained
unclear what the underlying DNA variant was. Irrespective of the
lack of an ARSB genotype for this patient, the results emphasize
that analysis at the RNA level using the generic splicing assay
enabled molecular diagnosis of MPS VI, consisting of low ARSB
mRNA expression and skipping of exon 4.

DISCUSSION

Aberrant ARSB Splicing in Healthy Control Individuals

ARSB is a very large gene (total size, 208 kb) with exceptionally large
introns; intron 1 is large at 15.7 kb, but introns 4, 5, and 6 are huge at
69.4, 46.1, and 57.3 kb, respectively. In comparison, the average size of
a human protein-coding gene is 67 kb, and the average intron size is
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Figure 3. Splicing Analyses of Patients 10 and 11

(A) Schematic overview of the ARSB gene, with the disease-associated variant indicated by a red solid line. (B) Flanking-exon RT-PCR analysis of patient 10. (C) Flanking-
exon RT-PCR analysis of patient 11. (D) Exon-internal RT-gPCR analysis of patients 10 and 11. Values are means relative to healthy control individual 1. GAPDH was used for

normalization. Error bars indicate SD (n = 3).

~6 kb.”” This poses several challenges for production of ARSB pro-
tein. First, the pre-mRNA transcript is long, so takes more time
than average for RNA polymerase II to generate a full-length tran-
script. Second, correct pre-mRNA splicing is a challenge because
long introns contain, on average, more competitive cryptic splice
sites, and long introns impose physical challenges for correct lariat
formation during splicing.

Indeed, we found that splicing of ARSB is rather inefficient; exon 5
was skipped, and pseudoexons in introns 5 and 6 were utilized in a
subset of transcripts. All of these aberrant splicing events resulted
in an out-of-frame transcript. Skipping of exon 5 was present at
low levels, produced an out-of-frame mRNA, but escaped NMD, as
is sometimes the case.” Detection of exon 5 skipping in healthy con-
trol individuals should prevent misinterpretation of the effects of dis-
ease-associated ARSB variants in MPS VI.

Inclusion of pseudoexons in introns 5 and 6 did result in NMD and
could only be detected after CHX treatment. Their inclusion was
not obvious from in silico predictions (Figures S2 and S3). For the
pseudoexon in intron 5, the splice acceptor of exon 6 had a relatively
weak predicted strength, but the predicted strength of the cryptic
splice acceptor at ¢.1142+456 was much weaker. Interestingly, the
splice donor of this pseudoexon at ¢.1142+670 could not be predicted
by any of the programs used. Cryptic splices sites of the pseudoexon
in intron 6 were predicted in silico and were moderately strong. This
highlights the need for experimental testing of splicing outcomes.

Relevance of Aberrant Natural Splicing

Although, at first sight, pseudoexon inclusion or exon skipping in
healthy control individuals seem to be undesired forms of aberrant
splicing, these are actually known to be among the mechanisms to
regulate gene expression in various organisms ranging from plants
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Figure 4. Splicing Analysis of Patient 12

(A) Schematic overview of the ARSB gene; no disease-associated variants were identified for this patient. (B) Flanking-exon RT-PCR analysis of patient 12. (C) Exon-internal
RT-gPCR analysis of patient 12. Values are means relative to healthy control 1. GAPDH was used for normalization. Error bars indicate SD (n = 3). (D) Sequence analysis of the
aberrant splicing products shown in (B). (E) Cartoon of the aberrant splicing event detected in patient 12. (F) SNP array results for patient 12 and parents.

to humans. For example, it has been shown that many genes involved  cellular processes. In ARSB, natural aberrant splicing might be useful
in cell cycle regulation, splicing, development, tissue homeostasis,and  to provide a level of regulation for turnover of GAGs in cartilage via
immune regulation are subject to alternative splicing to produce aber- ~ ARSB-mediated degradation, which is known to be highly dynamic in
rant transcripts in healthy individuals.”***® This may reflect the  response to mechanical stress.”” Natural aberrant splicing can also
need to rapidly regulate RNA expression levels during dynamic  play a role in human disease. Natural cryptic splice sites can overtake
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canonical splicing when a canonical splice site is weakened; for
example, as seen in B-thalassemia® "' and in Pompe disease, caused
by the common c.-32-13T>G (IVS1) variant.*”” However, in the case
of MPS VI, we did not observe simple competition between inclusion
of a canonical versus a pseudoexon. For example, in patient 1, the
¢.1142+2T>C variant weakened the splice donor of exon 5, resulting
in retention of the most 5’ part of intron 5 and inhibition rather than
promotion of utilization of the pseudoexon in intron 5. Cryptic splice
sites and pseudoexons also offer the opportunity to design antisense
oligonucleotides (AONS) that block utilization of cryptic splice sites
and promote canonical splicing in human disease.”>*"**> We and
others have shown recently that it is feasible for the lysosomal storage
disease Pompe disease to restore GAA expression after aberrant
splicing caused by several GAA variants, including ¢.1552-3C>G,
c.1256A>T, ¢.2190-345A>G,”® and the common IVS1 variant.*>**

“© However, AONs that blocked the cryptic splice sites of the pseu-
doexons in ARSB introns 5 and 6 failed to promote canonical ARSB
splicing (Figure S4), suggesting a more complex underlying mecha-
nism for ARSB splicing. We speculate that the large sizes of introns
5 and 6 offer too many alternative options for splicing to allow a sim-
ple competition model between utilization of canonical splice sites
and the cryptic splice sites of the pseudoexons.

Unexpected Aberrant Splicing and mRNA Expression in MPS VI
Patients

We found that the ¢.1142+2T>C variant in patient 2 caused intron
retention of the most 5 part of intron 5 by utilizing a predicted
cryptic splice acceptor site (patient 1; Figure 2). A similar variant,
c.114242T>A, has been described in the literature. In that case,
only cells from the father that carried c.1142+2T>A were analyzed
in the absence of CHX. It was concluded that this variant causes skip-
ping of exon 5. However, we found that exon 5 skipping also occurs in
healthy control individuals, opening the possibility that c.1142+2T>A
was not the cause of the exon 5 skip and that this variant may also
cause intron 5 retention. This would require further analysis of cells
grown in the presence of CHX because the intron retention product
can be easily missed in normally growing cells because of NMD.

Patient 1 in the present study showed NMD of only the 3’ part of the
mRNA (Figure 2). At present we do not have an explanation for this
observation. Aberrant splicing around exon 5 shows variable levels of
NMD; exon 5 skipping occurs in healthy and diseased individuals,
causes a frameshift, but does not induce NMD, whereas a premature
termination codon in exon 5 does induce NMD (caused by ¢.979C> T
in patients 10 and 11; Figure 3). Although exons 1-5 encode the ARSB
signal peptide and the sulfatase domains, exons 6-8 encode the C ter-
minus of the ARSB protein, for which no conserved domain is pres-
ently known.””*® Future experiments are needed to elucidate the
mechanisms underlying regulation of NMD around exon 5.

Patients 10 and 11 contained the ¢.629A>G variant on the second
allele. ARSB mRNA expression was 20% rather than the expected
50% for all exons (the other allele underwent NMD), indicating
that the c.629A>G allele was associated with low expression. We spec-

ulate that this missense was linked to another variant that was respon-
sible for the low mRNA levels of this allele (for example, a promoter
variant), which needs further analysis. Nevertheless, this result high-
lights the value of quantitative analysis of ARSB mRNA expression to
detect effects on mRNA expression levels.

A Complex Case: Molecular Diagnosis at the mRNA Level

Patient 12 was deficient in ARSB enzyme activity, but no DNA vari-
ants could be identified by standard diagnostics. We found a number
of aberrations, including low mRNA expression of all exons, skipping
of exon 4, and gain of ARSB exons 2-4 in 5q14.1, which is the location
of the ARSB gene. This helped to establish the molecular diagnosis at
the mRNA level, but we could not identify the DNA variants that were
responsible. Below we discuss possible scenarios for this patient.

The father contains gain of ARSB exons 2-4 in 5q14.1 on one allele.
He has ~50% ARSB mRNA expression from both alleles (data not
shown) and shows very low but detectable skipping of exon 4 (Fig-
ure S5). We hypothesize that the gain of ARSB 2-4 landed in the
ARSB gene to induce exon 4 skipping and disrupt ARSB expression
via NMD. However, the father had only minor levels of exon 4 skip-
ping compared with patient 12. We hypothesize that patient 12 may
contain a de novo variant in cis or in trans that results in worsening of
exon 4 skipping and NMD.

The mother also has low ARSB mRNA expression of ~50% of the
levels of healthy control individual 1 levels (data not shown). No dis-
ease-associated ARSB variant was detected in the mother. A heterozy-
gous SNP was detected in exon 5 in mRNA from patient 12 at a 50%
ratio in the absence and presence of CHX (data not shown), indi-
cating that both alleles were expressed. This argued against a simple
scenario in which the maternal allele underwent NMD. The underly-
ing molecular mechanism remained obscure and may suggest a
de novo variant in the maternal allele that caused low mRNA expres-
sion in patient 12.

Conclusions

In conclusion, of 12 MPS VI patients who were present in the
Netherlands at the time of analysis, we identified novel aberrant
splicing/mRNA expression events in 4 patients with three different
genotypes. This highlights the need to implement systematic diag-
nostic analyses at the mRNA level to establish a molecular diagnosis
and to understand the pathogenic mechanism of ARSB variants that
can cause MPS VI For future diagnostic implementation of the
generic splicing assay, we anticipate that next-generation sequencing
will be useful to make this assay suitable for diagnosis of a broad spec-
trum of human diseases within a single run.

MATERIALS AND METHODS

Patients and Healthy Control Individuals

Patients were diagnosed with MPS VI at the Center for Lysosomal
and Metabolic Diseases of Erasmus MC, Rotterdam, the Netherlands.
Diagnosis was based on clinical symptoms, ARSB enzyme deficiency
in leukocytes and/or fibroblasts, and ARSB variant analysis. Analysis
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was performed on patient material obtained with informed consent.
For healthy control individuals, analysis was performed on material
for an unrelated disease obtained with informed consent. The study
protocol was approved by the Medical Ethical Committee at Erasmus
Medical Center, Rotterdam.

Nomenclature
The nomenclature of variants and splice sites is according to Human
Genome Variation Society (HGVS) standards (http://www.hgvs.org/

mutnomen/). RefSeq NM_000046.5 was used as a ARSB reference
transcript and NC_000005.10 as the genomic sequence.*’

Splicing Prediction

Splicing prediction was carried out as described before.”> Alamut Vi-
sual version 2.6.1 was used to predict 5" and 3’ splice junctions using
five different algorithms (see the description of algorithms at http://
www.interactive-biosoftware.com/doc/alamutvisual/2.6/splicing.
html).

Cell Culture

Primary human fibroblasts were cultured in high-glucose DMEM
(Lonza), 10% fetal bovine serum (Thermo Fisher Scientific), and
100 U/mL penicillin/streptomycin/glutamine (Lonza). Cells were
grown in the presence of 5% CO,. Cells were passaged at 80% to
90% confluency with TrypLE (Gibco). All cell lines were routinely
tested for mycoplasma infection using the MycoAlert Mycoplasma
Detection Kit (Lonza) and were negative. To inhibit NMD, 20 pg/
ml CHX (Sigma) was added to the medium 48 h prior to RNA isola-
tion. Phosphorodiamidate morpholino oligo (PMO) AON design and
treatment at 20 uM final concentration was performed as described
previously.”**>**

RNA Isolation and cDNA Preparation

RNA was isolated using the RNAeasy Miniprep Kit with on-column
DNase treatment (QIAGEN) using guidelines provided by the manu-
facturer. 400 ng of RNA was used for generation of cDNA using the
iScript cDNA Synthesis Kit (Bio-Rad). The cDNA solution was
diluted 10 times before use in RT-PCR or RT-qPCR.

Flanking-Exon RT-PCR Analysis and Exon-Internal RT-qPCR
Analysis

Flanking-exon RT-PCR was performed with FastStart Taq Polymer-
ase (Roche) on a Bio-Rad S1000 thermal cycler. Exon-internal RT-
qPCR was carried out using iTaq SYBR Green Supermix (Bio-Rad)
on a cfx96rts cycler (Bio-Rad). All samples were measured in tripli-
cate and normalized against Glyceraldehyde-3-Phosphate Dehydro-
genase (GAPDH). All primer sets used for RT-qPCR showed high ef-

ficiency and specificity based on melting-curve analysis and standard
curve measurements. Primers are shown in Table S1.

Sequencing

Direct sequencing of products identified in flanking-exon RT-PCR
was performed using the Big Dye Terminator Kit v.3.1 (Applied

Biosystems). To obtain pure DNA samples, PCR products visible

on the gel were stabbed with a 20-pL pipette tip, and DNA on the
tip was resuspended in 10 pL H,O. A 1-pL aliquot was subsequently
used in a new PCR (as described above). Excess primers and dinucle-
otide triphosphates (ANTPs) were removed using FastAP thermosen-
sitive alkaline phosphatase (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Alternatively, PCR products were cloned
into a pCR2.1-TOPO (Thermo Fisher Scientific) cloning vector ac-
cording to the manufacturer’s protocol, and then M13 primers were
used for sequencing (Table S1). Samples were purified with Sephadex
G-50 (GE Healthcare), and the sequence was determined on an
AB3130 genetic analyzer (Applied Biosystems).
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Figure S3. In silico splicing prediction of the strengths of canonical splice sites and cryptic splice sites
utilized for pseudo exon inclusion.
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Figure S4. Antisense oligonucleotide (AON) treatment to block pseudo exon inclusion. A: Strategy for the AON
treatment. PMO AONs (indicated in brown and shown in Tabel S1) were designed to block the splice acceptor and
splice donor sites of pseudo exons 1 and 2 (indicated in red). B: Exon internal RT-qPCR analysis after AON treatment
of healthy control fibroblasts. Treatment was for 24 hours. Although pseudo exon inclusion was decreased after
AON treatment for pseudo exon 1 with M1a and for pseudo exon 2 with M2a and M2b, expression of canonical ARSB
mRNA (measured for exons 1 to 3) did not increase. M1b promoted pseudo exon 1 inclusion by almost 4-fold for
unknown reasons and decreased the overall expression slightly. GAPDH was used for normalization. Error bars indi-
cate SD (n =3).
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Figure S5. Splicing analysis of ARSB exon 4 of patient #12 and parents in triplicate.
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Supplemental Table 1. Primers used for the RT-PCR, RT-qPCR and sequence reactions.

RT-qPCR
Name Sequence (5'-3') Product size (nt)

GAPDH FW ATGGGGAAGGTGAAGGTCG 70
GAPDH RV TAAAAGCAGCCCTGGTGACC
Exon 1 Fw CAGACGACCTAGGCTGGAAC 101 0O
Exon 1 Rv GTAGTTGTCCAGGAGCACCC I
Exon 2 Fw CCTGCCCCAGCTCCTAAAAG 108 Q
Exon 2 Rv GTATCAAATCCTCGGCGGGT _9_
Exon 3 Fw ACGCTCTGAATGTCACACGA 129 (_‘2
Exon 3 Rv GTGGATGGTTAGTTATGAGGGCT w
Exon 4 Fw TCTCCAGTCTGTGCATGAGC 106
Exon 4 Rv AAGGGACACCATTCCTGCAT
Exon 5 Fw GGCCCCTTCGAGGAAGAAAA 118
Exon 5 Rv GAGATGTGGATGAGCTCCCG
Exon 6 Fw AAGCCCATCCCCCAGAATTG 64
Exon 6 Rv CGGTGAAGAGTCCACGAAGT
Exon 7 Fw ATGGCTCCAGCAAAGGATGA 102
Exon 7 Rv GCCCGTGAGGAGTTTCCAAT
Exon 8 Fw CACCAACCAAGACCCTCTGG 118
Exon 8 Rv TGGTAGAACTGTAGGCGGGA

RT-PCR

Name Sequence (5'-3') Product size (nt)
Exon 1-3 Fw GGGTGCTCCTGGACAACTAC 379
Exon 1-3 Rv CCTGTTGCAACTTCTTCGCC
Exon 2-4 Fw ATGGCACCTGGGAATGTACC 444
Exon 2-4 Rv GTGTTGTTCCAGAGCCCACT
Exon 3-5 Fw ACGCTCTGAATGTCACACGA 514
Exon 3-5 Rv GTTGGCAGCCAGTCAGAGAT
Exon 4-6 Fw AAAAAGCAGTGGGCTCTGGA 361
Exon 4-6 Rv CGGTGAAGAGTCCACGAAGT
Exon 5-7 Fw CAGAAGGGCGTGAAGAACCG 314
Exon 5-7 Rv CCCGTGAGGAGTTTCCAATTTC
Exon 6-8 Fw ACTTCGTGGACTCTTCACCG 348
Exon 6-8 Rv AGTACACGGGGACTGAGTGT
M13 sequence primers (5'-3')
M13 Rv CAGGAAACAGCTATGAC
M13 Fw GTAAAACGACGGCCAG
PMO AONs (5'-3')

M1la TTCTCAGCATCTAGAAGAAGGTATG
M1b ACGATTTCCAAATCTGAGTCTGGGT
M2a AGCAGCAAATCTTTAGCACCAAAGA
M2b CCTTATCCTCACCCAAGCAGGACTT
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The ability to precisely modify human genes has been made possible by the development of tools such
as meganucleases, zinc finger nucleases, TALENs, and CRISPR/Cas. These now make it possible to
generate targeted deletions, insertions, gene knock outs, and point variants; to modulate gene
expression by targeting transcription factors or epigenetic machineries to DNA; or to target and
modify RNA. Endogenous repair mechanisms are used to make the modifications required in DNA;
they include non-homologous end joining, homology-directed repair, homology-independent tar-
geted integration, microhomology-mediated end joining, base-excision repair, and mismatch repair.
Off-target effects can be monitored using in silico prediction and sequencing and minimized using
Cas proteins with higher accuracy, such as high-fidelity Cas9, enhanced-specificity Cas9, and hyperac-
curate Cas9. Alternatives to Cas9 have been identified, including Cpf1, Cas12a, Cas12b, and smaller
Cas9 orthologs such as CjCas9. Delivery of gene-editing components is performed ex vivo using stan-
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dard techniques or in vivo using AAV, lipid nanoparticles, or cell-penetrating peptides. Clinical devel-
opment of gene-editing technology is progressing in several fields, including immunotherapy in cancer
treatment, antiviral therapy for HIV infection, and treatment of genetic disorders such as B-thalas-
semia, sickle cell disease, lysosomal storage disorders, and retinal dystrophy. Here we review these
technological advances and the challenges to their clinical implementation.

INTRODUCTION

In recent years, various platforms for genetically engineering somatic and pluripotent stem cells have been
developed. They include zinc finger nucleases (ZFN), transcription activator-like effector nucleases
(TALENS), meganucleases (MNs), and clustered regularly interspaced short palindromic repeats (CRISPR)
in combination with CRISPR-associated protein (CRISPR/Cas). From agriculture to biomedical science,
these platforms are being explored in various fields and, more recently, in the first clinical trials (Barrangou
and Doudna, 2016; Naldini, 2015; Rodriguez-Rodriguez et al., 2019; Zhan et al., 2019).

Several developments are taking place in parallel. First, technological improvements and variations on
gene-editing strategies are being reported with unsurpassed speed. Second, many possible applications
are being developed to address a wide variety of biomedical questions. Third, the first platforms for gene
editing are entering the clinical testing stage. Here, we follow these themes to present an overview of these
recent developments, focusing on the likely clinical implementation of gene-editing strategies as well as
discussing recent technological advances, and aspects such as safety, efficacy, and delivery that are rele-
vantto clinical implementation. We provide a short overview of the progress gene editing is making toward
applications in the clinic.

Technological Advances

Basics of CRISPR/Cas

Genome editing depends on the ability to generate specific pre-designed alterations in the genome.
Inducing double-strand breaks (DSBs), single-strand breaks (SSBs) (also termed “nicks”), or specific base
changes result in the activation of endogenous repair mechanisms that can be used to alter the genome.
MNs, ZFNs, and TALENSs were the first tools for genome editing in mammalian cells. MNs are naturally
occurring endonucleases and can be re-targeted to new sites. Gene editing with ZFNs and TALENS results
from the fusion of the Fokl nuclease domain to the DNA-binding modules of zinc finger proteins (in the case
of ZFNs) or transcription activator-like effector proteins (TALEs) (in the case of TALENS). However, the
design and construction of these gene-editing tools can be labor-intensive, and their efficiencies for per-
forming gene-editing varies. The discovery of CRISPR/Cas as a new gene-editing platform introduced a
fast, cheap, and relatively efficient genome-editing method that revolutionized genome engineering.
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The mechanism of CRISPR/Cas is based on its role in adaptive immunity in prokaryotes, in which short
stretches of invading foreign nucleic acids, so-called protospacers, are incorporated into the CRISPR locus
of the bacterial or archaeal genome. After acquisition, CRISPR RNA (crRNA) is generated from the proto-
spacers at the CRISPR locus. This crRNA can bind to complementary foreign nucleic acid and directs the
Cas protein to recognize invading sequences. A second RNA known as the trans-activating CRISPR RNA
(tracrRNA) is transcribed from a genomic locus upstream of the CRISPR locus and forms a complex with
the crRNA. The crRNA:tracrRNA complex associates with a Cas protein (the nuclease) and creates an active
ribonucleoprotein (RNP) complex that targets foreign nucleic acids for degradation (Mojica and Montoliu,
2016; Maeder and Gersbach, 2016).

For genome editing, the tracrRNA and crRNA are fused into a single guide RNA (sgRNA), which binds
complementarily to a DNA target and guides the Cas protein to the desired target site, creating a DSB
(Jinek et al., 2012). The target sequence is based on the presence of a protospacer adjacent motif
(PAM), which is an absolute prerequisite for Cas protein to induce a DSB. The first publications on CRISPR
arrays date back as early as 1987 (Ishino et al., 1987), Cas genes were discovered in 2002 (Jansen et al.,
2002), and CRISPR/Cas was shown to cleave bacteriophage and plasmid DNA in vivo at specific sites in
2010 (Garneau et al., 2010). However, it was not until 2012 that two groups (Gasiunas et al., 2012; Jinek
et al., 2012) adapted this system into a gene-editing tool. A review by Fernandez and colleagues provides
an extensive history of genome editing tools (Fernandez et al., 2017).

Its accessibility and relatively low costs have brought CRISPR/Cas a large number of applications in
research worldwide and have catalyzed further research on understanding its mechanism of action,
improving its functional capacities, and extending its biomedical applications. The CRISPR/Cas9 system
originally applied has downsides that include a lower specificity than other gene-editing tools and a rela-
tively large cargo size that hampers delivery to cells via vectors with limited cargo-size capacity (Fernandez
etal., 2017; Guha and Edgell, 2017; Guha et al., 2017; Gupta and Musunuru, 2014; Zych et al., 2018). How-
ever, as we discuss below, innovative research has produced many adaptations to the original system that
enhance its versatility and improve properties such as specificity and efficacy (Zhang et al., 2016; Wu et al.,
2018).

Versatility of CRISPR/Cas-Mediated Gene Editing

As nucleases merely induce breaks in the DNA, the introduction of specific alterations in the genetic code
requires the exploitation of distinct DNA-repair mechanisms. Intelligent engineering of the original
genome-editing tools has broadened the scope of this toolkit, making it possible to achieve a great num-
ber of applications. As a result, CRISPR/Cas can be applied to interfere at multiple steps of gene-expres-
sion processes and can target processes at genomic and transcriptomic levels. Approaches include gene
knock-out, precise correction of disease-associated variants, insertion of a cONA in a safe harbor (a location
in the genome—such as the AAVS1 locus—where there is no risk of insertional mutagenesis) (van der Wal
et al., 2018; Sadelain et al., 2011); and manipulation of gene-expression regulatory elements such as pro-
moter activity (Baliou et al., 2018) or splicing (Bergsma et al., 2018; Smith et al., 2018).

Targeted Deletion and Gene Knock-Out. The DNA repair pathway that is most commonly used to
create deletions and specific gene knock-outs is non-homologous end joining (NHEJ). NHEJ repairs blunt
or incompatible double strands, either by direct ligation or through mediation by microhomology of 5-25
nucleotides that flank the DSB to facilitate end joining (Chang et al., 2017a). NHEJ represents the major
double-strand break repair system in mammalian cells and is active throughout the cell cycle (Chang
et al., 2017a; Ranjha et al., 2018). Repair can be precise, leaving the target site intact for recleaving by
the Cas nuclease. However, NHEJ-mediated DNA repair is rather error prone, as it can introduce random
insertions or deletions of base pairs (indels) that will destroy the target site. These errors can result in a
frameshift that inactivates gene products through mRNA decay (Ranjha et al., 2018). This effect is exploited
in gene editing to create targeted gene knock-outs. Examples of clinical applications include knocking out
disease-promoting genes such as oncogenes or restoring a reading frame by interfering with splice sites
such as in Duchenne muscular dystrophy (Amoasii et al., 2018; Tabebordbar et al., 2016; Nelson et al.,
2016).

Targeted Gene Editing and Knock-In.  Traditionally, the homology-directed repair (HDR) pathway is
used to achieve a precise knock-in. HDR recognizes DSBs and utilizes a homologous template—which,
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under physiological conditions, is the sister chromatid—to repair the defect (Ranjha et al., 2018). For pre-
cision gene editing, this pathway is exploited by introducing a donor template that is used in the repair of
the DSB rather than the sister chromatid. This donor template has the desired alterations, which are flanked
by 3’ and 5 homology arms on both sites of the DSB. In this manner, it is possible to accurately correct a
point variant (as in cystic fibrosis) (Schwank et al., 2013); a tandem repeat (as in Fragile X syndrome) (Xie
et al.,, 2016); large inserts or deletions (as in Duchenne dystrophy) (Li et al., 2015); or other genetic defects.

REVIEWS

Due to the use of a donor template, HDR is a very precise repair pathway that is less error-prone than NHEJ.
However, HDR is less active in cells and therefore much less efficient in genome editing than NHEJ, which
limits its clinical potential. To favor its activation over NHEJ induction, its efficiency would have to be
increased. This has cast new light on research into the regulation of DNA repair pathways (Mateos-Gomez
etal., 2017; Schimmel et al., 2017; Zelensky et al., 2017). Several strategies using small molecules to inhibit
NHEJ have been followed with varying success (Chu et al., 2015; Maruyama et al., 2015; Song et al., 2016; Yu
et al., 2015; Pinder et al., 2015). Recently, cold shock was found to increase HDR in cells in vitro (Guo et al.,
2018a). As HDR is highly suppressed in the G1 phase and its activity is limited to the S and G2/M phases of
the cell cycle, it is restricted to dividing cells (Ranjha et al., 2018), which, since many cells in the human body
are non-dividing, greatly restricts the clinical potential of HDR-based gene editing. Recently, Orthwein
et al. have shown reactivation of HDR in the G1 phase via the PALB2-BRCA1/CUL3/Keap1 pathway.
Although this reactivation might allow therapeutic targeting of non-dividing cell types, the limited effi-
ciency seen to date would indicate the need for further research to demonstrate that therapeutically rele-
vant HDR levels can be achieved through G1 reactivation (Orthwein et al., 2015).

@)
Dy
Q
O
—_
®
-
N

More recently, other pathways have been used to achieve targeted knock-in. Through a technique named
homology-independent targeted integration (HITI), NHEJ can also be harnessed to create knock-ins (Su-
zuki and Izpisua Belmonte, 2018). After a donor vector containing the desired transgene flanked by a
CRISPR target site has been introduced into the cell, the donor vector and the genomic target are cleaved
by Cas9, generating blunt ends on both genomic target and donor vector. These blunt ends are utilized to
induce NHEJ-mediated end-to-end ligation, allowing the integration of the donor sequence into the target
location (Sawatsubashi et al., 2018). As the activity of NHEJ is higher than that of HDR, this approach can be
more effective and can be used in non-dividing cell types, because NHEJ remains active in all phases of the
cell cycle (Suzuki and Izpisua Belmonte, 2018).

Several disadvantages limit the clinical potential of NHEJ-mediated knock-in. First, the transgene is in-
serted in a random direction. Second, due to potential off-target effects of CRISPR/Cas9 system, the use
of a donor template may give rise to nonspecific insertions of this template. Last, NHEJ can introduce
random indels, possibly disrupting the target location. However, clever vector design and target site selec-
tion can minimize the number of non-specific insertions and insertions in the wrong orientation (Suzuki and
Izpisua Belmonte, 2018; Sawatsubashi et al., 2018).

Besides the classical NHEJ and HDR pathways, another DNA repair pathway has emerged in the last two
decades: microhomology-mediated end joining (MMEJ) (also known as alternative end joining (a-EJ)) (Frit
et al., 2014). In MMEJ, microhomologies exist upstream and downstream of the DSB site on the two DNA
strands. DSBs with microhomologies can result in annealing of the microhomologies and subsequent
repair by MMEJ, which can result in short deletions (Kim et al., 2018b). This pathway has been used to inte-
grate a gene of interest by using a precise integration into target chromosome (PITCh) system in cultured
cells, zebrafish, silkworm, and frogs (Sakuma et al., 2016; Nakade et al., 2014; Hisano et al., 2015). With a
reported knock-in efficiency that is 2.5 times higher than that of HR-assisted gene knock-in (Nakade
et al., 2014), and with activity during all phases of the cell cycle (Taleei and Nikjoo, 2013; Truong et al.,
2013), this pathway opens up the possibility of more efficiently targeted gene knock-in in different phases
of the cell cycle. Further work will be necessary to demonstrate the applicability and the feasibility of
MMEJ-mediated knock-ins for precision genome editing.

Base Editing in DNA. Incorrectly repaired DSBs and DSB at off-target sites are potentially pathogenic.
Attempts to circumvent the generation of DSBs, and thereby to lower the risks associated with gene edit-
ing, have resulted in the development of the base-editing technique (Hess et al., 2017; Molla and Yang,
2019), which exploits the natural function of cytidine deaminases to convert cytidine to uridine in DNA.
Eventually, the uridine is converted to thymidine by DNA duplication or via the DNA repair mechanisms
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base excision repair (BER) or mismatch repair (MMR) (Hess et al., 2017). Two different base-editing systems,
BE (Komor et al., 2016) and target-AID (Nishida et al., 2016), have been developed by coupling cytidine de-
aminases to a catalytically deficient Cas9 protein (dCas9). Recently, a system with an incorporated adeno-
sine deaminase was also developed. This enzyme hydrolyses adenosine into inosine, the base that pairs
with cytidine. Inosine is thus replicated as guanine, thereby rendering an A to G change by DNA duplication
(Gaudelli et al., 2017). These methods are clinically very interesting, as they open up opportunities for cor-
recting monogenetic diseases in ways that reduce the risk of off-target effects. However, as most diseases
are caused by various different disease-associated variants, this approach has to be tailored to each unique
variant (Lessard et al., 2017). Another application of base editing is the introduction of a transcription-termi-
nation sequence to disrupt a gene in a highly specific manner (Kuscu et al., 2017; Billon et al., 2017).

Prime Editing. Recently, Anzalone et al. developed prime editing, a novel strategy for introducing de-
letions, inserting new genetic content or generating any of the 12 possible base-to-base conversions (Anz-
alone etal., 2019). For prime editing nicking Cas9 variant is fused to a reverse transcriptase, which, together
with a prime editing extended guide RNA (pegRNA), makes gene editing possible. Prime editing offers a
new range of possibilities in genome editing, with greater flexibility than the base editors, a greater re-
ported efficiency than HDR, and no introduction of a DSB. Further research will determine the advantages
and limitations of this promising novel concept.

Transient Modifications. All previous modifications result in permanent modifications at the genomic
level. As an alternative approach, gene editing has been used to introduce transient modifications.

CRISPR interference (CRISPRI) was developed to inhibit gene transcription. Depending on the nature of
the targeted locus, this approach is designed to interfere with transcription initiation or elongation
(Bikard et al., 2013; Qi et al., 2013). The fusion of dCas9 to transcriptional activators or repressors has
further sophisticated to the gene-editing toolkit for regulating transcription by CRISPR/Cas systems
(Mahas et al., 2018).

The CRISPR/Cas system has also been engineered to modify epigenetic states by coupling dCas9 to
several epigenetic modifiers such as P300 Core (Hilton et al., 2015), KRAB (Thakore et al., 2015), LSD1,
Tet1, and Dnmt3 (Liao et al., 2017). Possible applications of this technique include the reversal of patholog-
ical epigenetic changes in conditions such as Fragile X syndrome, caused by silencing of the FMRT gene,
which is associated with hypermethylation of the CGG expansion in the region encoding the FMR15 UTR.
Recently, Liu and colleagues showed that by using dCas9-Tet1 the CGG expansion can be demethylated,
leading to reactivation of FMR1 (Liu et al., 2018b). Future research is needed to test whether this is a valu-
able approach to treating fragile X syndrome and other epigenetic diseases.

Various studies over the years have shown that it is possible to target RNA with Cas13, an analogous mem-
ber of the Cas family that is also referred to as C2¢2 (O'Connell et al., 2014; East-Seletsky et al., 2016; Abu-
dayyeh et al., 2016; Batra et al., 2017). One of these studies described the development of the RNA-editing
platform known as RNA Editing for Programmable A to | Replacement (REPAIR) (Cox et al., 2017). For
REPAIR a catalytically inactive Cas13 nuclease is coupled to a modified deaminase domain of adenosine
deaminase that acts on RNA type 2 (ADAR2), which swaps A bases for | in RNA sequences. Additional
modifications in the Cas13-ADAR2 fusion increased the targeted specificity of the REPAIR system almost
a thousand-fold. In another study, protein engineering and characterization of different Cas13d orthologs
generated a ribonuclease effector called CasRx (Konermann et al., 2018). The CasRx system has been
shown to be highly effective in transcript knockdown or repression and in splice isoform manipulation.

Potentially, transcript editing could play a role in the therapy of diseases that cause transient changes in
gene expression, such as local inflammation. As no definitive changes are made in the genome, but rather
at transcriptional level, these approaches might represent a safer therapeutic strategy. However, the tran-
sient nature of these modifications will require repeated administration of the therapeutic agents.

Challenges in Bringing Genome Editing to the Clinic: Safety, Efficacy, and Delivery

Many conditions have to be met before genome-editing techniques can be considered for clinical devel-
opment. Their efficiency and delivery must be great enough to attain a clinically significant result. Adverse
events produced by permanent unintended variants should be minimized. Below, we highlight the
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targeting specificities and efficacies of natural and engineered variants and the broad diversity of strategies
for delivering gene-editing tools.

REVIEWS

Specificity

Mechanisms of Undesired On-Target and Off-Target Effects. The development of precise gene-edit-
ing tools to treat genetic disorders in the clinic requires careful consideration of the medical implications of
permanent modifications in the genome. Nucleases should provide sufficient targeted specificity to pre-
vent potentially detrimental effects derived from DSBs and the subsequent DNA repair mechanism. These
effects can include undesired small insertions and deletions, point variants, aberrant chromosomal rear-
rangements, and large deletions in edited cells (Kosicki and Bradley, 2018; Hsu et al., 2013); they occur
at or around the targeted location (“on-target”), as well as at more distant locations in the genome
("off-target”).

Influence of p53.  p53 has been reported to cause a targeting selection bias in engineered cells: Cas9-
gene targeting showed higher editing efficiency in cells with an altered p53 gene (Haapaniemi et al., 2018;
lhry et al., 2018), and transient p53 inhibition was shown to increase editing efficiency in human pluripotent
stem cells, retinal pigment epithelial cells, and, more recently, in hematopoietic stem and progenitor cells
(HSPCs) (Schiroli et al., 2019). However, due to the role of p53 in multiple DNA damage-response mecha-
nisms, transient p53 inhibition may also leave cells more vulnerable to off-target mutagenesis. This idea has
been challenged by others, who analyzed a large number of datasets derived from CRISPR screens (Brown
etal., 2019; lhry et al., 2019; Mair et al., 2019). These studies failed to show differences between p53-defi-
cient and wild-type cells with respect to the enrichment of essential genes, thereby arguing against
selection for clones that have a defective DNA damage-response pathway in CRISPR screens. Recently,
guidelines were proposed for the performance of CRISPR screens with respect to monitoring and ensuring
the quality of the screening performance (Brown et al., 2019).

@)
Dy
Q
O
—_
®
-
N

R-Loop Formation. In addition to the risk of cleavage at an undesired location, the formation of R-loop-
linked mutagenesis poses a risk. CRISPR/Cas cleavage is initiated by forming an R-loop, i.e., RNA-guided
DNA unwinding to form an RNA-DNA hybrid with a displaced DNA strand inside the Cas protein (Jiang
et al., 2016; Szczelkun et al., 2014). Although this R-loop is vital for stable binding and cleavage by the
Cas protein, recent evidence in yeast indicates that the R-loop itself promotes mutagenesis on both on-
and off-target sites (Laughery et al., 2019). This implies that undesirable mutagenesis may occur in many
applications based on dCas9-fusions that were previously presumed to be safe, such as epigenome edit-
ing, transcriptional repression, and activation.

Effects on Transcription and Translation. Another risk is imposed by the introduction of indels via
NHEJ, which can have unanticipated impacts on the regulation of RNA products and the translation of
the protein it encodes. This includes promotion of internal ribosomal entry and alternative spliced mRNAs
that lead to alternative products with a gain-of-function or a partially functional protein (Thomas et al.,
2019; Mou et al., 2017; Tuladhar et al., 2019). mRNA decay can also trigger transcriptional adaptation.
Via this genetic compensation mechanism, the expression of targeted or related genes can be upregulated
independently or through protein feedback loops (El-Brolosy et al., 2019). Because the underlying mech-
anisms involved in splicing regulation and genetic compensation remain poorly understood, it remains a
challenge to anticipate the translational and transcriptional changes induced by NHEJ-mediated indels.

Off-Target Effects of Base Editing. Because base editors do not produce DSBs in the genome, they do
not pose risks of unintended damage triggered by DSBs. However, recent studies have reported the pro-
duction of other types of off-target effects by adenine and cytosine base editors. In mouse embryos, var-
iants using the APOBEC1 cytosine deaminase have been reported to generate multiple single-nucleotide
variants (SNVs) at frequencies 20 times higher than the spontaneous mutation rate (Zuo et al., 2019). Other
studies observed similar results, not only with the cytosine deaminases but also with the adenine editors
based on the TadA deaminase, albeit at much lower frequencies (Kim et al., 2019). To reduce the rate of
mutagenesis, Kim and colleagues coupled TadA with engineered Cas9 variants, successfully reducing their
off-target activity (Kim et al., 2019). In addition, tens of thousands of SNVs were recently identified in RNA
transcripts induced by both adenine and cytosine editors (Grunewald et al., 2019a; Zhou et al., 2019). These
studies raised concerns about potentially detrimental variations not only in the genome but also in the tran-
scriptome. Appropriate monitoring strategies will therefore be needed to evaluate the DNA and RNA of
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engineered cells that are created with base editors. To enable the safe use of base editors in the clinic,
further research on novel variants or on recently engineered deaminases (Grunewald et al., 2019b) may
reduce their off-target effects.

Monitoring Undesired On-Target and Off-Target Effects. Off-target mutations are more difficult to
detect than on-target variants, as they can be present anywhere in the genome. The most common work-
flow applied to date is to design gRNA sequences with minimal predicted off-target effects and perform
targeted sequencing to those sites with a high predicted value. Many tools are publicly available, the
choice depending on the model organism of interest (Listgarten et al., 2018). A recent comprehensive
study by Allen and colleagues investigated the outcome of more than 40,000 Cas9-edited DNA sequences
using different cell types (Allen et al., 2018), showing how different cell types preferentially use specific
repair mechanisms for certain DNA sequences. This research led to the development of a prediction
tool (FORECasT) that could be used to predict off-target effects.

Common monitoring methods for detecting on-target mutations are based on polymerase chain reaction
(PCR) (reviewed in Zischewski et al. [2017]). Each assay is designed according to the mutation introduced
into the host genome, and the method selected must detect the difference in the heteroduplex DNA in
order to determine the editing outcome. Mismatch cleavage assays, such as T7E1 or Surveyor, are
commonly used to identify indels in bulk and single-cell preparations. Although these methods are simple
and effective in detecting small indels, they underrate the detection of large deletions or insertions. Addi-
tional methods that may provide detailed information about introduced mutations are based on Sanger
sequencing.

Considering our limited knowledge of the mechanisms involved in CRISPR/Cas off-target activity, unbiased
methods should be included that do not rely on predictions. Although whole-genome sequencing offers an
unbiased high-throughput assessment of unintended variants, it is expensive and only provides informa-
tion on bulk genomes. When applied to cell clones that have been edited ex vivo, whole-genome
sequencing provides a valuable option. However, when applied to cell populations without clonal expan-
sion, whole-genome sequencing is less suitable, as it may fail to detect low-abundant events that might
eventually lead to oncogenic transformation. Other methods for detecting off-target effects are based
on the fact that nucleases generate breaks that are repaired by endogenous DNA repair mechanisms.
These have been exploited to develop techniques for quantifying the DSBs that have occurred in vitro
(BLESS, GUIDE-seq, Digenome-seq) (Zischewski et al., 2017).

The selection of the most suitable detection method will depend on the sensitivity, throughput, limitations,
and cost of the technique, and ultimately on the editing strategy (ex vivo or in vivo) and delivery system
used (viral or non-viral). A recent study by Akcakaya and colleagues describes a robust evaluation of off-tar-
gets using in vitro assessment of potential off-targets via CIRCLE-seq, followed by in vivo targeted deep
sequencing of engineered organs (VIVO) (Akcakaya et al., 2018). In a more recent study, Wienert and col-
leagues developed an unbiased monitoring strategy (DISCOVER-Seq) to evaluate potential off-target
DSBs in cells and tissues (Wienert et al., 2019). Because these approaches are based on pre-repair mech-
anisms, additional detection methods will be required to evaluate their editing outcome and cytotoxic ef-
fect. In human diseases, robust standardized assessment guidelines will therefore be essential for precise
genome engineering.

Increasing Specificity. Research has made great advances in the characterization of novel CRISPR/Cas9
orthologs and homologs from various species and in the generation of engineered enhanced-specificity
Cas enzymes and sgRNAs. The most commonly used CRISPR/Cas system in research exploits the Cas9 pro-
tein derived from streptococcus pyogenes. However, many other orthologs offer different targeting abil-
ities and specificities (Karvelis et al., 2017). Other natural homologs discovered recently include Cas12a
(Cpf1) and Cas12b (C2c1), which can also be engineered for enhanced DNA specificity (Wu et al., 2018).

Recently, many engineered forms of Cas9 proteins with improved and broad targeting specificities have
been developed. For example, Cas9 nickases (Ran et al., 2013) or Fok | fused to dead Cas? nucleases
(Tsai et al., 2014) use two different sgRNAs to perform ssDNA breaks, which can significantly reduce the
off-target effects of WT Cas9 variants. Cas9 nickases have been used to generate paired single-strand
DNA breaks in donor plasmids and at genomic target sites, thereby increasing gene-targeting efficiency,
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specificity, and fidelity in human cells when compared with nicking targeting DNA alone (Chen et al.,
2017b).

REVIEWS

More recently, new engineered Cas?9 proteins with enhanced targeted specificity have raised the possibility
of using smart-designed nucleases for precise genome editing. The high-fidelity Cas? (Cas?-HF1) (Klein-
stiver et al., 2016) was designed by altering the composition of four residues involved in non-specific
interactions of Cas9 with its target DNA. These modifications reduced the generation of mismatches
with minimal loss of on-target efficiency. Using GUIDE-seq to monitor the frequency of off-target effects
showed that editing with Cas9-HF1 resulted in only one single mismatch compared with the 65 detected
for WT Cas9 using eight different sgRNAs toward four human genes in U20S cells. The enhanced specificity
Cas9 (eSpCas9) (Slaymaker et al., 2016) was created by modifying positively charged residues involved in
the unwinding of the non-complementary DNA strand. Weakening this interaction reduced Cas9 off-target
activity 10 times compared with that of WT Cas9, while maintaining on-target efficiency in human embry-
onic kidney cells. The evolved Cas9 (evoCas9) was generated through directed evolution in yeast (Casini
et al., 2018), which involved the screening of random variants to identify beneficial variants in the REC3
domain involved in the recognition of the sgRNA and DNA heteroduplex. The combination of four bene-
ficial variants generated the evoCas9 nuclease: a high-fidelity Cas9 variant with minimal loss of on-target
activity and a reported 98.7% reduction in off-target activity relative to that in WT Cas9 when analyzed
via GUIDE-seq (Casini et al., 2018).

The lack of mechanistic insight regarding target recognition of Cas9-HF1 and eSpCas? led to the develop-
ment of the hyper-accurate Cas9 (HypaCas9) (Chen et al., 2017a). It was shown that raising the energy re-
quirements for the conformational activation of the HNH domain, which acts as a Cas? editing checkpoint,
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reduced off-target activity in these variants. HypaCas? was designed by modifying four amino acids
involved in this process. Genome-wide specificity of this variant was significantly better than that of the
WT Cas9 and equivalent to that of the Cas?-HF1 and eSpCas? nucleases. On-target activity was at
least >70% that of WT Cas9 when tested in U20S cells.

Other Cas engineering strategies focused on increasing the targeting capacities of CRISPR/Cas nucleases by
altering their PAM recognition sites without losing on-target specificity (Figure 1) (Kleinstiver et al., 2015; Hu
etal., 2018). Directed evolution was used to create different variants of Cas9 nucleases with altered PAM targeting
properties; the VOR and VRER variants demonstrated enhanced specificity in human cells. Other variants include
xCas9, which recognizes a broader range of PAM sequences than natural Cas9. Recently, Nishimasu and col-
leagues designed a SpCas9-NG nuclease with a targeting capacity similar to that of the xCas9 variant. However,
comparative studies showed that the editing efficiency of the SpCas?-NG variant was greater than that of xCas9.
To convert C-to-T bases at NG PAM sites in human cells, the authors further combined SpCas9-NG with a cytidine
deaminase, thereby providing new engineered Cas9 variants with many capacities beyond improved specificity
(Nishimasu et al., 2018). Other homologs, such as Cas12a, have also been engineered to act on different PAM
sequences instead of acting on their natural binding sites (Gao et al., 2017).

In addition, sgRNAs have been altered to enhance their targeting specificities. By modifying their length,
secondary structure, or chemical composition, several studies demonstrated that off-target mutagenesis
can be reduced (Fu et al,, 2014; Hendel et al., 2015; Kocak et al., 2019). However, these changes may
also influence their on-target efficiency. Subsequent studies found that partial replacement of RNA nucle-
otides with DNA could further reduce the off-target activity while retaining on-target efficiency (Yin et al.,
2018). The optimal targeting specificity of sgRNAs will ultimately depend on the in silico design. Many soft-
ware programs are publicly available for this purpose. However, it is important to consider the genetic var-
iations between different individuals, as it can substantially alter the on-target and off-targeting activities of
precise genome engineering (Lessard et al., 2017).

Spatiotemporal Control of CRISPR/Cas Activity. The capacity of nucleases to generate permanent
genome changes has prompted researchers to seek novel methods of exerting spatiotemporal control
over CRISPR/Cas activity. Such control is important: when targeting DNA to reduce undesirable off-target
effects, any intervention in a desired tissue or organ should be brief.

The spatial localization of precision gene-editing tools can be manipulated by using different delivery ve-
hicles. For instance, different serotypes of viral particles such as lentivirus or adeno-associated virus (AAV)
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Figure 1. SpCas9 Ribonucleoprotein Variants with Altered Targeting Capacities

Engineered SpCas9 nuclease variants with potential therapeutic advantages. Variants with expanded PAM recognition
sequences include natural Cas9 and its well-described homologs Cas12a and Cas12b. Designed engineered nucleases
with improved specificity include the split-Cas9 variant, which was created to improve the packaging of Cas9 proteins in
AAV vehicles. Cas9 nucleases have also been fused with multiple functional domains to allow for targeted epigenetic
modifications, single nucleotide modifications, single-strand nicking activity, or temporal regulation of CRISPR/Cas
activity. Truncated versions of sgRNAs have been successfully used to increase targeting specificity. SpCas9,
streptococcus pyogenes Cas9.

have higher affinities for specific cell types. By using tissue-specific promoters, the expression of CRISPR/
Cas components can be limited to target tissues or organs. Other organs can be targeted through local
delivery with limited distribution into other tissues, such as the eye. However, for efficient targeting, dis-
eases involving larger organs or tissues (such as muscle or skin) might require systemic administration.

Off-target effects are also magnified by extended gene-editing activity. Several approaches have therefore
been developed to influence the spatiotemporal activity of CRISPR/Cas systems. Many natural Cas9 en-
zymes have been engineered into switchable Cas? nucleases, either to be light sensitive, to be controlled
by allosteric regulation, or to express specific localization signals (Richter et al., 2017). However, the clinical
potential of these engineered forms can be limited, as some switchable nucleases respond to toxic regu-
lators such as doxycyclin or UV light. Nevertheless, the characterization of novel natural inhibitors for Cas9
and Cas12a variants holds great promise for the therapeutic regulation of CRISPR/Cas activity in a clinical
setting (Pawluk et al., 2016; Watters et al., 2018; Jiang et al., 2019; Uribe et al., 2019). Another approach that
holds great potential for controlling the CRISPR/Cas system and off-target activity is the use of anti-
CRISPRs. Discovered in phages to overcome CRISPR immunity, these anti-CRISPRs can be used, repur-
posed, and structurally engineered to control the CRISPR/Cas? system (Pawluk et al., 2018).
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Immunogenicity and Safety. Gene targeting must be performed with minimal toxicity and immunoge-
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nicity. The immunogenic properties of gene-editing components have recently been described in several
studies (Charlesworth et al., 2019; Kim et al., 2018a; Wagner et al., 2019; Chew et al., 2016). CRISPR/Cas
systems are protein complexes derived from bacteria and archaea, some of which, such as S. aureus
(SaCas9) or S. pyogenes (SpCas9) are common infectious agents in the human population. The risks asso-
ciated with immune responses against Cas9 proteins (or other Cas homologs) and sgRNAs should be
considered in clinical trials. A recent study by Charlesworth and colleagues on the presence of preexisting
antibodies reported that 78% of donors involved in the study presented antibodies against SaCas9 and
58% presented antibodies against SpCas9. In addition, analysis of blood samples indicated that 78%
had anti-SaCas9 T cells and 67% had anti-SpCas? T cells (Charlesworth et al., 2019). The detection of
anti-Cas? T cells might pose a serious challenge to precision genomic engineering, as exposure to a
cytotoxic T cell response might eliminate engineered cells. Because the assays used in this study were
not intended to investigate cellular immune responses against CRISPR/Cas components, this issue should
be addressed in future studies.

Gene-editing tools used in vivo will be exposed to the host immune system. Potential immune reactions will
be influenced by the type of delivery vehicle used. For instance, viral-based vectors could lead to long-term
expression of gene-editing tools. These could lead to sustained nuclease activity, which, depending on the
variant used, might in turn lead to extensive damage to the human genome and a prolonged immune
response. In addition, immune responses to viral-based vectors such as AAV are known for their capacity
to neutralize the therapy, including an induction of a cytotoxic T cell response that eliminates cells that have
been targeted by the AAV vector (Mingozzi and High, 2011, 2013). This is highly relevant, as AAV is a natu-
rally occurring virus against which ~40% or an even higher percentage of people already carry antibodies to
AAV capsid proteins.
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To minimize the effects of potential immune reactions, researchers can follow various strategies. In one
approach, gene-editing activity can be spatiotemporally controlled, which has great potential for clinical
use (see above for the section on Spatiotemporal control of CRISPR/Cas activity). Gene-editing compo-
nents can for instance be directed to immune-privileged organs such as the eye or to tolerogenic organs
such as the liver. Strategies involving immune modulation might prevent side effects derived from bacterial
Cas proteins or from antigens derived from the delivery vehicles. An appropriate evaluation of candidate
approaches and potential detrimental effects will be essential for the safe use of precision genome engi-
neering in the clinic.

Delivery Strategies

The development of efficient and safe delivery systems is one of the most challenging aspects of intro-
ducing precise genome editing to the clinic. The delivery approach to be used will be influenced by the
type of gene-editing material. So far, CRISPR/Cas systems have been successfully administered in naked
or encapsulated plasmid DNA, mRNA, or functional (ribonucleo)protein complexes both in vivo and
ex vivo (Figure 2).

In Vivo Delivery. In many clinical and pre-clinical studies, adeno-associated viruses are commonly used
delivery vehicles in vivo. Different AAV serotypes provide increased delivery efficiencies for specific cell
types, thereby allowing tissue/organ targeting (Colella et al., 2018). In vivo delivery of gene-editing machin-
ery using AAV has been successfully used in multiple animal models of metabolic diseases (Pankowicz et al.,
2016; Yinetal., 2016; Villiger et al., 2018; Rossidis et al., 2018), human immunodeficiency virus (HIV) infection
(Yin et al., 2017a), muscle dystrophies (Amoasii et al., 2018), brain disease (Nishiyama et al., 2017), retinal
disorders (Suzuki et al., 2016; Huang et al., 2017; Maeder et al., 2019), degenerative disorders (Beyret
et al., 2019; Santiago-Fernandez et al., 2019), and diabetes and kidney malignancies (Liao et al., 2017).
More recently, it has been used to upregulate the expression of endogenous genes in haploinsufficiencies
such as obesity (Matharu et al., 2018).

Due to its high efficiency, viral delivery through AAVs offers promising results for precision genome-editing
medicine. However, AAVs elicit immune responses that may limit the therapeutic potential of genome-en-
gineering tools. If the gene-editing strategy should be administered repeatedly over time, this is especially
relevant, as patients will develop antibodies against the AAV virus after the first administration, precluding
any subsequent treatment using AAV as delivery vehicle. Furthermore, as a significant proportion of the
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Figure 2. Delivery Strategies Used in Preclinical Studies

CRISPR/Cas gene-editing tools have been delivered as ribonucleoprotein complexes, plasmid DNA, or RNA. They can be
delivered as naked components using chemical or physical methods or in delivery vehicles including virus and/or different
types of nanocomplexes. There are two main strategies for delivering precision gene-editing platforms. In multiple
organs and tissues in animal models, in vivo delivery strategies have been successfully used, some of which have been
clinically approved for application in humans. Ex vivo delivery strategies are being extensively used in T cell engineering,
hematopoietic stem-cell gene editing, and iPSCs modeling. iTOP, induced transduction by osmocytosis and
propanebetaine; CPP, cell-penetrating peptide; LNP, lipid nanoparticle; GNP, gold nanoparticle, HSPCs, hematopoietic
stem and progenitor cells; iPSCs, induced pluripotent stem cells.

population has pre-existing antibodies against the AAV virus, it is not eligible for AAV-based treatment
(Louis Jeune et al., 2013). However, some of these limitations may be overcome by combined immunosup-
pressive therapies. AAV delivery can also drive long-term transgene expression and might result in low inci-
dence of transgene integration. This promotes long-lasting gene editing in tissues and thus poses a high
risk of off-target events. Methods for inactivating Cas activity would be required to prevent the long-lasting
introduction of double-strand breaks in vivo and to reduce the risks of chromosomal abnormalities.

The large size of Cas proteins hampers their packaging into AAV plasmids. To circumvent this, researchers
have successfully treated eye diseases using smaller Cas9 orthologs derived from campylobacter jejuni
(CjCas9) (Kim et al., 2017). The study in question described how researchers were able to package the
DNA sequence of the CjCas?, sgRNAs, and a donor template in a single AAV vector. Others have designed
aflexible AAV-split-Cas9 platform to compact the Cas9 DNA sequence into AAV vectors (Chew et al., 2016).
By manipulating the WT protein sequence of the Cas9 nuclease into fused functional domains, it was
possible to shorten the newly engineered Cas? DNA sequence by more than 2 kb.
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Over recent years, different types of nanomaterial have been developed with encouraging results in mul-
tiple diseases (reviewed in Li et al. [2018]). Unlike AAVs, lipid-based nanoparticles are able to transfer Cas9
plasmids or proteins without the risk of genomic integration; some of them have received FDA approval for
therapeutic use (Glass et al., 2018). In mice, lipid nanoparticles are currently used to deliver Cas9 compo-
nents locally to the brain (Wang et al., 2016) or inner ear (Gao et al., 2018) and systemically to the liver (Yin
etal., 2017b; Finn et al., 2018). However, for the delivery of Cas? and a donor template for HDR, both com-
ponents must be encapsulated in distinct lipid nanoparticles, which might affect its editing efficiency
in vivo. More recently, newly developed gold nanoparticles have been successfully used in rodent models
to simultaneously deliver Cas9 ribonucleoproteins and donor templates to treat Duchenne muscular dys-
trophy (Lee et al., 2017) and fragile X syndrome (Lee et al., 2018). Park and colleagues have shown successful
genome editing of post-mitotic neurons in different Alzheimer disease mouse models using amphiphilic
nanocomplexes generated using the R7L10 peptide together with the Cas9 nuclease and the sgRNAs
(Park et al., 2019a).

REVIEWS

Ex Vivo Delivery. Many vehicles are being exploited to deliver precision gene editing ex vivo. Depend-
ing on the type of cell or stem cell used for ex vivo editing, the gene-editing machinery may be delivered via
electroporation, microinjection, chemical methods such as cell-penetrating peptides and nanoparticles
(Wu et al., 2018), and virus-based vehicles such as AAVs or lentiviruses (Figure 2). The efficacy with which
various types of immune cells can be engineered ex vivo has been investigated in multiple preclinical
models, greatly stimulating research in several fields, particularly hematology and cancer therapeutics
(Bak et al., 2018; Huang et al., 2018). Pluripotent stem cells such as induced pluripotent stem cells (iPSCs)
have also been used extensively for genome engineering ex vivo for cell-based regenerative approaches
and for disease modeling (Jang and Ye, 2016). iPSCs offer great potential for disease modeling, as they can
be differentiated into any cell type that is relevant for the disease, such as cardiomyocytes (Brandao et al.,
2017; Devalla and Passier, 2018), skeletal muscle cells (van der Wal et al., 2018; Magli and Perlingeiro, 2017;
Chal and Pourquie, 2017), neuronal cells (Bordoni et al., 2018; Compagnucci et al., 2014), hepatocytes (Fior-
otto et al., 2019; Hannoun et al., 2016), and many other cell types. Isogenic controls that correct for genetic
background effects can be generated in iPSCs using CRISPR/Cas; this correction for background effects is
considered important due to the large variation in many parameters among individuals. The risk of
acquiring variants during the reprogramming of somatic cells into iPSCs has imposed the need for caution
in the use of iPSC-derived cells for cell-based therapy. In addition, the development of affordable clinical
treatment is inhibited by the cost associated with the quality control of patient-specific iPSCs. As a possible
solution, the generation of iPS-cell banks covering the majority of HLA isotypes known globally is currently
in progress. This would make a validated iPSC line available for cell-based therapy for almost each individ-
ual patient without the need to generate patient-specific iPSCs (Ben Jehuda et al., 2018; Mandai et al.,
2017).
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Preclinical Studies and Clinical Trials

Therapeutic gene editing by ZFN, TALEN, or CRISPR/Cas9 platforms is already being explored in a number
of clinical trials registered at clinicaltrials.gov. As we discuss briefly below, these target cancer, genetic dis-
orders, and HIV/AIDS (Figure 3).

Cancer

In HPV-related cervical cancer, CRISPR/CAS9, ZFNs, or TALENs are applied topically to precancerous le-
sions in order to disrupt viral oncogenes E6 or E7 in vivo (Ding et al., 2014; Hu et al., 2014, 2015; Kennedy
et al.,, 2014; Shankar et al., 2017; Zhen et al., 2014). In addition to induction of (viral) oncogene knock-out,
gene editing for the treatment of various types of cancer is also being investigated in cellular immunother-
apies or adoptive cell therapy (ACT). To overcome evasion of immune surveillance by cancer cells, PD-1, an
immune checkpoint molecule, was knocked out ex vivo in autologous T cells using CRISPR/Cas9 before re-
infusion into patients (Beane et al., 2015; Menger et al., 2016; Su et al., 2016; Zhao et al., 2018). PD-1 knock-
out have been deployed to improve redirected T cells (Guo et al., 2018b; Hu et al., 2019a, 2019b; Lu et al.,
2019; Ouchietal., 2018; Rupp et al., 2017; Su et al., 2017), which were genetically altered to express a trans-
genic T cell receptor (tTCR) or a chimeric antigen receptor (CAR) targeted at a disease-associated antigen.
To enable ACT for T cell malignancies expressing CD7, CRISPR/Cas9 has also been used ex vivo to knock
out the CD7 gene in anti-CD7 CAR-T cells, preventing these CAR-T cells from killing each other (Cooper
etal.,, 2018; Gomes-Silva et al., 2017). Finally, to circumvent the necessity for custom-made autologous ther-
apy for each patient, ex vivo gene editing by CRISPR/CAS9 or TALENs in CAR-T cells manufactured from
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Figure 3. Examples of Gene-Editing Strategies in Current Clinical Trials

(A) In cancer, gene-editing targets PD-1 or CD7 in T cells to enhance immune responses.

(B) In patients with HIV, CCR5 is targeted in HSPCs to prevent HIV entry.

(C) In B-thalassemia and sickle cell disease, induction of fetal hemoglobin or correction of adult hemoglobin in HSPCs
is used.

(D) AAV-mediated gene editing in the liver provides circulating enzymes in lysosomal storage diseases.

donor-derived T cells is being applied to generate universal CAR-T cells (Torikai and Cooper, 2016; Yang
et al., 2015). This involves the disruption of the endogenous TCR to prevent graft-versus-host disease and
of HLA components to prevent graft rejection by the host immune system.

HIV Infection/AIDS

In patients infected with HIV, T cells or HSPCs are harvested and the CCR5 gene is knocked out in vitro by
CRISPR/Cas? or ZFNs before reinfusion into the patient (Holt et al., 2010; Perez et al., 2008; Tebas et al.,
2014; Wang et al., 2014; Xu et al., 2017; Yu et al., 2018). As CCR5 is essential for HIV invasion of T cells,
this intervention should prevent spreading of the virus into the engineered cells (Brelot and Chakrabarti,
2018).

Genetic Disorders
Sickle cell disease (SCD) and B-thalassemia are caused by disease-associated variants in the HBB gene,
which encodes the beta subunit of hemoglobin. One strategy involves inducing the production of fetal
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hemoglobin (HbF), which can compensate for malformed adult hemoglobin (in SCD) or reduced levels of
adult hemoglobin (in B-thalassemia). This can be accomplished by ex vivo disruption of the intronic
erythroid-specific enhancer of BCL11A in HSPCs by CRISPR/Cas? or ZFN (Chang et al., 2017b; Psatha
et al., 2018). After reinfusion, these HSPCs will produce erythrocytes with reduced BCL11A levels. As
BCL11A represses transcription from HBG (Liu et al., 2018a), which encodes the gamma subunit of HbF,
the level of the gamma subunit and thus HbF will increase. In another approach, one clinical trial is currently
investigating direct gene restoration by CRISPR/Cas? ex vivo in iPSC-derived HSPCs for the treatment of
B-thalassemia (Cai et al., 2018; Martin et al., 2019; Park et al., 2019b; Wattanapanitch et al., 2018).

REVIEWS

Clinical trials have started for the monogenic disorders hemophilia B and mucopolysaccharidosis (MPS)
types | and Il. Hemophilia B is caused by a deficiency of clotting factor IX, whereas MPS | and Il are lyso-
somal storage disorders caused by deficiency of enzymes involved in the lysosomal degradation of
glycosaminoglycans. These trials use systemic injection of AAV-expressing ZFN to achieve the targeted
integration of a functional copy of the deficient gene into the albumin locus in liver cells, which secrete
the enzyme into the circulation (Lacharawee et al., 2018; Sharma et al., 2015).

Finally, gene editing is being investigated in one of the subtypes of Leber’s congenital amaurosis (LCA), a
congenital retinal dystrophy. The subtype LCA10 is most commonly caused by an intronic variant in the
CEP290 gene that generates a cryptic splice site, resulting in defective protein production (Xu et al.,
2018). A CRISPR/Cas%-based gene-editing strategy has been developed that removes the cryptic splice
site; it is administered in vivo via subretinal injection using AAV as delivery vehicle (Maeder et al., 2019;
Ruan et al., 2017).
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FUTURE CHALLENGES

Among the most challenging aspects of gene editing to date are its delivery, specificity, and efficacy. The
delivery strategy that is most appropriate for gene-editing intervention will depend on the cell-targeting
approach that is most suitable for treating a specific disease. Ex vivo strategies can be conducted in a
controlled environment, are amenable to efficient engineering using multiple methods, and may be a
more straightforward way of bringing precision gene-editing medicine to the clinic. For example, when
applied to stem cells (including adult stem cells or iPSCs) ex vivo gene editing can be subjected to quality
control for genotoxicity before it is decided to engraft the cells in question. The use of ex vivo protein trans-
duction ensures a transient exposure to nucleases, as opposed to the long-term exposure with in vivo ap-
proaches that use DNA constructs. However, ex vivo strategies face other issues associated with ex vivo cell
manipulation. Engineered cells have to engraft efficiently into host individuals and should evade immune
rejections if they are derived from a different donor. On the other hand, in vivo strategies will face the chal-
lenge of uncontrolled off-target events. In such cases, the selection of a suitable delivery vehicle, of a highly
specific gene-targeting tool, and of possibly a strategy for spatiotemporal control, will all be especially
relevant to preventing unintended variants and reducing potential immune reactions. In vivo gene-editing
strategies that use persistent CAS9 expression—such as AAV—as a delivery vehicle may pose a risk of long-
term exposure to gene-editing events, increasing the risk for off-target effects. Despite these challenges,
the ongoing iteration of the CRISPR/Cas system into versions with improved specificity and efficacy holds
great promise for a wide range of clinical applications. It will be important to remain cautious and, when the
time comes for clinical testing, to evaluate the advantages against the possible risks. To fully understand
the long-term effects of potential new treatments involving precise genomic engineering, thorough pre-
clinical work is required.
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We present an overview of clinical trials involving gene editing
using clustered interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein 9 (Cas9), transcription
activator-like effector nucleases (TALENS), or zinc finger nu-
cleases (ZFNs) and discuss the underlying mechanisms. In can-
cer immunotherapy, gene editing is applied ex vivo in T cells,
transgenic T cell receptor (tTCR)-T cells, or chimeric antigen
receptor (CAR)-T cells to improve adoptive cell therapy for
multiple cancer types. This involves knockouts of immune
checkpoint regulators such as PD-1, components of the endog-
enous TCR and histocompatibility leukocyte antigen (HLA)
complex to generate universal allogeneic CAR-T cells, and
CD?7 to prevent self-destruction in adoptive cell therapy. In cer-
vix carcinoma caused by human papillomavirus (HPV), E6 and
E7 genes are disrupted using topically applied gene editing ma-
chinery. In HIV infection, the CCR5 co-receptor is disrupted
ex vivo to generate HIV-resistant T cells, CAR-T cells, or he-
matopoietic stem cells. In B-thalassemia and sickle cell disease,
hematopoietic stem cells are engineered ex vivo to induce the
production of fetal hemoglobin. AAV-mediated in vivo gene
editing is applied to exploit the liver for systemic production
of therapeutic proteins in hemophilia and mucopolysacchar-
idoses, and in the eye to restore splicing of the CEP920 gene
in Leber’s congenital amaurosis. Close consideration of safety
aspects and education of stakeholders will be essential for a suc-
cessful implementation of gene editing technology in the clinic.

Conventional Gene Therapy

Traditionally, gene therapy relies on viral-based delivery of a protein-
coding gene that either semi-randomly integrates into the genome
(for retroviruses and lentiviruses) or remains as extrachromosomal
DNA copy (for adeno-associated virus [AAV])." These forms of
gene therapy usually use overexpression of a protein that is missing
or mutated in human disease. Lentiviral gene therapy has the advantage
of being highly efficient and causing long-term efficacy. A drawback of
lentiviral gene therapy is the lack of control of the location at which the
virus integrates into the host genome, with the risk of insertional muta-
genesis. By optimizing the lentiviral backbone and by controlling the
number of viral copies, it has been demonstrated in multiple clinical tri-
als that lentiviral gene therapy is safe provided that it is used with the
proper precautions.”* AAV-mediated gene therapy does not rely on
integration into the host genome but instead involves delivery of a

DNA episome to the nucleus. It is therefore considered to have a lower
risk of genotoxicity compared to lentiviral gene therapy. However,
episomal copies of AAV DNA are lost upon cell division, resulting in
loss of efficacy. This restricts AAV gene therapy to nondividing cells.
In addition, pre-existing immunity to AAV capsid proteins occurs in
a significant percentage of the human population and precludes eligi-
bility for the treatment.” Acquired immunity after a single AAV-medi-
ated gene therapy treatment occurs invariably in patients and precludes
eligibility for a second treatment. In both forms of gene therapy, cDNA
overexpression can only be used when dosage effects of the transgene
product do not apply. Although the desired average number of gene
copies can be approached via the viral titer, it is not possible to precisely
control this using viral-based overexpression.

Basics of Gene Editing

Developments in recent years have enabled the seamless engineering
of the human genome using a variety of tools collectively termed gene
editing. Precision gene editing strategies allow alteration of the
genome of cells at specific loci to generate targeted genomic changes,
which are being exploited for multiple applications in medicine. We
first introduce the basics of gene editing and then summarize the ma-
jor challenges for their clinical implementation. Gene editing tools
that are currently under investigation in clinical trials include zinc
finger nucleases (ZFNs), transcription activator-like effector nucle-
ases (TALENS), and clustered interspaced short palindromic repeats
(CRISPR) in combination with CRISPR-associated protein (Cas). For
a detailed comparison between these tools, we refer to previously pub-
lished reviews.*” In short, target site recognition occurs by sequence-
specific DNA-binding proteins (in the case of ZFNs and TALENS) or
by a short stretch of RNA termed single guide RNA (sgRNA; in the
case of CRISPR-Cas). Current clinical applications of gene editing
rely on the introduction of double-strand DNA breaks (DSBs), medi-
ated by Fok-1 (in the case of ZFNs or TALENS) or by Cas nucleases
(in the case of CRISPR-Cas) and the introduction of desired genomic
alterations through the cell’s endogenous DNA repair mechanisms.
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Two major DNA repair pathways are being exploited to conduct tar-
geted genomic changes in clinical trials: (1) gene editing through ho-
mology-directed repair (HDR) used to replace a pathogenic variant or
insert foreign DNA elements to restore the wild-type (WT) expres-
sion of a missing (or truncated) gene; and (2) non-homologous end
joining (NHE]) used to remove DNA elements leading to aberrant
expression of genes or to gain a therapeutic function.

In contrast to traditional strategies for gene therapy, gene editing pro-
vides more versatile tools for gene therapy, for example to precisely
correct point variants,”’ to place an extra, healthy gene copy at a
safe genomic location of choice (a safe harbor: a location in the hu-
man genome at which integration of a gene is not harmful),m’” or
to disrupt a gene. This would, for example, enable the restoration
of endogenous expression levels following precise correction of the
disease-associated variant within the natural locus, which would be
especially important for gene products for which a correct dosage is
required. It would also increase control of integration sites of a
cDNA by choosing appropriate safe harbor locations. Such locations
also should provide efficient transcription of the transgene by
providing a favorable epigenetic environment consisting of euchro-
matin. Examples of safe harbor locations in the human genome are
the albumin, AAVSI, and the CCR5 loci.

On-Target or Off-Target?

Although the technology for gene editing is rapidly evolving, there are
still important challenges for its clinical implementation. First, unde-
sired editing of genomic regions can occur as a side effect of gene edit-
ing.” This can be off-target, ie., the introduction of a DNA break
outside the genomic region of choice due to the targeting of the
gene editing machinery to a chromosomal location that carries
sequence similarity to the region of interest. In this scenario, genes
or regulatory regions other than the targeted gene can be modified,
resulting in undesired downstream effects. Undesired events may
include insertions, deletions, and chromosomal translocations.'*"*
Undesired variants can also be generated on-target, i.e., unintended
modification of the genomic region of interest. In this scenario, reg-
ulatory elements within the gene of interest may be unintentionally
changed. This may include elements involved in promoter activity,
splicing, mRNA stability, protein translation, or microRNA (miRNA)
genes (that are often present in introns or untranslated regions). The
CRISPR-Cas9 system is inherently more prone to off-target effects
compared to ZFNs or TALENS, because target site recognition in
CRISPR-Cas9 relies on RNA-DNA interaction of only short stretches,
and the RNA-DNA interaction allows some mismatches. In contrast,
ZFNs and TALENs depend on highly specific protein-DNA interac-
tions that allow fewer mismatches.'* This has promoted much
research directed toward enhancing the performance of CRISPR-
Cas-based gene editing with respect to specificity and nuclease activ-
ity (see below). Methods to detect undesired events in gene editing
often rely on in silico predictions, followed by analyses of predicted
off-target events. This is not necessarily sufficient for clinical applica-
tion, and unbiased analysis based on next-generation sequencing is
expected to become an important tool in the future. For a more exten-

sive discussion on off-target effects, see Broeders et al,” Kim et al,,””
Manghwar et al,'® and Pattanayak et al.'”’

Delivery of Gene Editing

The delivery of gene editing tools is a crucial aspect when it comes to
clinical implementation. Two routes can be distinguished: ex vivo and
in vivo delivery.'>"” In ex vivo delivery, autologous or allogeneic cells
are modified by gene editing outside the patient, and gene-modified
cells are transplanted into the patient. Any route of administration
of gene editing machinery can be applied ex vivo, such as transfection,
nucleofection, or (viral) transduction. Ex vivo gene editing allows
quality control prior to treatment. In particular, undesired off-target
and on-target events can be monitored. Note that quality control
can be performed on bulk generations of cells. Rare undesired events
that occur in only a few cells and that might cause cellular transforma-
tion will be difficult to detect. Alternatively, this method involves an
extra complication: the engraftment of (stem) cells. For example,
maintaining engraftment potential and viability of the cell of interest
can be challenging. Clinically, the most advanced forms of ex vivo gene
editing involve T cells and hematopoietic stem cells (HSCs). In in vivo
gene editing, gene editing tools are applied directly to the organism.
Vehicles for delivery include AAV, lipid nanoparticles (LNPs), gold
nanoparticles (GNPs), or cell-penetrating peptides (CPPs). The deliv-
ery method in in vivo gene editing is crucial for its safety.”’ When gene
editing components are delivered in vivo via vehicles that remain pre-
sent for an extended period, for example via AAV, there is a cumula-
tive risk of undesired genotoxic events that can last for the time that the
AAYV remains present, which has been estimated to last for a period of
10 years or longer.' In contrast, when delivered as RNA or protein,
there is only short-term exposure and a reduced risk of genotoxicity.

For in vivo gene editing, immunity against the delivery vehicle and the
gene editing components are important considerations.”' Both pre-
existing and acquired immunity should be considered. The AAV de-
livery vehicle is subject to pre-existing immunity in a significant pro-
portion of the population." In addition, preexisting immunity to Cas9
protein from several species has been reported in several studies. This
may neutralize the therapy or induce adverse events.” **

In summary, the safety and efficacy of gene editing technology for the
treatment of human disease depend on multiple factors, including the
choice of the gene editing method, being either ex vivo or in vivo, the
gene editing technique, target site selection, delivery method, and
target tissue.

Gene Editing 2.0: Preclinical Developments

Technological developments are ongoing to improve gene editing
tools with respect to specificity, efficiency, and versatility. These
have been extensively described by us and others in recent re-
views”**"*® and are only briefly mentioned here.

First, variations of the original CRISPR-Cas9 method have been de-
signed. These include the following: homology-independent targeted
integration (HITI) for generating a knockin via NHE] without
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involvement of HDR;” microhomology-mediated end joining
(MME]J)-dependent knockin, which is based on the presence of short
stretches of homology that are utilized by the MME] DNA repair
pathway;™® base editing,” a mismatch repair- or base excision
repair-dependent pathway in which a natural cytidine or adenosine
deaminase (ADA) is coupled to a catalytically dead Cas9 (dCas9) to
convert cytidine to uridine (which is replicated as thymidine), or to
convert adenine to inosine, which is replicated as guanine; and prime
editing,” in which a Cas9 nicking variant is used that introduces sin-
gle stranded DNA breaks and that is coupled to reverse transcriptase
to enable a wide variety of genomic changes. Second, other natural
and engineered Cas9 variants have been identified and developed
with distinct and/or enhanced targeting properties, including
Casl2a (Cpfl), Cas12b (C2cl), FokI fused to dCas9,”" Cas9-HF1,”
eSpCs9,” evoCas9,”" and HypaCas9.”> Third, Cas9 variants with
distinct protospacer-adjacent motif (PAM) recognition sites have
been generated, including VQR and VRER variants, xCas9, and
SpCas9-NG.* And fourth, sgRNAs have been modified with respect
to their length, structure, and chemistry to reduce off-target proper-
ties.””*’ These promising developments need future work to evaluate
their suitability for clinical testing.

Scope of This Review

Whereas there have been numerous applications of gene editing in
preclinical studies, information on clinical applications of gene ed-
iting is scattered in the literature. In this review, we present a
comprehensive overview of current clinical trials using gene edit-
ing strategies for the treatment of human disease, and include
selected preclinical examples. For more extensive overviews of pre-
clinical studies, we refer to excellent reviews.'”"' In addition, in
this review, we focus on gene editing in somatic cells, and we refer
to other recent reviews and opinion articles for editing the germ-
line.*>"** Thus far, precision gene editing has entered the clinic for
the treatment of cancer immunotherapy, viral infections, and in-
herited hematologic, metabolic, and eye disorders (Table 1). These
trials along with the underlying strategies are described in more
detail below.

Gene Editing in Cancer Immunotherapy

Adoptive cell therapy (ACT) is a cellular form of cancer immuno-
therapy involving T cells with anti-tumor activity"® that are expanded
ex vivo, ex vivo genetically engineered or not, and applied to the pa-
tient via the circulation. Three major types of lymphocytes are used
in ACT: (1) tumor-infiltrating lymphocytes (TILs), which are
T cells that are isolated from tumors; and peripheral blood T lympho-
cytes that are (2) selected for tumor reactivity and expanded ex vivo
before reinfusion or (3) genetically modified ex vivo with a transgenic
T cell receptor (tTCR) or a chimeric antigen receptor (CAR) to target
tumor cells."® ACT has been combined with ex vivo gene editing in a
number of clinical trials, as discussed below.

Immune Checkpoint Knockout
Immune checkpoints are immune modulatory signals that can
dampen the amplitude and quality of the immune response. Their

physiological function is to prevent overstimulation of the immune
system in order to maintain self-tolerance. A hallmark of cancer cells
is their ability to exploit immune checkpoints to evade attack by the
immune system. Cancer cells or their microenvironment can achieve
this by activating immune checkpoints via overexpression of ligands
or receptors that regulate the function of T cells.””*** In this way, can-
cer cells escape immune surveillance. To exploit this property of can-
cer cells for anti-cancer therapy, monoclonal antibodies have been
developed that block natural immune checkpoints (present on
T cells) or their ligands (present on cancer cells or in their micro-envi-
ronment). This has revolutionized the field of anti-cancer therapy."’
Examples include PD-1 and PD-L1 inhibitors, which have shown
impressive results for treating different types of cancer at an advanced
stage,””" especially melanoma.”” PD-1, encoded by the PDCDI gene,
is a cell-surface receptor expressed on cytotoxic T cells that downre-
gulates T cell activity upon interaction with its ligand PD-L1, which is
overexpressed on malignant cells and cells in the tumor micro-envi-
ronment.** In spite of general good tolerability, systemic administra-
tion of immune checkpoint inhibitors can result in autoimmune phe-
nomena, referred to as immune-related adverse events (IRAEs).”
IRAEs occur in up to 70% of patients receiving PD-1 and PD-L1 in-
hibitors®>*" and have been described in multiple organ systems. Ste-
roids might be used to manage IRAEs, but the extent of interference
with immunotherapy is unknown.”

Knocking out immune checkpoint molecules in tumor-specific T cells
is a promising strategy for ACT to circumvent systemic effects of
checkpoint inhibition (Figure 1). When applied to total T cells har-
vested from patients, knocking out immune checkpoint molecules
should render these less susceptible to immune inhibitory signals
upon reinfusion. However, such an approach involves a heteroge-
neous T cell population rather than tumor-specific T cells. One solu-
tion to this problem would be to increase tumor specificity of circu-
lating T cells in vitro by exposure to tumor-associated antigens.™

Due to the impressive clinical results from checkpoint inhibitors and
TILs to treat melanoma, this type of cancer was chosen in the initial
preclinical studies on applying immune checkpoint knockout (KO) in
ACT using ex vivo gene editing. Promising in vitro results were re-
ported from co-cultures of human tumor-specific T cells in which
PD-1 was disrupted with melanoma cell lines,”*® and more recently
by infusing PD-1 knockout T cells cells into mice that had been xen-
ografted with human melanoma cells.”” An improved cytotoxic effect
of tumor-specific T cells following PD-1 knockout was also reported
in preclinical studies of other cancer models, such as in a cultured
gastric cancer cell line,”® and in mice subcutaneously injected with
either a fibrosarcoma cell line,”® a multiple myeloma (MM) cell
line,” or a liver cancer cell line.’ Academic hospitals have been re-
cruiting patients in clinical trials to investigate autologous, PD-1
knocked out T cells for the treatment of multiple types of cancer,
including solid tumors arising from the esophagus,(’1 ll.lng,(’Z pros-
tate,” and Epstein-Barr-related neoplasms.®* The publicly provided
information is scarce. Presumably, as described for preclinical studies,
these T cells have been manipulated ex vivo to enhance their tumor
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Table 1. Current Clinical Trials Involving Gene Editing

Title Tool Status Country Delivery D Ref.

Cancer Immunotherapy

PD-1 knockout engineered T cells for advanced

CRISPR-Cas9 completed China ex vivo NCT03081715 o
esophageal cancer
PD-1 knockout engi d t cells f tastati
ockout engineered { cefls for metastatic CRISPR-Cas9 active, not recruiting China ex vivo NCT02793856 o
non-small cell lung cancer
The ti ine plus PD-1 knockout i
erapeutic vaccine plus ockoutIn CRISPR-Cas9  recruiting China ex vivo NCT03525652
prostate cancer treatment
PD-1 knockout EBV-CTLSs for ad d st
ockout s for acvanced stage CRISPR-Cas9  recruiting China ex vivo NCT03044743

Epstein-Barr virus (EBV) associated malignancies

CD19 CAR and PD-1 knockout engineered T cells
for CD19 positive malignant B cell derived NS not yet recruiting China ex vivo NCT03298828 &
leukemia and lymphoma

Study of PD-1 gene-knocked out mesothelin-
directed CAR-T cells with the conditioning of PC CRISPR-Cas9 recruiting China ex vivo NCT03747965 o
in mesothelin positive multiple solid tumors

CAR T and PD-1 knockout engineered T cells for

N.S. recruiting China ex vivo NCT03706326 o
esophageal cancer
Anti-MUCI CAR T cells and PD-1 knockout . . . 85
engineered T cells for NSCLC N.S. recruiting China ex vivo NCT03525782
CRISPR (HPK1) edited CD19-specific CAR-T
cells (XYF19 CAR-T Cells) for CD19"* leukemia or CRISPR-Cas9 recruiting China ex vivo NCT04037566 86

lymphoma

Study of UCART19 in pediatric patients with
relapsed/refractory B acute lymphoblastic TALEN active, not recruiting US/EU/UK ex vivo NCT02808442 10
leukemia (PALL)

Dose escalation study of UCART19 in adult
patients with relapsed/refractory B cell acute TALEN active, not recruiting US/EU/UK/Japan ex vivo NCT02746952 10
lymphoblastic leukaemia (CALM)

Safety and efficacy of ALLO-501 anti-CD19
allogeneic CAR T cells in adults with relapsed/
refractory large B cell or follicular lymphoma
(ALPHA)

Safety and efficacy of ALLO-715 BCMA allogenic
CART cells in in adults with relapsed or refractory TALEN recruiting us ex vivo NCT04093596 100
multiple myeloma (UNIVERSAL)

TALEN recruiting Us ex vivo NCT03939026 105

A study to evaluate the long-term safety of patients
with advanced lymphoid malignancies who have
been previously administered with UCART19/
ALLO-501

TALEN enrolling by invitation US/EU/UK/Japan ex vivo NCT02735083 17

A study evaluating UCARTO19 in patients with
relapsed or refractory CD19" leukemia and CRISPR-Cas9 recruiting China ex vivo NCT03166878
lymphoma

A safety and efficacy study evaluating CTX110 in
subjects with relapsed or refractory B cell CRISPR-Cas9 recruiting US/Australia/Germany ex vivo NCT04035434 "
malignancies

A safety and efficacy study evaluating CTX120 in
subjects with relapsed or refractory multiple CRISPR-Cas9 recruiting US/Australia ex vivo NCT04244656 e
myeloma

CTA101 UCAR-T cell injection for treatment of
relapsed or refractory CD19" B cell acute CRISPR-Cas9 recruiting China ex vivo NCT04154709 "
lymphoblastic leukemia

Phase I study of UCART22 in patients with
relapsed or refractory CD22" B cell acute TALEN recruiting us ex vivo NCT04150497 !
lymphoblastic leukemia (BALLI-01)

(Continued on next page)
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Table 1. Continued

Title Tool Status Country Delivery ID Ref.

CTA101 in the treatment of relapsed or refractory

N L . . 119
diffuse large B cell lymphoma CRISPR-Cas9 not yet recruiting China ex vivo NCT04026100

A feasibility and safety study of universal dual
specificity CD19 and CD20 or CD22 CAR-T cell
immunotherapy for relapsed or refractory
leukemia and lymphoma

CRISPR-Cas9 recruiting China ex vivo NCT03398967 120

Study evaluating safety and efficacy of UCART123
in patients with acute myeloid leukemia (AMELI- TALEN recruiting Us ex vivo NCT03190278 2
01)

Study evaluating safety and efficacy of UCART
targeting CS1 in patients with relapsed/refractory TALEN recruiting Us ex vivo NCT04142619
multiple myeloma (MELANI-01)

Anti-CD19 U-CAR-T cell therapy for B cell

. . R NS. not yet recruiting China ex vivo NCT04264039 b

hematologic malignancies
Anti-CD7 .U-CA.R-T ce.ll therapy for T/NK cell NS. not yet recruiting China ex vivo NCT04264078 12
hematologic malignancies ‘ ,
Efficacy and safety evaluation of BCMA-UCART N.S. recruiting China ex vivo NCT03752541 12 D)
Safety and efficacy evaluation of CD19-UCART NS. recruiting China ex vivo NCT03229876 120 Q
The clinical study of CD19 UCAR-T cells in _O
patients with B cell acute lymphoblastic leukemia NS. recruiting China ex vivo NCT04166838 27 —+
(B-ALL) (D
NY-ESO-1-redi d CRISPR (TCRend d -

- -1-redirecte endo an B . 133
PDI) edited t cells (NYCE T cells) CRISPR-Cas9 terminated Us ex vivo NCT03399448 U~|
Study of CRISPR-Cas9 mediated PD-1 and TCR
gene-knocked out mesothelin-directed CAR-T CRISPR-Cas9 recruiting China ex vivo NCT03545815 '
cells in patients with mesothelin positive multiple
solid tumors
Cell therapy for high risk T cell malignancies using - . 144
CD7-specific CAR expressed on autologous T cells CRISPR-Cas9 not yet recruiting us ex vivo NCT03690011
Cervical Cancer
Study of molecular-targeted therapy using zinc ZEN NS. China in vivo NCT02800369 160

finger nuclease in cervical precancerous lesions

Study of targeted therapy using transcription
activator-like effector nucleases in cervical TALEN N.S. China in vivo NCT03226470 tot
precancerous lesions

A safety and efficacy study of TALEN and

ISPR-
CRISPR/Cas9 in the treatment of HPV-related ,1C_§LSE§ Cas9 N.S. China in vivo NCT03057912 to2
cervical intraepithelial neoplasia
HIV Infection and AIDS
Autologous T cells genetically modified at the
CCRS5 gene by zinc finger nucleases SB-728 for ZFN completed Us ex vivo NCT00842634 1

HIV

Phase 1 dose escalation study of autologous t cells
genetically modified at the CCR5 gene by zinc ZFN completed Us ex vivo NCT01044654
finger nucleases in HIV-infected patients

190

Repeat doses of SB-728mR-T after
cyclophosphamide conditioning in HIV-infected ZFN completed us ex vivo NCT02225665
subjects on HAART

191

A phase I study of T cells genetically modified at
the CCRS5 gene by zinc finger nucleases SB-728mR ZFN completed us ex vivo NCT02388594 192
in HIV-infected patients

Dose escalation study of cyclophosphamide in
HIV-infected subjects on HAART receiving SB- ZFN completed us ex vivo NCT01543152 193
728-T

(Continued on next page)
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Table 1. Continued

Title

Tool

Status

Country

Delivery

1D

Ref.

CCR5-modified CD4" T cells for HIV infection
(TRAILBLAZER)

ZFN

recruiting

Us

ex vivo

NCT03666871

Study of autologous T cells genetically modified at
the CCRS5 gene by zinc finger nucleases in HIV-
infected subjects

ZFN

completed

Us

ex vivo

NCT01252641

195

Long-term follow-up of HIV subjects exposed to
SB-728-T or SB-728mR-T

ZFN

enrolling by invitation

Us

ex vivo

NCT04201782

197

Safety study of zinc finger nuclease CCR5-
modified hematopoietic stem/progenitor cells in
HIV-1 infected patients

ZFN

active, not recruiting

Us

ex vivo

NCT02500849

203

Safety of transplantation of CRISPR CCR5
modified CD34" cells in HIV-infected subjects
with hematological malignances

CRISPR-Cas9

recruiting

China

ex vivo

NCT03164135

204

CD4 CAR+ ZFN-modified T cells in HIV therapy

ZFN

active, not recruiting

Us

ex vivo

NCT03617198

206

B-thalassemia and Sickle Cell Disease

A safety and efficacy study evaluating CTX001 in
subjects with transfusion-dependent
B-thalassemia

CRISPR-Cas9

recruiting

US/Canada/EU/UK

ex vivo

NCT03655678

263

A study to assess the safety, tolerability, and
efficacy of ST-400 for treatment of transfusion-
dependent beta-thalassemia (TDT)

ZFN

active, not recruiting

Us

ex vivo

NCT03432364

A safety and efficacy study evaluating CTX001 in
subjects with severe sickle cell disease

CRISPR-Cas9

recruiting

US/Canada/EU

ex vivo

NCT03745287

A study to assess the safety, tolerability, and
efficacy of BIVV003 for autologous hematopoietic
stem cell transplantation in patients with severe
sickle cell disease (BIVV003)

ZFN

recruiting

Us

ex vivo

NCT03653247

266

A long-term follow-up study in subjects who
received CTX001

CRISPR-Cas9

enrolling by invitation

US/EU

ex vivo

NCT04208529

iHSCs with the gene correction of HBB intervent
subjests with B-thalassemia mutations

CRISPR-Cas9

not yet recruiting

N.S.

ex vivo

NCT03728322

280

Hemophilia

Ascending dose study of genome editing by zinc
finger nuclease therapeutic SB-FIX in subjects with
severe hemophilia B

ZFN

active, not recruiting

Us

in vivo

NCT02695160

Mucopolysaccharidoses

Ascending dose study of genome editing by the
zinc finger nuclease (ZFN) therapeutic SB-318 in
subjects with MPS I

ZFN

active, not recruiting

Us

in vivo

NCT02702115

319

Ascending dose study of genome editing by the
zinc finger nuclease (ZFN) therapeutic SB-913 in
subjects with MPS II

ZFN

active, not recruiting

Us

in vivo

NCT03041324

320

Leber’s Congenital Amaurosis

Single ascending dose study in participants with
LCA10

CRISPR-Cas9

recruiting

Us

in vivo

NCT03872479

N.S,, not specified.

specificity, but this has not been specified. Recently, the results for
PD-1-edited T cells in metastatic lung carcinoma patients were pub-
lished.®® Although no methods for increasing the tumor specificity of
T cells was described, no severe adverse events were reported in 12
patients after a median follow-up time of 47.1 weeks. Despite the
treatment, 10 patients progressed, and only 2 responded transiently.

Although not designed to investigate the therapeutic effect, these re-
sults were somewhat disappointing and are possibly caused by inad-
equate levels of tumor-specific T cells.

Another method of generating tumor-specific T cell clones is the
ex vivo expansion of T cells that are isolated from tumor tissue,
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PD-1 Knockout in Cytotoxic T-Cells
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Figure 1. Effect of PD-1 Knockout in Cytotoxic T Cells

CRISPR/Cas9

Cytotoxic T cells are able to recognize tumor cells via the T cell receptor (TCR). This receptor recognizes an antigen that is presented on potential target cells by the MHC.
Binding results in T cell activation through signal transduction. The activated T cell will expand and exert its cytotoxic effector function on target cells, thus inducing apoptosis.
If the target cell expresses PD-L1, it can interact with PD-1 that is expressed on the surface of the T cell. This will lead to activation of PD-1, one of the immune checkpoint
molecules, resulting in inhibition of the T cell’s cytotoxic activity. If PD-1 is disrupted in the cytotoxic T cell, PD-L1 expressed from the tumor cell can no longer interact with the
T cell and inhibition of T cell cytotoxicity is prevented. In this scenario, PD-1 disruption prevents escape of tumor cells from attack by cytotoxic T cells. Red indicates the result

of intervention.

so-called TILs. Although not yet clinically applied, PD-1 knockout in
TILs has resulted preclinically in an improved anti-tumor effect
in vitro>> and in vivo.”

Innate immune cells such as dendritic cells (DCs) and natural killer
(NK) cells are also target cells for the development of immunotherapy
against cancer.’® Importantly, NK cells have also been shown to ex-
press several immune checkpoint inhibitors.”” An example of recent
preclinical developments is the knockout of the NKp46 and CIS
checkpoint genes in primary human NK cells.***” Although gene-
edited innate immune cells have not yet reached clinical trials, these
efforts illustrate the ongoing work that might promote their clinical
development.

Immune Checkpoint Knockout in Genetically Engineered T
Cells: tTCR-T and CAR-T cells

Besides the isolation of T cells with enhanced anti-tumor activity
from patients, it is also possible to induce tumor specificity in
T cells using genetic engineering (using viral transduction or gene ed-
iting). Such redirected T cells can be generated by forced expression of
receptors with enhanced specificity for a tumor-associated antigen,
such as tTCRs or CARs.”””" tTCRs are transgenic forms of naturally
occurring receptors isolated from tumor-specific T cells and depend
on the major histocompatibility complex (MHC) for efficient antigen
recognition.”” CARs are synthetic receptors that do not depend on
MHC for efficient antigen binding.”> To avoid negative regulation
by tumors, immune checkpoint inhibition (using antibodies) or
knock out (using gene editing) are also worthwhile strategies in
tTCR-T cells and CAR-T cells.

The concept of immune checkpoint knockout in redirected T cells has
been demonstrated in vitro and in vivo, both for tTCR-T cells’”* and
CAR-T cells.”” 7" Improved antitumor reactivity of redirected T cells af-
ter PD-1 disruption was observed in a range of preclinical cancer
models, for example, models of melanoma,”* hepatocellular carci-
noma,”” glioma,”*’”” breast cancer,”” and erytroleukemia.”® In addition,
encouraging clinical results have already been obtained by combining
CAR-T cells with immune checkpoint inhibitors.*>*' Using gene edit-
ing, PD-1 knockout in CAR-T cells that were redirected against the B
cell marker cluster of differentiation 19 (CD19)** and membrane pro-
teins mesothelin®’ and MUC1,*** which are upregulated in a range
of malignancies, are investigated in clinical trials for the treatment of
B cell leukemia/lymphoma,”* multiple mesothelin-positive solid tumors
(such as pancreatic cancer, cholangiocarcinoma cancer, and ovarian
cancer),” esophageal cancer,” and lung cancer.* One trial investigates
the infusion of CAR-T cells carrying an HPK1 knockout in patients with
relapsed or refractory CD19" leukemia or lymphoma.** HPK1 is a pro-
tein kinase that was found to suppress the anti-tumor response of T cells
by attenuating TCR signa.ling.87 In addition, HPK1 exerts T cell inhib-
itory effects downstream of E prostanoid receptor activation by prosta-
glandin E2, a metabolic byproduct that is overproduced by cancers such
as non-small-cell lung carcinomas.**** Mice with a kinase-dead HPK1

. . 9,9 9
showed improved anti-tumor®””’ 0

and antiviral responses.
Disruption of other molecules with immunomodulatory effects in
ACT has been performed in preclinical studies, but no clinical trials
are currently open. For example, infusion of cytotoxic T cells in which
the immune checkpoint gene CTLA-4 was disrupted resulted in
decreased tumor growth compared to infusion of non-edited
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counterparts in mice that were xenografted subcutaneously with
bladder cancer cell lines” or colon cancer cell lines.”” In addition,
the anti-tumor effect of CAR-T cells against a human glioma cell
line that was subcutaneously engrafted in mice was enhanced upon
knockout of DGK,”* which encodes an intracellular enzyme that
negatively regulates TCR signaling.”* In contrast, disruption of the
immune checkpoint gene LAG-3 in CAR-T cells did not result in
an enhanced anti-tumor effect in mice subcutaneously engrafted
with a human lymphoma cell line,” suggesting that the choice of im-

mune checkpoint gene is important to design an efficient treatment.

Universal ACT

So far, we discussed autologous T cell therapies. However, this is not al-
ways feasible for every patient.”® The establishment of universal, alloge-
neic ACT might be an attractive alternative, because such “off-the-shelf”
therapy would overcome the high costs and experimental burden of
manufacturing a custom-made autologous or histocompatibility leuko-
cyte antigen (HLA)-matched allogeneic therapy for every patient. For
such therapy, the risks of graft-versus-host disease (GvHD) and graft
rejection by the patients’ immune system for universal ACT must be ad-
dressed. The strategies used involve knockout of the TCR to prevent
GvHD, and knockout of human leukocyte antigen (HLA) genes to pre-
vent graft rejection by the host immune system.”””® Clinical studies and
preclinical examples are discussed below.

In vitro studies showed that anti-CD19 CAR-T cells, which target B
cells, tolerated ZFN-mediated knockout of the TCR, as assessed by
cell proliferation and their ability tolyse target cells.”” In addition, in vivo
application of such cells demonstrated an anti-leukemic response in
mice that were intravenously injected with a lymphoma cell line that
was similar or better compared to non-edited cells.'**'*" The feasibility
of clinical implementation of such a strategy was illustrated by a study in
which two therapy-refractory pediatric patients with acute lympho-
blastic leukemia (ALL) were treated with allogeneic anti-CD19 CAR-
T cells from unselected donors'* that had been engineered in vitro us-
ing TALENS in two ways. First, expression of the endogenous a.3 TCR
was disrupted by targeting the constant region of the TCR o chain. Sec-
ond, CD52 was knocked out with the following rationale. CD52 is ex-
pressed on T cells, and anti-CD52 antibodies (alemtuzumab) are part
of the conditioning regimen prior to allogeneic HSC transplantation
to reduce the risk of graft rejection by the host’s lymphocytes. To pre-
vent alemtuzumab from attacking anti-CD19 CAR-T cells, these cells
were made resistant by knockout of CD52. Despite development of
grade 2 GVHD in one of the patients, the results of this trial indicated
an ongoing disease-free survival of the two patients of 12 and 18 months
after the start of therapy.'* These results suggest that off-the-shelf allo-
geneic CAR-T cells therapy is feasible, and that adverse events such as
GvHD are manageable. This exact strategy is adopted in clinical trials
investigating universal CAR-T cells in pediatric or adult B cell
ALL,''%* B cell lymphoma,'* and MM patients.'*® The long-term ef-
fects of two of these products are investigated in a separate trial.'”

To reduce the risk of graft rejection by the host immune system, HLA
genes have been disrupted in donor T cells, 08111 Notably, CRISPR-

Cas9-mediated triple KO of the T cell receptor o constant (TRAC) lo-
cus, an HLA complex gene (B2M), and an immune checkpoint gene
(PDCD1) was used to potentiate the anti-tumor effect of CAR-T cells
against multiple targets in mouse models, for example in mice intra-
venously injected with a B cell ALL cell line,'”” in mice intraperitone-
ally injected with a lymphoma cell line,''* and in mice intracerebrally
injected with a glioma cell line.""" In one active clinical trial both the
endogenous TCR and HLA complex are knocked out in anti-CD19
CAR-T cells for treating of B cell leukemia and lymphoma.'"*

In another concept, a tumor-targeting CAR or tTCR is inserted into
the TRAC locus using CRISPR-Cas9-mediated HDR. This yields two
effects: knockout of the endogenous TCR, and knockin of the CAR/
tTCR. In a preclinical study, a CD19-directed CAR was inserted
into the TRAC locus in human T cells by HDR using CRISPR-
Cas9.'"> When these CAR-T cells were administered to a mouse
model of ALL, an improved anti-leukemic response was observed
that resulted in prolonged survival compared to conventionally
generated CAR-T cells.'"”> A similar strategy proved feasible for in-
serting a tTCR directed against the immunogenic cancer antigen
NY-ESO-1 in the TRAC locus.' " This strategy is adopted in two clin-
ical trials for patients with B cell malignancies''” or MM,''® in which
the endogenous TCR is disrupted by knockin of an anti-CD19 or anti-
BCMA CAR in the TCR locus of allogeneic T cells, respectively. In
addition, the HLA complex is disrupted by knockout of the B2M gene.

Additional clinical studies are planned, in which infusion of universal
CAR-T cells (engineered using TALENs or CRISPR-Cas9) will be
investigated for the treatment of B cell ALL or lymphoma,''” '
acute myeloid leukemia (AML),"*" and multiple myeloma.'** No mo-
lecular details are provided for these trials. Five more clinical trials are
active or planned that will investigate universal CAR-T cells in hema-
tological malignancies, but no information on the applied gene edit-
ing platform has been provided.'** "%

A challenging application in one of the aforementioned trials is the
treatment of AML with ACT, because molecular targets of leukemic
cells in AML are also expressed in HSCs. As a result, ACT will attack
the host’s HSCs and impair hematopoiesis.'*® Indeed, severe myelo-
toxicity, leading to prolonged pancytopenia, was seen in preclinical
studies using CAR-T cells directed at CD33'* and CD123."*" One
possible strategy to circumvent this problem would be to co-trans-
plant HSCs in which the target molecule is knocked out together
with the CAR-T cells. As the CAR-T cells will attack the leukemic cells
and unmodified recipient HSCs, the gene-edited donor HSCs will not
be targeted anymore and will repopulate the bone marrow. This strat-
egy has been proven feasible in a mouse model for AML, in which
anti-CD33 CAR-T cells along with CD33-edited HSCs were
used."”' The leukemic cells responded to anti-CD33 CAR-T cell treat-
ment, while myelotoxicity was selectively mitigated in mice trans-
planted with CD33-edited HSCs. An ongoing clinical trial investigates
universal CAR-T cells in refractory or relapsed AML, but it does not
include a method to mitigate the possible myelotoxic effect of CAR-T
cells."!



Ready for Repair? Gene Editing Enters the Clinic | 161

Knocking-out CD7 in adoptive T-cells limits fratricide in CAR-T Cells

A Fratricide in CAR-T Cells limits cytotoxic capacity | B

Malignant T-cell

CART cell DR

Figure 2. CD7 Knockout in Anti-CD7 CAR-T Cells Prevents Fratricide

CRISPR/Cas9.

CD7 Knockout in CAR-T Cells disrupts fratricide

Malignant T-cell

CAR-T cell

CRISPR/Cas9

(A) Anti-CD7 CAR-T cells recognize the CD7 antigen on (malignant) T cells via their chimeric antigen receptor, which triggers the CAR-T cell cytotoxic function and thus results
in lysis of the target cell. CD7 is expressed on the surface of all T cells. As CAR-T cells also express CD7, CAR-T cells will recognize other CAR-T cells and lyse these, which is
termed fratricide. (B) The gene encoding CD7 can be knocked out in anti-CD7 CAR-T cells, for example by CRISPR-Cas9. Without CD7, these CAR-T cells will not be
recognized and lysed by other anti-CD7 CAR-T cells, thus preventing fratricide. Red indicates the result of intervention.

Endogenous TCR Knockout in Autologous ACT

Above we described the knockout of the endogenous TCR in allogeneic
ACT products to prevent GvHD. However, there is also a rationale for
knocking out endogenous TCR components in autologous ACT. The
reason for this is that the endogenous TCR can interfere with the func-
tion of the tTCR/CAR, either by competing for cell surface expression,
or by dimerization to form a novel hybrid compound TCR that might
1% Knockout of endogenous TCR compo-
nents in autologous ACT cells is therefore adopted in two clinical trials
with either tTCR-T cells redirected against NY-ESO-1 (in MM, mela-
noma, or subtypes of sarcoma) 133 or CAR-T cells redirected against
mesothelin (in any mesothelin-positive solid tumor)."** PD-1 is also
knocked out in the tTCR-T cells and CAR-T cells in these trials. Initial
results of the first trial have been published, and they indicated no major
adverse events in the three patients that were included.'** The patients
suffered from advanced refractory malignancies, and the response to
therapy was variable: one patient did not respond and died, while two
patients showed initial disease stabilization, followed by disease progres-
sion after 30 or 100 days. Responses to follow-up treatment in these two
patients were variable. Interestingly, the authors reported a relatively
long half-life of tTCR-T cells at an average of 83.9 days. As other studies
reported a half-life of roughly 1 week of non-edited NY-ESO-1
tTCR-T cells,"**"** the knockout of PD-1 and/or endogenous TCR
components might have contributed to a slower decay of the
tTCR-T cells.

cause autoimmune reactions.

A Special Case: ACT for T Cell Malignancies

It is particularly challenging to design an effective ACT using T cells
for T cell malignancies. T cells should target molecules that are pref-
erably expressed by malignant T cells but not by normal T cells. The
difficulty in finding specific targets in malignant T cells results in self-

destruction of tTCR-T cells or CAR-T cells cells used in ACT."*” This
process, called fratricide, can interfere with ACT efficacy and has been
observed in both CAR-T cells'*’ and transgenic TCR-T cells."*' One
possible solution to this problem is to knockout the target molecule in
the adoptive T cells by gene editing. In this way, transgenic TCR-T or
CAR-T cells will recognize and attack malignant T cells, but not each
other. This strategy has been proven effective in circumventing frat-
ricide in a preclinical setting,"*>'** and it is currently applied in a clin-
ical trial applied to CD7. CD7 is expressed on the cell surface of
T cells, and in this trial anti-CD7 CAR-T cells are tested for the treat-
ment of T cell leukemia/lymphoma. To prevent fratricide, CD7 was
knocked out in CAR-T cells using CRISPR-Cas9 (Figure 2).1 4 In
addition, one previously mentioned clinical trial investigates univer-
sal anti-CD7 CAR-T cells in T cell malignancies, but knockout of CD7
in the CAR-T cells has not been mentioned.'**

Gene Editing in Viral Infection

Cervical Cancer

Cervical cancer is the third most prevalent type of cancer in women
worldwide."*> The most contributing etiological factor is human
papillomavirus (HPV) infection via sexual intercourse, especially se-
rotypes HPV-16 and HPV-18. Most HPV infections are cleared by the
host immune system, but persistent infections can give rise to malig-
nant transformation. Several vaccines have been developed for pri-
mary prevention of cervix carcinoma, with varying levels of popula-
tion coverage worldwide.'*® Premalignant lesions are treated by
local excision, while therapeutic modalities for invasive cervix carci-
noma are dependent on the cancer stage and include surgery, radio-
therapy, and chemotherapy.'*” In spite of these preventive and cura-
tive modalities, survival rates of cervical cancer range from 93% at
early disease stage to 15% at disseminated disease stage.'*® New
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treatment modalities are crucial to increase survival rates of cervix
carcinoma.

One such recent advance is RNA interference (RN Ai)-mediated knock-
down of the viral oncogenes E6 and E7, as these have been identified to
drive and sustain HPV-related ca.rcinogenesis.”g In multiple studies,
knockdown of E6 and E7 resulted in increased cell death in HPV-pos-
itive cell lines."””'°' However, multiple obstacles, such as the occurrence
based strategies from entering clinical trials so far.'”> Guided gene
knockout might partially overcome these limitations. First of all,
RNAi only lowers target gene expression, whereas gene editing can
completely disrupt or delete a gene, leaving no room for residual gene
expression. Mutation of the target region, a known escape mechanism
of RNA viruses, as observed in studies using RNAi-mediated knock-
down, likely still applies to knockout strategies using gene editing.
Another escape mechanism, which is expression of viral suppressors
of RNAI, is expected not to apply to gene editing.'** Investigating viral
escape from strategies involving gene editing in cervical cancer caused
by HPV will be an important aspect in future research. As is true for
any cancer, it will be important to start treatment at the earliest stage

of escape mechanisms and insufficient efficiency, have Prohibited RNA-

possible and to use treatments that are highly efficient.

Gene editing for treating HPV infection has focused on E6 and E7. It is
generally appealing to target viral genes, because these are exogenous
sequences, reducing the chances of unintended off-target events in
endogenous genes. Successful knockout of E6 and E7 genes has been
achieved via ZFNs,'”* TALENS, *>'® and CRISPR-Cas9."*” ">’ The
in vitro knockout of viral E6 or E7 sequences in HPV-infected cell
line models caused inhibition of cell growth and cell viability, which
is in line with results obtained from RNAI. In addition, gene-edited
cells showed reduced capability to engraft in mice compared to uned-
ited cells when transplanted subcutaneously.'*"'>>'>” Results were
consistent for targeting HPV-16 and HPV-18.'>° Furthermore, in vivo
gene editing with topically applied TALEN components using poly-
mer-complexed T512 plasmids in K14-HPV16 transgenic mice, a
model system for cervical HPV-16 infection, resulted in reduced viral
DNA loads and a reversal of histological malignant abnormalities.' >
As only the TALEN platform was topically applied in vivo in a cervical
cancer mouse model,'*® the effects of topically applied gene editing
tools on cervical cancer could not be compared. Based on these results,
multiple clinical trials have been designed to investigate gene editing of
precancerous cervical lesions, directed at the HPV genome. These clin-
ical trials apply either ZFN,'® TALEN,'°"'°? or CRISPR-Cas9'®* gene
editing platforms, which are administered either by topical gel or
vaginal suppository.

In the future, topically applied gene editing tools might be investi-
gated in combination with chemotherapy in metastasized cervix car-
cinoma. Preclinically, an additive anti-cancer effect of gene editing
was already shown in vitro and in vivo in combination with
cisplatin.'®® In addition, the potential of HPV targeting extends
beyond the treatment of cervix carcinoma, as HPV-related cancers
include other anogenital cancers such as vulvar, vaginal, anal,

and penile cancer, but also cancers in the head and neck region.164

In preclinical studies, CRISPR-Cas9-based strategies have been
tested for treating other chronic viral infections, such as hepatitis B
virus,'®*"'7 Epstein-Barr virus,"*"'”® and human immunodeficiency
virus (HIV) (see section below). As these viral infections affect
distinct tissues and/or have distinct modes of action, these might
need tailored strategies for delivery to the required target. An over-
view of these gene editing strategies is provided in a review by de
Buhr and Lebbink."””

Gene Editing in HIV Infection and AIDS

HIV is a lentivirus that integrates its genome (after reverse tran-
scription of its RNA into DNA) into the genome of host CD4" T
helper cells, forming a provirus. After the initial acute phase of
infection, a pool of T cells remains latently infected. When the pro-
virus becomes activated, host cells produce new viral particles and
undergo cell death. This causes acquired immunodeficiency syn-
drome (AIDS) if the numbers of T helper cells drop to levels that
are insufficient to effectively protect the host from infections or ma-
lignant transformations.'”® Currently, HIV infections are treated by
antiretroviral therapy (ART) to reduce the risk of progression to
AIDS. However, ART needs to be taken life-long, requires adher-
ence to the treatment regimen, and can have side effects and incom-
plete efficacy.'””'® Although no curative treatment has been found
to date, there are two documented cases of HIV patients who have
been cured from HIV infection. The first patient, known as the Ber-
lin patient, received two HSC transplantations for AML, and has re-
mained HIV-negative since."*"'®* His donor harbored a homozy-
gous CCR5 A32/A32 loss-of-function allele, which had previously
been known to impair infection of T cells by HIV-1."** A similar
second patient was identified recently.'*" In addition, genetic asso-
ciation studies have shown that CCR5432 homozygotes are resis-
tant to HIV infection, whereas heterozygotes display delayed pro-
gression of disease."*>'®” It was therefore hypothesized that
ex vivo disruption of CCRS5 in patient-derived T cells, followed by
reinfusion, could mimic the curative outcome of the Berlin patient.
CCR5 was targeted by ZFNs in human primary CD4" T cells, and
biallelic gene disruption was achieved in 33% of modified cells
in vitro.'®® In an HIV infection mouse model, injection of CCR5
KO T cells resulted in decreased viral load and an increased
T cell population compared to wild-type T cells."*® Six out of a total
of seven clinical trials assessing the infusion of autologous CD4"
CCR5 knockout T cells using ZFNs have been completed,wg’l%
and results of one have been published.'” In the study of Tebas
et al,'”® CD4" CCR5 KO T cell infusion proved to be safe in
HIV patients. In addition, levels of blood HIV DNA decreased in
most patients, although the trial was not designed to measure effi-
cacy. One clinical trial is currently investigating the long-term ef-
fects of CCR5-edited T cells."””

It is unclear how long engineered T cells can in principle protect
against AIDS given their limited lifespan. Therefore, several groups
are focusing on deleting CCR5 in HSCs, as these have self-renewal ca-
pacity to remain present as stem cells and can give rise to all cells of
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the hematopoietic lineage.'”® HSCs would for example also give rise
to CD4" myeloid cells, which are also susceptible to HIV infection.'”’
CCR5 disruption by ZFNs was achieved in human CD34" HSCs, and
these cells were able to engraft in immunosuppressed or immunode-
ficient mice.”’’~*%% In addition, infusion of CCR5-modified HSCs re-
sulted in reduced plasma HIV levels in mouse models when
compared to unmodified HSC infusions.””> Currently, two clinical
trials are recruiting patients to test this strategy using either ZEN*"
or CRISPR-Cas9.”"*

The previous strategies involve supplying patients with HIV-resistant
cells to diminish the effect of HIV on the immune system. Alterna-
tively, CAR-T cells that are redirected toward HIV-related proteins
can be applied to actively attack T cells that are infected by the vi-
rus.””” Via gene editing, CCR5 might be disrupted in the CAR-T cells
to prevent HIV from infecting these cells. Multiple clinical trials are
planned or ongoing for CAR-T cells as a treatment option for HIV.
In one of those, ZFNs are applied to disrupt CCR5 in CAR-T cells.”*®

CCR5 disruption will not be efficacious in all patients, since CCR5
might be redundant for cell entry by certain HIV strains.”"”*"
Another disadvantage is the necessity of biallelic knockout of CCR5
to efficiently impair viral reproduction.'****” An alternative is disrup-
tion of the HIV genome itself, which may be especially attractive since
this is not an endogenous sequence and may therefore be less suscep-
tible to off-target effects. Targeted disruption of the HIV genome,
however, faces the challenge of mutational escape. Another challenge
is that HIV-1 forms a stable reservoir in resting CD4" T cells, which
sustains the disease and causes the residual viremia in patients under-
going ART.”'" If the latent reservoir could be directly targeted or acti-
vated, HIV infection could possibly be cured without the requirement
of myeloablative therapy and subsequent HSC transplantation. Mul-
tiple proof-of-principle studies have shown the feasibility of targeting
HIV genomic sequences in infected cells in vitro,”''*'* but the prob-
lems of mutational escape and targeting the HIV latent reservoir have
not been solved to date.”*’

Alternatively, the strategies mentioned above could be realized via
RNAi. CCR5 knockdown by short hairpin RNA (shRNA) in HSCs
or T cells has been readily tested in preclinical studies and is the sub-
ject of a phase I/II clinical trial.”*' Targeting of HIV transcripts by
RNAI has also been tested preclinically.”*' Besides mutational esacape
mentioned above, RNAI faces the additional challenge of transcrip-
tional upregulation of the target in response to knockdown.”””

Exciting preclinical studies have shown the feasibility for applying
gene editing to the engineering of B cells that produce antibodies spe-
cific to a number of viruses, including Rous sarcoma virus (RSV),

influenza virus, Epstein-Barr virus (EBV), or HIV, all of which are vi-
ruses for which there is to date no vaccine available. In the example of

HIV, broad neutralizing antibodies (bNAbs) have been detected in a
small number of infected individuals at ~1-3 years after infection.”**
These NAbs protect against HIV infection. Primary human B cells
have been successfully engineered using CRISPR-Cas9 to produce

NAbs against HIV,””" and a proof of principle using engineered
mouse B cells provided protection against infection with RSV.***

Gene Editing in Hematological Disorders

B-thalassemia and Sickle Cell Disease

B-thalassemia is an autosomal recessive disease with more than 200
known disease-associated variants in the gene coding for the hemo-
globin B chain (HBB), resulting in a clinically variable phenotype.
All of these variants cause reduced or abolished translation of the
HBB protein.””® Approximately 98% of total adult hemoglobin is
composed of hemoglobin A (HbA), which is formed by two B-globin
subunits bound to two o.-globin subunits.””” Reduced expression of
the B-globin subunit results in a relative excess of the a-globin sub-
unit, resulting in precipitation of the a-globin subunit in erythroblasts
and erythrocytes. This ultimately leads to impaired erythropoiesis
and hemolysis, and thus anemia.

Treatment of PB-thalassemia depends on life-long supportive mea-
sures, of which blood transfusion is the main component. B-Thalas-
semia patients either have transfusion-dependent thalassemia
(TDT) or non-TDT (NTDT).”** TDT patients require life-long blood
transfusions for survival, starting at an average age of 2 years for every
2-5 weeks, while NTDT patients need blood transfusions only occa-
sionally or for limited periods of time.**® Regular transfusions place
patients at risk of blood-borne infections, iron overload, and transfu-
sion reactions.”*” In addition, 80% of TDT patients develop long-term
complications.”” Although long-term complications due to iron
overload result in decreased longevity, a life expectancy of over 50
years of age has been estimated.”®' Recurrent therapy, adverse events,
and complications also negatively impact patients quality of life.
Furthermore, treatment of B-thalassemia patients with iron chelation
therapy is essential to reduce iron overload, but it results in consider-
able additional costs. In addition, through alloimmunization, it be-
comes increasingly challenging to find eligible blood products.”*’
The only curative therapy to date is allogeneic HSC transplantation,
provided that a suitable donor is available. An HLA-matched sibling
donor is available in about 30% of cases.”” For the remaining patients
an unrelated HLA-matched donor should be considered, which ap-
proaches success rates of sibling donors. However, for 20%-30% of
patients needing an HSC transplantation (without considering the
underlying disease), no optimal unrelated HLA-matched donor can
be found even with the extensive donor registries that have been es-
tablished in Europe.”” For 5% of patients, no donor could be identi-
fied at all. The alternative of cord blood transplantation from unre-
lated donors, for which HLA matching is less stringent, is less
favorable due to higher rates of graft failure.”** Haploidentical, or
half-matched (e.g., parents or children), stem cell transplantation
seems inferior to HLA-matched unrelated transplantation due to de-
layed restoration of the immune system, although experience is
limited.>*?> Between 2000 and 2010, the European Society for Blood
and Bone Marrow Transplantation Hemoglobinopathy Registry re-
ported treatment outcomes for all HSC transplantations, showing a
2-year event-free survival rate of more than 80% in TDT patients.
However, this study also revealed a 12% overall mortality within 2
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years after allogeneic HSC transplantation and the required (myeloa-
blative) conditioning. In addition, 10% of patients developed severe
acute GvHD, and about 15% of patients developed chronic GYvHD.**

In sickle cell disease (SCD), the B-globin subunit in HbA carries a point
variant that results in the formation of an aberrant form termed hemo-
globin S. The HBB p.Glu6Val variant in combination with the same or
a second HBB disease-associated variant on the second allele leads to
SCD, in which erythrocytes are malformed, resulting in chronic hemo-
Iytic anemia. The malformed erythrocytes can cause acute ischemia
throughout the body due to obstruction of blood vessels, leading to (se-
vere) pain, organ failure, and severe acute vaso-occlusive complications
such as acute chest syndrome or stroke,”*® which can be treated by ex-
change transfusion.””” With this therapy, the patients’ blood is
exchanged with donor blood to lower the percentage of sickle cells.
Chronic transfusions are performed in patients with a history of stroke
to prevent new cerebral ischemic events.”” Possible complications of
frequent transfusions have been described previously. Frequently hos-
pitalized patients, for example due to acute chest syndrome or the need
for intravenous analgesics in the management of acute pain, are treated
with hydroxyurea. These treatments, hospital admissions, acute com-
plications, and many more chronic complications result in reduced
life quality of patients.”” As in B-thalassemia, allogeneic HSC trans-
plantation is the only cure for SCD. Although HSC transplantation
with a product of a related HLA-matched donor seems successful in
most cases, severe complications as described previously are also
seen in SCD.”** Recent improvements in conditioning regimens have
led to reduced intensity treatment without short-term GvHD, but
serious adverse events still occurred.”*”* The experience with other
HSC transplantation sources is scarce in SCD, but it seems inferior
to related HLA-matched donors.”***"!

Curative options that are less toxic than allogeneic HSC transplantation
are required for both B-thalassemia and SCD. As gene therapy allows
the engineering of autologous stem cells, the need for a donor would
be bypassed. Importantly, transfusion of autologous rather than alloge-
neic stem cells strongly reduces the HSC transplantation-related
toxicity.”** Reports of gene therapy using lentiviral vectors to add a
healthy HBB copy to HSCs in vitro for reinfusion purposes have
been published for B-thalassemia®’ and SCD,”** and the first prom-
ising (interim) results of clinical trials have been reported.”*>*** As
the graft must replenish the hematopoietic system through rapid cell

division, an integrative vector, such as lentiviral vectors, is required.
Although vy-retroviral vectors used in the past gave rise to leukemia
through insertional mutagenesis,247 currently used third-generation
self-inactivating lentiviruses have an improved safety profile and
have been used without adverse events in several clinical trials up to
7 years follow-up.”** > Because lentiviral transduction is highly effi-
cient, it provides a strong competitor for gene editing approaches in
strategies involving overexpression of transgenes.

The main strategy under current investigation for clinical application
of gene editing is the induction of endogenous expression of fetal he-
moglobin (HbF). This originated from the observation that co-inher-
itance of hereditary persistence of HbF (HPFH), a benign condition,
reduces symptoms of SCD and P-thalassemia.”*” The situation in
SCD and B-thalassemia is depicted in Figure 3A. In HPFH, HbF pro-
tein production continues into adulthood, whereas under normal
physiological conditions production shifts to adult hemoglobin after
birth. HbF protein contains two subunits of a-globin and y-globin
each, the latter of which are translated from the HBG gene. Persistent
HDbF expression in HPFH compensates for the reduced production of
HbA in B-thalassemia patients. There is a difference in HbF protein
levels among [B-thalassemia patients, and this has been linked to
several genetic variants, with single nucleotide variants (SNVs) in
the BCL11A gene correlating most strongly with HbF expression.”*®
Reduced BCLI1A protein expression is correlated with increased
HbF protein expression, likely because BCL11A suppresses HbF
expression by binding directly to the HBG promoter.”””>** BCL11A
null mice were shown to be unable to downregulate murine embry-
onic globin in erythrocytes, demonstrating the essential role of
BCL11A in repression of HbF expression during development.””’
However, BCL11A knockdown by gene disruption in HSCs results
in impaired engraftment of HSC in mice, illustrating that knockout
of BCLI1A itself is not a feasible strategy to treat B-thalassemia.”’
As BCL11A expression during erythropoiesis is specifically regulated
by the intronic erythroid-specific enhancer,”' disrupting this
enhancer will result in BCL11A knockout during erythropoiesis,
exclusively. This strategy was preclinically tested by using ZFN-medi-
ated gene disruption of the GATAA element of the BCLI1IA
erythroid-specific enhancer in HSCs (Figure 3B).**>*** These cells
achieved robust long-term engraftment in mice and gave rise to
erythroid cells with elevated HbF levels upon ex vivo culture of

. . 0 . Py .
chimeric bone marrow.”*’ Multiple clinical trials are based on a

Figure 3. Gene Editing Str in B-Thal

ia and Sickle Cell Disease

(A) Situation in B-thalassemia and sickle cell disease. The locus control region (LCR) loops to the B-globin gene and B-globin is expressed; however, due to a disease-
associated variant in the B-globin gene there is insufficient expression (B-thalassemia) or malformed (sickle cell disease) B-globin. The transcriptional repressor BCL11A
recognizes the first TGACCA binding sequence, which leads to inhibition of expression of fetal-specific y-globin. (B) In one strategy, CRISPR-Cas9 or ZFNs (not shown) are
used for targeted disruption of the GATAA motif in the intronic erythroid-specific enhancer of BCL11A, which will result in disruption of BCL11A expression during eryth-
ropoiesis and consequently relief of inhibition of y-globin expression. y-Globin will substitute for the lack of B-globin to form functional hemoglobin: HbF. (C) In a related
strategy, the TGACCA recognition site for BCL11A is disrupted using CRISPR-Cas9 or ZFNs (not shown). BLC11A remains expressed but cannot bind to the recognition site
to inhibit the y-globin expression, resulting in relief of inhibition of y-globin expression. (D) In another scenario, the B-globin promotor sequence is disrupted using CRISPR-
Cas9, leading to a loss of binding sites for proteins that repress expression of y-globin and subsequent induction of y-globin expression. (E) Finally, the disease-associated
variant can be precisely corrected using CRISPR-Cas9. While strategies in (B), (C), and (D) will lead to the induction of fetal hemoglobin, the strategy in (E) will lead to

production of adult hemoglobin. Red indicates the result of intervention.
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strategy involving HSCs, of which the intronic erythroid-specific
enhancer of BCL11A is disrupted ex vivo using CRISPR-Cas9 or
ZFNs as a treatment for TDT****** or SCD***** patients. The
long-term effects of infusing such cells are investigated in one clinical
trial.**” Other strategies to increase HbF expression include disrup-
tion of the binding motif for BCL11A (and co-repressive proteins)
within the HBG promoter sequence (Figure 3C)**”*°*** or the in-
duction of a natural occurring variant termed the Sicilian HPFH dis-
ease-associated variant (Figure 3D).””° In the latter variant, the entire
B-globin locus is deleted and the putative 3’ B-globin enhancer is
brought in closer proximity to the y-globin locus. These strategies
have been explored preclinically, but have not (yet) reached clinical
application.

Besides induction of HbF, other applications of gene editing tech-
niques to treat B-thalassemia and SCD have been tested mainly in
preclinical studies. Cai et al.””* showed an approach to correct various
HBB disease-associated variants by inserting a cDNA sequence of
exons 2 and 3 of the HBB gene downstream of HBB exon 1 in vitro
using CRISPR-Cas9 in induced pluripotent stem cells (iPSCs). This
strategy ensured expression of correct B-globin and prevented expres-
sion of the mutated variant in iPSC-derived erythrocytes. Other pre-
clinical studies showed the (HDR-mediated) correction of a specific
disease-associated variant in (iPSC-induced) HSCs to restore
B-globin and thus HbA expression (Figure 3E).””*"*”° One clinical
trial implies to investigate the infusion of autologous, iPSC-induced
HSCs with a directly gene-corrected version of the HBB gene in
B-thalassemia.”*” However, very limited information is provided for
this trial and the exact strategy is not elucidated. Another preclinical
strategy involves the in vitro knockout of a-globin®®' to prevent its
precipitation. No clinical trial has been reported that investigates
this option.

Gene Editing in Hemophilia

Hemophilia A and B are congenital bleeding disorders caused by de-
ficiencies in clotting factor VIII (FVIII) or IX (FIX), respectively.
These diseases have a recessive X-linked inheritance pattern. Protein
substitution therapy (PST) with recombinant clotting factor or pro-
tein derived from donor plasma is currently the main treatment for
these patients.”®” Despite the steep increase in life expectancy and
the improved prevention of arthropathies due to articular bleedings
after introduction of PST, this treatment has its drawbacks.”*>*%
As substituting a deficient protein is not curative, repeated adminis-
tration is required and patients remain at risk of bleedings. In addi-

tion, costs related to PST are considerable.?*? Insertion of a functional

copy of the deficient gene in patient cells could potentially provide a
long-term cure for hemophilia. To this end, in vivo gene therapy by

viral vectors has been applied in multiple phase I clinical trials,”**"
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clinical trials were disappointing.”* For lentiviral transduction, pre-
clinical optimization of ex vivo HSC-mediated lentiviral gene therapy

is paving the way for the first clinical studies.”* In spite of subclinical
effects of targeting muscle cells by AAV vectors in hemophilia, prom-

ising clinical results have been obtained by the use of AAV vectors tar-
geting liver cells.”** Transient liver toxicity and a temporary require-
ment for immunosuppressive therapy were drawbacks of this
strategy.

Currently, gene editing strategies to target liver cells are also being
explored for hemophilia. Sharma et al.*** achieved robust expression
of human FVIII or FIX by integrating the cDNA of either gene into
intron 1 of the albumin locus in primary hepatocytes in vitro and
in hepatocytes of mice in vivo by using AAV-delivered ZFN-mediated
gene editing. Despite the low in vivo genome editing efficiency, gene
expression was achieved by placing the genes under the control of the
highly active albumin promoter. This in vivo gene editing strategy is
currently being investigated in hemophilia B patients in a clinical
trial.”*” A drawback for clinical implementation of such strategy is
the long-term presence of active gene editing components in the liver
of patients and the associated risk of damaging the genome by intro-
ducing double-stranded breaks at off-target loci. This is a serious
concern, as the gene editing machinery delivered by AAV has an ex-
pected presence in the liver of several years, which significantly in-
creases the chance for off-target effects to occur. This highlights the
need for developing more transient ways to perform in vivo gene
editing.

Other preclinical strategies that are under investigation include inser-
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For the clinical translation of gene editing in HSCs, a critical aspect is
to maintain long-term engraftment capacity.”’"”"***" Similar to
most other cells, HDR-mediated gene editing is challenging in
HSCs, as these cells prefer the NHE] pathway. In addition, it has
been found that genetic manipulation of HSCs with gene editing or
viral vectors can reduce their engraftment capacity. This has been
found to be caused by activation of the DNA damage response
pathway, resulting in activation of p53. Transient inhibition of p53
has been found to improve long-term engraftment of HSCs after
gene editing.”** In addition, technical optimizations related to cell
culture, delivery, and use of reagents have resulted in enhanced
long-term engraftment of HSCs after gene editing in xenograft exper-
iments involving transplantation of human HSCs into immunodefi-
cient mice. The clinical testing of long-term engraftment of gene-edi-
ted HSCs in human patients needs further testing.

Gene Editing in Metabolic Disorders

Mucopolysaccharidoses

Mucopolysaccharidoses (MPSs) are monogenic lysosomal storage
diseases (LSDs) in which one of the enzymes involved in the lyso-
somal degradation of glycosaminoglycans (GAGs) is deficient. In
MPS I and II, this concerns the a.-L-iduronidase (IDUA) and idur-
onate-2-sulfatase (IDS) enzymes, respectively. Patients suffer from
multisystemic symptoms and reduced life expectancy that can
vary depending on the type of MPS and the severity of the
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disease-associated variant.’’® The currently available treatment for
MPS I, MPS II, MPS IVA, MPS V1, and MPS VII is enzyme replace-
ment therapy (ERT), in which recombinant enzyme is administered
intravenously. Drawbacks of ERT include the non-curative nature of
the treatment, the requirement of repeated intravenous infusions,
high costs, and ineffectiveness in treating symptoms in bone, carti-
lage, heart valves, and the central nervous system.’””*’* In addition,
generation of antibodies against the recombinant enzyme can inter-
fere with the efficacy of ERT.””” HSC transplantation is currently
applied to treat MPS 1.°%° This relies on the principle that lysosomal
enzymes are secreted and can be taken up by target cells via the
cation-independent mannose 6-phosphate receptor (CI-M6PR). In
HSC transplantation, HSCs and their progeny secrete the enzyme
into the circulation and provide a continuous source of ERT. In
the case of MPS 1, the level of secretion and reuptake provides par-
tial efficacy in target organs. However, HSC transplantation depends
on the availability of HLA-matched donors and can have severe
adverse events such as GvHD, infection, and even death, as
described before.’”® In addition, the therapeutic effect on the skel-
etal abnormalities and neurological symptoms is limited, and for
many other LSDs, endogenous expression levels in HSCs are insuf-
ficient to treat target organs. Therefore, overexpression by ex vivo
lentiviral transduction or gene editing provides (additional) thera-
peutic efficacy. For MPS 1, liposome-mediated delivery of
CRISPR-Cas9 has been successfully applied in vivo and resulted in
increased IDUA expression in newborn MPS I mice.”"" Alterna-
tively, direct gene addition using AAV vectors (without gene edit-
ing) has been shown feasible in preclinical studies for several MPS
types.”!' *'° This strategy is being investigated in multiple clinical
trials, and recent results using intracerebral delivery showed prom-
ising outcomes with respect to treating the neurological decline of
MPS IIIB patients.”"”

Another approach, similar to the approach in hemophilia, is the
site-specific integration of a transgene in the liver by in vivo genome
editing following intravenous administration using AAV as the de-
livery method.”** Most efforts have been made on integrating trans-
genes into the albumin locus. Sharma et al.”** achieved ZFN-medi-
ated insertion of IDUA and IDS in vivo into the albumin locus of
healthy mice, resulting in detectable protein levels in liver lysates.
More recently, ZFN-mediated insertion of human IDS in the albu-
min locus in murine liver in vivo was accompanied by a dose-
dependent rise in circulating enzyme levels.”'® This IDS insertion
caused reduction of GAG levels in tissue and urine samples of
MPS II mice. These results have led to clinical trials investigating
the safety of ascending dose levels of AAV vectors containing com-
ponents required for in vivo ZFN-mediated insertion of IDUA and
IDS genes into the albumin locus of hepatocytes in the liver of MPS
I patients’’” and MPS II patients,”*" respectively. The same draw-
backs as in the hemophilia trial with respect to safety due to the po-
tential introduction of double-stranded breaks in the liver at off-
target locations in the genome apply here due to the long-term
exposure of the patient to the uncontrolled activity of ZNF-medi-
ated double-stranded breaks.

Gene Editing in the Eye

Leber’s Congenital Amaurosis

Leber’s congenital amaurosis (LCA) is an inherited retinopathy in
which severe visual impairment or blindness occurs within the first
months of life.’*' It is a genetically heterogeneous disease that can
be caused by any of more than 20 mutated genes. Based on the genes
involved and the ocular phenotypes, LCA is divided into 13 sub-
1:ypes.322 Currently, there is no treatment for LCA. In clinical trials,
it has already been shown that AAV-mediated gene transfer by sub-
retinal injection resulted in improved visual parameters in patients
with the LCA type LCA2, which is caused by variants in the RPE6
gene.”>’ *”° Retinal dystrophy in LCA was (at least partially) reversed
by the therapy. AAV-mediated gene therapy has also been applied to
other congenital retinopathies.””’

In addition to AAV-mediated gene transfer, gene editing is in devel-
opment for retinopathies. For subtype LCA10, which is caused by
variants in the CEP290 gene,””"*** a clinical trial is currently
open’®’ with the strategy outline below. Gene transfer via viral vec-
tors (especially AAV) is problematic for CEP290 due to the large
gene size. CEP290 encodes a protein that is essential for cilia, which
are microtubule-based, hair-like extensions of cell membranes.”*’ In
photoreceptor cells, cilia are highly specialized into cone- or rod-
shaped segments that act as light sensors and signal transducers.’*
In LCA10, CEP920 disease-associated variants cause (peripheral)
thickening of the retina by an unknown mechanism.’*” The most
common variant is the intronic variant IVS26, which results in the
generation of a cryptic splice site that causes an abrogated protein
product.’*® Preclinical studies had shown that, using subretinal in-
jections of AAV'5 vectors containing the CRISPR-Cas9 gene editing
machinery, it deletion of the cryptic splice site leads to restoration of
canonical splicing and expression of wild-type protein.’*"*** This
concept is used in the ongoing clinical trial.**’ Other preclinical
studies are investigating gene editing strategies for other disease-
associated variants in LCA and other retinopathies.””**** However,
long-term expression of CRISPR-Cas9 in the eye imposes safety
risks, as discussed in approaches for in vivo gene editing in hemo-
philia and MPS I and II.

Conclusions and Future Prospects

Disease-Specific Challenges

The challenges and opportunities of applying gene editing for the
treatment of human disease depend in part on disease-specific as-
pects. In cancer immunotherapy, a major challenge is to specifically
target cancer cells while leaving healthy cells unharmed. Targeting
immune checkpoints with gene editing has been shown to be a prom-
ising strategy, but the clinical feasibility relies in part on the inherent
problem of specificity: by inhibiting a general checkpoint with the aim
to inhibit negative immune regulation, there is a risk of auto-im-
mune-related side effects. Considering the life-threatening nature of
cancer, this disadvantage may be acceptable if survival rates can be
improved and increased toxicity is manageable. Other challenges
include the viability of T cells that have been gene edited ex vivo to
knock out immune checkpoint regulators. These cells do not need
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to be present life-long, but they should have sufficient viability in or-
der to help eliminating cancer cells. If needed, repeated administra-
tion would be an option, but this will increase costs. The development
of a universal ACT would be an elegant solution to the high costs of
preparing autologous or HLA-matched allogeneic gene-edited T cells
for each individual patient, although this approach has the risk of
inducing GvHD.

Application of targeted knockout to viral infection such as HPV
could provide a useful additional treatment option when it comes
to treating the primary tumor. However, a high effciency of gene
knockout is reqired to effectively reduce the tumor, and treating
metastases is not yet possible due to the difficulty to reach target
tissues and to eliminate the HPV virus in a safe and efficient
manner outside the primary tumor. It might be an advantage to
target viral sequences rather than endogenous genomic locations
to reduce the risks of undesired genomic alterations as the result
of gene editing. This could also be a potential advantage for stra-
tegies that eradicate HIV provirus from the genome. In the case of
HIV, disease-specific challenges include the targeting of the
dormant HIV reservoir, and to target HIV strains that do not
depend on CCRS5 for infection.

Ex Vivo Gene Editing

In both genetic disease and viral infection, promising strategies using
ex vivo gene editing lie ahead for disorders that can be cured via the
blood, including hematological disorders, lysosomal storage disorders,
and HIV infection. The main reason for this is the feasibility to target
blood cells such as HSCs or T cells ex vivo and to engraft autologous
gene-modified cells back into patients. This approach relies on the
long-standing experience with successful engraftment of HSCs, which
has nowadays become a standard procedure with a very good safety
profile. In addition, engrafted HSCs can provide a life-long treatment
because they can self-renew to sustain the stem cell population and to
differentiate into the hematopoietic lineage. Because prolonged ex vivo
culture reduces engraftment potential and stem cell properties of
HSCs, fast and efficient methods are required to make ex vivo gene ed-
iting of HSCs feasible for clinical implementation. It remains to be seen
whether ex vivo gene editing for overexpressing proteins will be able to
successfully compete with ex vivo lentiviral transduction of HSCs
when it comes to clinical implementation, because lentiviral transduc-
tion is highly efficient, has been used more than 7 years without

adverse events in several clinical trials, and could be more cost-effec-

tive.”** *°° Strategies that rely on NHE] are inherently more efficient

compared to the HDR-mediated insertion of transgenes, and these
provide promising options for the treatment of HIV infection, by
knocking out the CCR5 receptor, or some genetic disorders such as
B-thalassemia and SCD, by knocking out regulatory elements required
for BCL11A-mediated negative regulation of HbF expression.

Among the many other preclinical developments for using ex vivo
gene-edited HSCs (not covered in this review), the primary immuno-
deficiency diseases (PIDs) represent a promising example.”*>**

These patients usually benefit from allogeneic HSC transplantation

from HLA-matched donors, but these are not always available, and
allogeneic HSCs can induce GvHD. Autologous HSC transplantation
following ex vivo gene therapy employing third-generation lentivi-
ruses is ongoing in a number of clinical trials for Wiskott-Aldrich
syndrome, ADA severe combined immunodeficiency (ADA-SCID),
X-linked SCID, and chronic granulomatous disease (CGD). However,
many PIDs involve genes with a timed and restricted expression
pattern during development and require endogenous expression
levels via the natural promoter rather than overexpression. Gene ed-
iting would be advantageous above lentiviral transduction in these
cases, as it enables precise correction of an endogenous allele to main-
tain endogenous expression levels. There are currently no clinical tri-
als for PIDs reported using gene editing, but promising preclinical de-
velopments may change this in the near future.

Other promising preclinical developments include the ex vivo gene
editing of primary hepatocytes for metabolic disease of the liver. As
a proof of concept, AAV-mediated delivery of CRISPR-Cas9 to
freshly isolated mouse hepatocytes was used, followed by engraftment
into the liver of a mouse model. This concept was applied to treat he-
reditary tyrosinemia in a mouse model to correct a point variant in
the fumarylacetoacetate hydrolase gene using HDR.**” A major chal-
lenge for this approach is the limited engraftment capacity of hepato-
cytes in human liver. In cystic fibrosis, investigators are pursuing gene
editing of stem cells derived from the airways with the ultimate goal of
developing a gene-edited autologous airway stem cell transplanta-
tion.”* Mitochondrial diseases that are caused by disease-associated
variants in mitochondrial DNA form an attractive target for gene ed-
iting.”****" However, gene editing of mitochondrial DNA is even
more challenging than nuclear DNA, and improvements are required
before clinical applications can be considered in the near future.

In all of these possible applications, the ex vivo mode of gene editing
ensures that a quality control can be performed prior to decision-
making of engrafting cells into patients. Reliable methods to assess
undesired genomic alterations are essential, and a shift from methods
that rely on predictions toward unbiased methods will be required.
Quality control should also include functional analysis of cellular
transformation, because rare events that result in formation of tumor-
igenic cells will be very difficult to detect in population-based assays.

In Vivo Gene Editing

In vivo gene editing trials have already started for a number of disor-
ders including lysosomal storage disorders, hemophilia, precancerous
cervical lesions and LCA. This is despite the uncertainties of gene ed-
iting technology with respect to possible off-target effects. This is
particularly important when gene editing technology is introduced
in patients without ways for spatiotemporal control (i.e., means to
confine gene editing to a short time and specific target tissue, for
example by using suicide genes in DNA combined with tissue-specific
delivery, or local administration of gene editing tools as RNA/protein
rather than DNA), such as is the case in trials so far. This means that
gene editing may continue for years inside the patient, which will in-
crease the risk of undesired events with several orders of magnitude
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compared to ex vivo gene editing. For safe future clinical develop-
ment, it will be important to develop ways that can control the activity
of in vivo gene editing by including on and off switches to prevent the
prolonged generation of DNA breaks or by providing the gene editing
machinery in other ways than as DNA. In addition, targeting gene ed-
iting tools specifically to the cells of interest will further increase the
safety by preventing unnecessary targeting events in irrelevant cell

types.

These aspects will also guide ongoing preclinical efforts to develop
treatments for human disease based on in vivo gene editing. Multiple
preclinical developments in different fields are ongoing, and it is
beyond the scope of this review to cover these. As examples we mention
metabolic disorders that are amenable to correction via knockout of a
gene in the metabolic pathway to enable redirecting of metabolism. For
example, severe hereditary tyrosinemia type I was successfully redir-
ected to a more begin tyrosinemia type III form by deletion of the up-
stream metabolic enzyme hydroxyphenylpyruvate dioxygenase in the
liver. The method applied involved intravenous injection of DNA en-
coding Cas9 and sgRNAs in the mouse, which transfected the liver
more efficiently compared to other organs.”’' The same gene was
also targeted in as study on in utero correction of hereditary tyrosine-
mia type I using injection of an adenovirus expressing a base editor and
sgRNA into mouse fetuses via the vitelline vein. In the same study, in
utero knockout of PCSK9 was achieved with the aim to lower choles-
terol levels and the risk of coronary heart disease in wild-type mice.

Precise correction of a point variant in vivo has been demonstrated for
example in a mouse model for phenylketonuria (PKU) using base ed-
itors that were delivered by intravenous injection and that were ex-
pressed via a liver-specific promoter.”*” Gene editing is even applied
in preclinical research to increase the fitness of pig organs for future
xenotransplantation into humans. By knockout of genes that activate
an immune response and retroviral elements, the aims are to generate
organs with reduced hazard of graft rejection and xenozoonosis (an in-
fectious disease transmitted from animal to human), respectively,‘m
The ultimate goal of these efforts is to overcome the shortage of human
organs such as kidneys, hearts, livers, and lungs for transplantation.

Keeping Up with Technological Developments

Finally, it will be important to educate the various stakeholders,
including clinicians, patients, and regulatory institutions. The tech-
nology for gene editing is moving so fast that it is difficult to cope
with all of the developments and their potential benefits and risks. Cli-
nicians need to be educated in order to allow them to judge the feasi-
bility of a clinical trial and whether they are willing to expose their pa-
tients to the novel treatment. Patients rely largely on the information
that is provided by their treating physician. The prospect of a “cure”
via gene repair may be tempting for a patient, and therefore providing
balanced and fair information by the physician on the possible bene-
fits and risks provides an essential ingredient for decision-making.
The same arguments apply to regulatory institutions, as these will
approve or decline clinical protocols and finally market authorization.
While the scientific developments in the field of gene editing are

continuing with dazzling speed, it will be important to provide edu-
cation in the field and to closely monitor and regulate clinical
developments.

In this review, we compiled all current clinical applications of gene
editing and explained the rationale for the underlying strategies. In
addition, we summarized preclinical studies that preceded clinical tri-
als and provided examples of preclinical work that might be trans-
lated in a clinical setting in the future. As most other reviews focus
on specific areas involving gene editing applications, we envision
that centralized information on gene therapies will increase awareness
of clinicians and researchers in the field of gene therapy outside their
specific field of interest, and that this might catalyze new develop-
ments. We propose that clinical applications of gene editing in general
will be documented in an accessible and transparent manner. We
hope that this review precedes the discussion of a central database
that includes relevant information of the clinical studies applying
gene editing, as well as the underlying considerations with respect
to the mechanism of action, safety, and expected results. Ideally,
this information should be contributed by investigators involved in
these clinical trials, peer-reviewed by experts in the field, and made
publicly available prior to the start of such trials. Preferably, an anal-
ysis of risks and benefits of gene editing for a specific disease in the
context of current treatments should be included, contributing to dis-
cussions on technical and ethical aspects of the applications. Such ef-
forts should contribute to increasing transparency and help to inform
stakeholders that are involved in clinical trials involving gene editing.
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SUMMARY

Although skeletal muscle cells can be generated from human induced pluripotent stem cells (iPSCs), transgene-free protocols include
only limited options for their purification and expansion. In this study, we found that fluorescence-activated cell sorting-purified
myogenic progenitors generated from healthy controls and Pompe disease iPSCs can be robustly expanded as much as 5 x 10''-fold.
At all steps during expansion, cells could be cryopreserved or differentiated into myotubes with a high fusion index. In vitro, cells
were amenable to maturation into striated and contractile myofibers. Insertion of acid a-glucosidase cDNA into the AAVS1 locus in iPSCs
using CRISPR/Cas9 prevented glycogen accumulation in myotubes generated from a patient with classic infantile Pompe disease. I vivo,
the expression of human-specific nuclear and sarcolemmar antigens indicated that myogenic progenitors engraft into murine muscle to
form human myofibers. This protocol is useful for modeling of skeletal muscle disorders and for using patient-derived, gene-corrected

cells to develop cell-based strategies.

INTRODUCTION

Although over 700 human genetic disorders are known
that affect skeletal muscle (Kaplan and Hamroun, 2015),
very few therapies are available. Skeletal muscle nonethe-
less has a high capacity for regeneration after injury (Bagh-
dadi and Tajbakhsh, 2017; Bursac et al., 2015; Dumont
et al., 2015). Muscle regeneration is mediated by satellite
cells (SCs) (Lepper et al., 2011; Murphy et al., 2011; Samba-
sivan et al., 2011); i.e., adult stem cells located between the
sarcolemma and the plasma membrane (Mauro, 1961) that
are quiescent in healthy, uninjured muscle. Upon injury,
SCs expand to contribute to fiber formation and to self-
renew the SC pool.

SCs are considered useful for in vitro disease modeling to
investigate molecular mechanisms of disease, test drugs, or
develop cell-based therapies. To decipher molecular mech-
anisms of disease, it is important to generate isogenic con-
trols, given the high variability of gene expression and
functional parameters between individuals (Hockemeyer
and Jaenisch, 2016; Soldner et al., 2011). To develop cell-
based therapy, the ultimate goal is to engraft gene-cor-
rected, autologous cells. However, it has not proved easy
to date to establish robust in vitro disease models for skeletal
muscle disorders, to efficiently restore gene function in
skeletal muscle cells, and to develop cell-based therapeutic
strategies based on muscle regeneration.

Pluripotent stem cells (PSCs) offer a potential source of
skeletal muscle cells. PSCs, including induced PSCs (iPSCs),
are easily expanded and maintain their full stem cell poten-
tial (Takahashi and Yamanaka, 2016). Differentiation of
PSCs to SC-like cells was difficult until the recent develop-
ment of two major strategies, the first involving the induc-
ible overexpression of PAX7, the master transcription
factor for SCs (Darabi et al., 2012). After generation from
human embryonic stem cells and iPSCs, purified SC-like
cells showed capacity for in vitro expansion and differenti-
ation, and also for in vivo engraftment and contribution to
muscle-fiber formation in immunodeficient mice (Darabi
et al, 2012; Magli et al., 2017). The second strategy
involved the use of small molecules to develop transgene-
free differentiation. After using GSK3f inhibition to
activate the Wnt pathway, the basic procedure consists of
treatment with fibroblast growth factor 2 (FGF2) and
culturing in a minimal medium (see Table S1) (Borchin
et al., 2013; Caron et al., 2016; Shelton et al., 2014, 2016;
van der Wal et al., 2017b; Xu et al., 2013). In some cases,
differentiation into the myogenic lineage has been pro-
moted by including BMP4 inhibition (Chal et al., 2015,
2016; Swartz et al., 2016). In others, FGF2 has been replaced
by the Notch signaling inhibitor DAPT (Choi et al., 2016).

Transgene-free protocols can be divided into those that
use fluorescence-activated cell sorting (FACS) purification
(Borchin et al., 2013; Choi et al., 2016; van der Wal et al.,
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2017b) and those that use unpurified cell mixtures or par-
tial purification through preplating (Caron et al., 2016;
Chal et al., 2015; Shelton et al., 2014; Swartz et al., 2016;
Xu et al., 2013) (Table S1). Upon terminal differentiation
in vitro, unpurified/partially purified myogenic progenitors
showed matured myotubes and even myofibers (Chal et al.,
2015, 2016; Swartz et al., 2016). Three reports showed
engraftment of myogenic cells from unpurified cultures
into immunodeficient mice (Choi et al., 2016; Kim et al.,
2017; Xu et al., 2013). Choi et al. (2016) reported that pu-
rification of myogenic progenitors by FACS resulted in
myogenic progenitors that could be expanded 10°-fold.
Upon in vitro differentiation to myotubes, these cells also
showed a low (10%-15%) fusion index (Table S1).

In vivo engraftment of purified myogenic progenitors us-
ing a transgene-free procedure has not been reported so far.
Similarly, it has not been possible yet to expand transgene-
free, purified myogenic progenitors and differentiate and
mature these cells to myotubes with high fusion index.
Recently, we have modified a protocol by Borchin et al.
(2013) for the transgene-free differentiation of human
iPSC into SC-like cells, and used a simplified FACS purifica-
tion procedure that selects C-MET-expressing cells that
are HNK negative (Borchin et al.,, 2013; van der Wal
et al., 2017b). The purified cells could be expanded at least
5 x 107-fold and cryopreserved. At any point during the
expansion, cells could be differentiated into myotubes
with a high (60%-80%) fusion index. We have applied
this protocol to model Pompe disease, which is a progres-
sive inheritable metabolic myopathy caused by deficiency
of acid oa-glucosidase (GAA), resulting in lysosomal
glycogen accumulation (van der Ploeg and Reuser, 2008).
This protocol allowed the quantitative analysis of the ef-
fects of antisense oligonucleotides designed to restore ca-
nonical pre-mRNA splicing of GAA in skeletal muscle cells
from Pompe patients (van der Wal et al., 2017a).

Here, we further explored the expansion capacity and the
in vitro and in vivo potential of myogenic progenitors,
generated from iPSCs in a transgene-free manner and
FACS purified, for the future development of therapies for
skeletal muscle disorders.

RESULTS

Optimization of the Generation of Myogenic
Progenitors from iPSCs

As a starting point, we took the protocol published by
Borchin et al. (2013), which we had modified recently
(van der Wal et al., 2017b). This protocol consists of treat-
ing human iPSCs first with the GSK3p inhibitor
CHIR99021, then with FGF2, followed by prolonged
culturing in minimal medium. The treatment with

CHIR99021 is a critical step, as too-low concentrations
fail to yield myogenic progenitors, while too-high concen-
trations can be toxic. The optimal concentration most
likely depends on the cell culture conditions used. We as-
sume, for example, that the outcome can be affected by
culturing iPSCs with or without feeders.

In our experiments, we cultured iPSCs on y-irradiated
mouse embryonic fibroblasts. To determine the optimal
treatment with CHIR99021, we varied the concentration
and duration of treatment and scored for confluency and
PAX?7 expression (Table S2). The results in two independent
iPSC lines showed that the highest number of PAX7* cells
was induced after 4-5 days at a concentration of 4 pM
CHIR99021 in the absence of toxicity. To avoid any risk
of toxicity in subsequent experiments, we chose 5-day in-
cubation at a concentration of 3.5 pM CHIR99021.

Robustness of the Myogenic Differentiation Protocol
As outlined in Figure 1A, we used primary fibroblast-
derived iPSCs from 15 different donors, applying the
myogenic differentiation procedure in over 50 individual
differentiation experiments. Eight of these iPSC lines
were derived from healthy individuals, while seven were
from patients with Pompe disease. Figure 1B shows robust
generation of PAX7" areas in six examples of healthy con-
trol iPSCs after 35 days of differentiation as described previ-
ously (van der Wal et al., 2017b). During the differentiation
procedure, phase-contrast microscopy showed small col-
onies with a confluency of between 20% and 40% at day
1 (Figure S1A). After 5 days of culture, iPSC colonies had
reached a medium size. At this stage CHIR99021 treatment
was started. After 5 days of incubation, we observed
increased cell detachment, which was attenuated after a
further 3-4 days in FGF2-containing medium. From day
17 onwards, the cells started to proliferate rapidly, and cul-
tures reached complete confluency after 24 days. Multinu-
cleated myotube-like cells were observed between 30 and
40 days. During this differentiation procedure, we observed
similar morphological changes in all iPSC lines (Figure STA
and data not shown).

Differentiation of 59 cultures from a total of 15 donors
yielded an average of 4.26% =+ 3.96% of C-MET"/
Hoechst*/HNK-1" cells (Figure 1C). There were no signifi-
cant differences in the number of C-MET*/Hoechst™ cells
between iPSCs from healthy controls and from Pompe pa-
tients. Sorting differentiation cultures with low levels of
C-MET*/Hoechst*/HNK-1" cells (~0.2% of cells) resulted
in expandable myogenic progenitors whose differentiation
capacity was similar to that of cultures with a high recovery
(>2%) (data not shown). C-MET-/HNK-1* cells were unable
to form myosin heavy chain (MHC)-positive cells after
4 days of differentiation (data not shown). After 24 hr of
plating, sorted myogenic progenitors revealed a rather
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Figure 1. Robustness of Generation

Day -5 Day 0 Day 5 Day 19 Day 35 and Purification of Myogenic Progenitors
iPSC medium GSK3b inhibition FGF2 ITS-X only from iPSCs
(A) Scheme for myogenic differentiation of

Hoechst Merge iPSCs.

(B) Representative examples of PAX7" cells
obtained in the original culture dishes from
six different control iPSC lines that were
differentiated using a 35-day protocol con-
sisting of consecutive treatment with CHIR,
FGF2, and minimal medium (Borchin et al.,
2013; van der Wal et al., 2017b). The other
two control iPSC lines showed similar
patches of PAX7* cells (data not shown).
Red: PAX7* nuclei using immunofluorescent
staining. Blue: nuclei stained with Hoechst.
For images of the plates during this 35-day
protocol see Figure S1A.

(C) Differentiations described in (B) were
purified using a one-step FACS purification
based on selection for C-MET* myogenic
cells and counter selection of HNK1* neural
crest cells (Borchin et al., 2013). Results are
shown for 59 differentiations performed on
iPSCs derived from eight healthy controls
and seven Pompe patients. Each symbol
represents an individual differentiation
experiment. Means are indicated by
horizontal lines. A total number of 24 dif-
ferentiations of control iPSCs and 35
differentiations of Pompe iPSCs were
performed.
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uniform morphology (Figure S1B). These results demon-
strated that the differentiation protocol robustly generated
C-MET*/Hoechst*/HNK™ myogenic cells.

In Vitro Expansion, Differentiation, and Maturation of
Purified Myogenic Progenitors

During 31 days of culture we had previously determined
the proliferation rate of purified myogenic progenitors
derived from two healthy controls and two Pompe patients
(van der Wal et al., 2017b). To further determine expansion
capacity, we determined the expansion capacities of
myogenic progenitors generated from iPSCs from six addi-
tional healthy controls and five additional patients with
Pompe disease. Proliferation rates were observed for all
myogenic progenitor lines that reached 2 x 10'° cells dur-
ing 43 days of expansion (Figure 2A). Cells could be cryo-
preserved with 84% recovery (Figure 2B) without affecting
differentiation capacity (data not shown), and showed
an average cell cycle of 28.9 hr (Figure 2C). After 43 days
of expansion, the proliferation rate diminished, the
morphology of cells changed, and differentiation capacity
decreased (data not shown). This showed that the
myogenic progenitors generated with this protocol could
be expanded by a maximum of 5 x 10''-fold.

Previously we had used a 4-day differentiation protocol
to demonstrate that the differentiation capacity remained
intact during the expansion phase of myogenic progeni-
tors, based on similar fusion indexes (van der Wal et al.,
2017b). Here we extended this analysis to demonstrate
that all myogenic progenitors derived from eight healthy
control and seven Pompe iPSCs retain their capacity to
differentiate into multinucleated myotubes during expan-
sion (Figure 2D). The average fusion index ranged between
20% and 97% and showed no expansion-induced differ-
ences (Figure S2A). Next, we tested whether maturation
to contractile skeletal muscle cells is possible from purified
myogenic progenitors. However, extending culture of
myogenic progenitor-derived myotubes in conventional
differentiation medium (1% ITS-X [insulin-transferrin-sele-
nium-ethanolamine] in DMEM/F12) beyond day 4 of dif-
ferentiation increased cell detachment and death (data

not shown). Supplementation of the myogenic progeni-
tors’ differentiation medium with 0.5%-2% fetal bovine
serum increased the overall survival of the culture but
also increased the proliferation rate of mononucleated
cells, resulting in overgrowth of the cell culture (data not
shown). In contrast, supplementation with 1% knockout
serum replacement supported further differentiation of
myogenic progenitors into skeletal muscle cells for up to
12 days. Longer differentiation resulted in fibers that ex-
pressed fast MHC, MHC, titin, and a-actinin; that showed
patterns of striation (Figures 2E and S2B); and that con-
tracted spontaneously (Videos S1 and S2). This demon-
strated that functional sarcomeres, the strongest evidence
of terminal differentiation, were formed.

Generation of Gene-Corrected Myogenic Progenitors
Using CRISPR/Cas9-Mediated Insertion of a cDNA into
a Safe Harbor

Using gene editing, it is possible to perform genetic correc-
tion of human disease in vitro by placing an extra copy of
the wild-type gene into a so-called safe harbor; i.e., a safe
location of the genome (Hockemeyer and Jaenisch,
2016). As such a strategy relies on homology-directed
DNA repair, which is inefficient, we generated a targeting
construct that allows the selection and subsequent removal
of the selection marker. The generic donor vector is shown
in Figure 3A. As a proof of concept, we chose the PPP1R12C
gene in the AAVSI locus (Figure 3B) (Lombardo et al.,
2011). As well as unique restriction sites that enable clon-
ing of the 5" and 3’ homology arms, the donor vector con-
tains a ubiquitous EFla promoter in front of the cDNA of
interest (flanked by unique restriction sites); a poly(A)
site; and a neomycin selection marker driven by the CAG
promoter flanked by loxP sites, which provide the option
of removing the selection marker by transient expression
of CRE recombinase (Figure 3A).

As proof of principle, we aimed to correct the glycogen
accumulation caused by deficiency of lysosomal acid alpha
glucosidase (GAA) in skeletal muscle cells of Pompe pa-
tients in vitro. To this end, we cloned the native GAA
cDNA in the donor construct. iPSCs were generated from

Figure 2. In Vitro Expansion, Differentiation, and Maturation of Purified Myogenic Progenitor Cells
(A) Proliferation curves of myogenic progenitors derived from 15 iPSC lines derived from healthy controls or Pompe patients, cultured in
proliferation medium. An exponential trend line was plotted and an R? was calculated from all data points, which showed similar pro-

liferation rates for all cell lines.

(B) Recovery of control 1 myogenic progenitors from freezing. Data are means + SD from three independent cultures.

(C) Average cell cycle duration of all cell lines shown in (A). Data are means + SD of all cell lines shown in (A).

(D) After expansion for the number of days indicated on the X axis, skeletal muscle differentiation was induced for 4 days by switching to
differentiation medium. The fusion index was quantified after staining for MHC and Hoechst. Individual values of random fields per cell line
(n = 3-5 fields per cell line) are plotted as symbols. Mean values of all cell lines per expansion period are indicated as horizontal lines.
(E) At day 8 of differentiation, myotubes further matured as indicated by staining for fast MHC, MHC, titin, and a-actinin, a striated
pattern, and spontaneous contractions (see Videos S1 and S2). Blue, nuclei as stained with Hoechst.
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a patient with classic infantile (CI) Pompe disease (the most
severe phenotype, which is characterized by complete defi-
ciency of GAA enzyme activity), and co-transfected the
donor vector containing the GAA ¢DNA with vectors
that expressed a guide RNA targeting the AAVS1 locus
and a human codon-optimized Cas9 nuclease. After selec-
tion with G418, an average of 200 colonies were obtained
per 2 x 10° cells, suggesting a targeting frequency of
1 x 10~*%. Twenty-nine colonies were picked and geno-
typed using two PCR strategies (Figure 3C). With PCR
primer set 1, the untargeted allele yields a product of
749 bp, while the targeted allele yields a product that is
too large to be amplified under the conditions employed.
With primer set 2, insertion of the GAA cDNA at the correct
location is detected. The results with primer set 2 showed
that 27/29 colonies had inserted the GAA cDNA at the
desired location. With primer set 1, 28/29 colonies showed
that the second allele had not been targeted. One colony
(clone 4) contained two targeted alleles. iPSCs from clone
4 were expanded, and the correct integration site was
further validated at the 3’ site using primer set 3 (Figure 3D).
iPSCs from clone 4 were expanded, and myogenic progen-
itors were generated and compared with myogenic progen-
itors from the original iPSC line before gene editing.
Myogenic progenitors from these lines were purified,
expanded, and subjected to myotube differentiation.
Similar differentiation capacities and fusion indexes were
observed before and after gene editing (Figure 3E). RT-qPCR
analysis showed the absence of GAA mRNA expression in
the untargeted Pompe myotubes; this was caused by
mRNA decay following a frameshift in both alleles (GAA ge-
notype c.525del/c.525del). In the gene-edited myotubes,
GAA mRNA expression had been restored 5.5-fold over
levels in healthy control myotubes (Figure 3F). GAA
enzyme activity measurements showed complete restora-
tion of GAA activity in the gene-edited myotubes to levels

that were ~3-fold higher than those of healthy control my-
otubes (Figure 3G). Myotubes from the CI Pompe patient
showed accumulation of glycogen that was restored in
the gene-edited myotubes to the levels of healthy control
myotubes (Figure 3H). Altogether, these results demon-
strate the feasibility of combining gene editing in iPSCs
with the myogenic differentiation protocol to generate
gene-corrected skeletal muscle cells.

Expression Profiling of iPSC-Derived Myogenic
Progenitors

To characterize myogenic progenitors, we used RNA
sequencing (RNA-seq) to perform genome-wide mRNA
expression analysis. Profiles from purified, expanded
(~15 days) iPSC-derived myogenic progenitors from
healthy controls were compared with publicly available
datasets (see Table S3) on cell types of different lineages,
including adult SCs (FACS purified), myoblasts/myosatel-
lite cells (prepared using preplating), neuronal cells, chon-
drocytes, cardiomyocytes, hepatocytes, embryonic stem
cells, smooth-muscle cells, mesenchymal stem cells, and
fibroblasts (Figure 4A). The “new Tuxedo” pipeline (Pertea
et al, 2016) was used. Spearman correlation analysis
showed that profiles of two independent biological repli-
cates of myogenic progenitors from independent individ-
uals clustered together, indicating that these cells
contained similar and defined gene expression profiles
(Figure 4, myogenic progenitors from the present study
are indicated in green). The profiles of myogenic progen-
itors clustered away from all other cell types, while the
profiles of the adult quiescent and activated muscle
stem cells showed an early split from all other profiles.
A total of 1,852 out of 13,193 genes were differentially
expressed between activated muscle stem cells
and myogenic progenitors (false discovery rate < 0.01;
Table S5). The dissimilarity between quiescent and

Figure 3. Gene Editing in iPSCs Restores the Pompe Disease Phenotype in Skeletal Muscle Cells In Vitro
(A) Generic construct for insertion of a cDNA in a safe harbor following CRISPR/Cas9-mediated targeting.

(B) The construct shown in (A) was tailored to express GAA in the AAVST locus. After transfection into iPSCs from a classic infantile (CI)
Pompe patient, G418 selection was used, and single colonies were picked.

(C) Genotyping was performed using PCR. Primer sets 2 and 3 amplified a product that is only present in correctly targeted clones, while
primer set 1 spanned the insertion site to give a product only in the absence of targeting. With primer set 1, 28/29 clones were positive,
indicating that most clones also contained an untargeted allele; with primer set 2, 27/29 clones were positive, indicating that most clones
showed efficient targeting of at least one allele.

(D and E) (D) One clone (#4) showed targeting of both alleles, which was validated using primer set 3, and was differentiated into
myogenic progenitors for further analysis. Myogenic progenitors were generated from healthy controls, a CI Pompe patient (CI Pompe),
and the isogenic, gene-corrected, CI Pompe patient (CI Pompe rescue). Myogenic progenitors were purified, expanded, differentiated for
6 days into myotubes, and the fusion index was determined (E).

(F-H) Myogenic progenitors were analyzed for GAA mRNA expression at day 4 (F); GAA enzyme activity at day 4 (G); and glycogen
accumulation at day 6 (H). GAA mRNA expression was measured by RT-qPCR using primers spanning exon 1-2. GAA enzyme activity was
measured using the 4-methylumbelliferone assay. Glycogen accumulation was measured biochemically. To deplete cytoplasmic glycogen,
cells were cultured in glucose-free medium for the last 24 hr, as described in Bergsma et al. (2015). For (F, G, and H), data are means + SD of
two independent (healthy control) or three independent (CI Pompe disease and rescue) cultures. Two-tailed Student’s t test: ***p <0.001.
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activated muscle stem cells from myosatellite cells and
primary myoblasts can be explained by the fact that the
former cells were FACS purified, while the latter cells
were obtained using preplating and probably contained
contaminating cell types. KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway analysis of genes that
were differentially expressed in myogenic progenitors
relative to activated muscle stem cells showed enrichment
of the AMPK, MAPK, and ErbB signaling pathways in
myogenic progenitors (Figure S2C). These pathways
have been involved in cell cycle regulation, muscle regen-
eration, and/or satellite cell function (Charville et al.,
2015; Golding et al., 2007; Theret et al., 2017). Overall,
this suggests that the myogenic progenitors were dissimi-
lar from the other cell types tested and contained a
defined mRNA expression profile.

To assess the purity of the myogenic progenitors, we used
the datasets shown in Figure 4A to examine the expression
of markers for pluripotent cells (POU5SF1, NANOG,
and LIN28A), neuronal cells (SOX2, GFAP, and MAP2),
and chondrogenic cells (SOX5, COMP, and ACAN). None
of these markers were expressed in the purified iPSC-
derived myogenic progenitor cultures, suggesting that
contaminating cells from the lineages tested were absent
(Figure 4B).

In earlier work we showed that, upon expansion, purified
iPSC-derived myogenic progenitors express several
myogenic markers, including the MyoD protein (van der
Wal et al., 2017b). To examine PAX7 protein expression
during in vitro expansion and differentiation, we used a
PAX7 antibody to perform immunofluorescent analysis.
Under proliferating conditions, expanded myogenic pro-
genitors (~25 days) from two independent iPSCs expressed
PAX7 in a subset of cells (Figure 5A). Although myogenic
progenitor cultures contained a stable ~3% of PAX7* cells
during the majority of the expansion period, the percent-
age of Pax7* cells started to decline at day 39 (control 1)
or day 28 (control 2) (Figure 5B). After differentiation to
myotubes, PAX7" cells remained present in the culture (Fig-
ure 5C and data not shown). These results indicate that,
during expansion, a subset of iPSC-derived myogenic pro-
genitors continue to express markers of SCs during both
proliferation and differentiation.

In Vivo Myogenic Potential of Myogenic Progenitors
To test the capacity of purified and expanded myogenic
progenitors to engraft and contribute to muscle regenera-
tion in vivo, we performed cell transplantations in tibialis
anterior (TA) muscles of NSG immunodeficient recipient
mice that had been pre-injured with BaCl,. Analysis of
engraftment was performed 4 weeks after transplantation.
Using human-specific epitopes (Lamin A/C, Spectrin, and
Dystrophin; for controls, see Figure S3A), we observed
that myogenic progenitors that had been expanded for
3 days were able to engraft and participate in the formation
of new myofibers (Figure 6A). In addition, myogenic pro-
genitors were engrafted after longer periods of expansion
(6 and 11 days), and at different cell concentrations
(2.5 x 10° to 1 x 10°, healthy control 1 line) (n = 6 mice)
(data not shown). Quantification of the number of Spec-
trin® fibers showed that cell engraftment efficiency was
35-58 fibers/section, with 87-127 Lamin A/C* nuclei/sec-
tion (Figure 6B, using two independent cell lines: control
1 and control 5). Lamin A/C* nuclei were found within my-
ofibers and in the interstitium. A subset of Lamin A/C*
nuclei was found at a satellite cell position (Figure S3B
top); however, very few of those were Pax7* (Figure S3B
bottom). The location of Lamin A/C* nuclei was as follows:
~45% was found within human Spectrin* myofibers, sug-
gesting that these contributed to myofiber formation (Fig-
ure 6C); 25%-36% was found in the interstitium (Fig-
ure S3C); the remaining 23%-40% was found within
Spectrin™ myofibers, which may indicate that in those
(multinucleated) fibers mouse nuclei were dominant.
These results demonstrate the engraftment potential and
regenerative capacities of expanded myogenic progenitors
and their participation in muscle regeneration in vivo.

DISCUSSION

In this study, we have characterized FACS-purified
myogenic progenitors for their applicability in vitro and
in vivo, and provide a detailed protocol to generate these
cells. The principle of the procedure and its possible appli-
cations are shown in Figure 7. We showed that it is possible
to reproducibly generate myogenic progenitors from 15

Figure 4. Molecular Profiling and Purity of Myogenic Progenitors

(A) Purified myogenic progenitors have a myogenic gene expression signature. Heatmap showing a comparison of genome-wide mRNA
expression (as measured by RNA-seq) from myogenic progenitors and publicly available datasets. Purified myogenic progenitors from two
healthy control iPSCs were included: cells were either expanded for ~15 days in proliferation medium or differentiated for 4 days.
Published datasets are listed in Table S3. Datasets were analyzed using the “new Tuxedo” pipeline as described in Pertea et al. (2016).
Spearman correlations are shown. Datasets generated in this study are indicated in green.

(B) Purified myogenic progenitors do not express pluripotency markers (POU5F1, LIN28A, and NANOG), neuronal markers (S0X2, GFAP, and
MAP2), or chondrogenic markers (S0X5, COMP, and ACAN). Data were extracted from (A). Data are means + SD of two independent cultures

per cell line.
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Figure 5. PAX7 Expression during In Vitro Proliferation and Differentiation of Purified Myogenic Progenitors

(A) Purified myogenic progenitors from two healthy control iPSCs were expanded for ~25 days in proliferation medium and stained with a
PAX7 antibody and Hoechst to stain nuclei.

(B) Quantification of PAX7" cells during expansion of myogenic progenitors from the two healthy control iPSCs shown in (A). Data are
means =+ SD of n = 5 fields per point.

(C) Myogenic progenitors were differentiated for 6 days to myotubes. Immunofluorescent analysis was performed using a PAX7 antibody
(in red) or an MHC antibody (in red) to monitor myotube formation, as indicated. Nuclei were stained with Hoechst (blue).

iPSC lines that were derived from different donors. As we 31 days without losing differentiation capacity (van der
have shown previously, 4 x 10* sorted myogenic progeni- ~ Wal et al., 2017b). Our current data show that the period
tors could be expanded to as much as 1 x 10'? cells within ~ during which myogenic progenitors can be expanded can
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Figure 6. In Vivo Myogenic Potential of
Purified Myogenic Progenitors Following
Engraftment in Immunodeficient Mice
(A) Twenty-four hours before trans-
plantation, the TA of NSG mice was injured
using BaCl,. Myogenic progenitors were
administered using intramuscular injection
of 5 x 10° cells. Four weeks after trans-
plantation, engraftment was determined by
immunohistochemistry of human-specific
Lamin A/C and Dystrophin or Spectrin
(white or red) and multi-species Laminin
(green) on consecutive cross sections.

(B and C) (B) Quantification of Spectrin®
muscle fibers and Lamin A/C" nuclei and (C)
the percentage of Spectrin™ fibers relative to
the total number of Lamin A/C* nuclei per
section of each biological replicate. Data in
(B) and (C) are means + SD (n = 2 TAs
transplanted per line used. Each replicate
was transplanted in different mice). All
sections were counterstained with Hoechst
(blue). Scale bars represent 100 um, and
50 pm on insets.
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be extended to up to 43 days. After ~50 days of expansion,
changes in morphology and proliferation rate suggested
the initiation of a senescent phenotype. It is therefore
likely that, during the expansion, myogenic progenitors
slowly progress to a myoblast-like phenotype, a cell
type that is known to undergo replicative senescence dur-
ing passaging (Bigot et al, 2008). After 43 days of
culture, myogenic progenitors had expanded as much as
5 x 10''-fold (the maximum value obtained), allowing
the generation of at least 2 x 10'® cells, which should be
sufficient for subsequent analyses, including high-
throughput screenings and engraftment studies.

We generated a generic donor construct that can be used
for precise and highly efficient gene correction. The selec-
tion of positive clones is facilitated by its inclusion of a se-

o
Q\@\
IS

lection marker. The option of removing the selection
marker using transient CRE recombinase expression may
be useful in future in vitro and in vivo applications. A prereq-
uisite for the strategy of inserting a wild-type copy of a
cDNA of interest is that overexpression of the transgene
product should not be harmful; if it is, the choice of
promoter that drives the transgene should be optimized.
Overexpression of a transgene is expected to benefit the
development of cell-based therapeutic strategies. In the
case of skeletal muscle, which consists of multinucleated
cells, it can be envisioned that overexpression in a subset
of engrafted myonuclei that become part of the syncytium
of the affected myofibers would cross-correct part of the
myofiber. If the transgene product is secreted, as GAA
is secreted in Pompe disease, overexpression potentially
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Figure 7. Cartoon Highlighting the Ap-
plications of Myogenic Progenitors
Described Here

Human iPSCs derived from healthy controls
or patients are used as starting cells. Gene
correction is applied to iPSCs using CRISPR/
Cas9-mediated insertion of a cDNA into
a safe harbor. Original or gene-corrected
iPSCs are differentiated into the myogenic
lineage using a 35-day transgene-free pro-
tocol. Myogenic progenitors are purified
using a 1-step FACS procedure, and are then
expanded (up to 5 X 10''-fold) and cry-
opreserved. During expansion, purified
myogenic progenitors are differentiated
in vitro into myotubes with high fusion in-
dex, and show striation and spontaneous
contraction upon in vitro maturation. Upon
engraftment in immunodeficient mice,
purified and expanded myogenic pro-
genitors form human mononuclear cells and
contribute to myofiber formation in vivo.
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results in cross-correction of neighboring myofibers (Zaret-
sky et al., 1997).

Both iPSC-derived myogenic progenitors and SCs express
PAX7 during in vitro proliferation and differentiation, and
contribute to myofiber formation after intramuscular
engraftment in immunodeficient mice in vivo. We showed
that, upon optimization of the differentiation process
using defined medium conditions, the cells not only
expressed fast MHC, a-actinin, and titin but also formed
functional sarcomeres, thereby allowing spontaneous con-
tractions. These data revealed enhanced maturation
compared with that found in our previous report (van der
Wal et al., 2017b) and showed that it is possible to generate
mature myofibers from purified iPSC-derived cultures. The
formation of myogenic progenitors from Pompe patient-
derived iPSCs was not hampered by the underlying disor-
der, and we expect that this approach can be used to model
other disorders that affect muscle cells. It remains to be
determined whether, as Chal et al. (2015) report, purified
myogenic progenitors have the capacity to differentiate
into millimeter-long skeletal muscle cells with PAX7* cells
embedded between the sarcolemma and the basal lamina.

It is essential for the development of stem cell-based ther-
apies that the transplantable cell preparations are highly
pure and well characterized before transplantation in hu-
man patients can be considered. The development of tech-
niques for the expansion and manipulation of pure
myogenic progenitor populations ex vivo is therefore critical
to the further development of this field. In this paper we
have provided evidence for the successful engraftment of
myogenic progenitors in pre-injured muscles of mice over
a period of 4 weeks post-transplantation. The efficiencies of
engraftment of mononuclear cells and their contribution
to myofibers were comparable with those recently obtained
using inducible PAX7 overexpression (Magli et al., 2017).
Transplanted myogenic progenitors demonstrated their abil-
ity to regenerate injured muscle, as was shown by the detec-
tion of centrally located lamin A/C* human nuclei, a charac-
teristic perceived only in fusion-competent myoblasts.

Future studies should identify the stem cell properties of
transplanted human myogenic progenitors that allow
transplanted donor cells to make a long-term contribution
to muscle regeneration. This would provide researchers
with novel tools that would help them make progress in
the development of muscle stem cell therapies for treating
muscle-wasting diseases.

EXPERIMENTAL PROCEDURES

Ethics Approval and Consent to Participate

The Institutional Review Board approved the study protocol, and all
patients provided written informed consent. All animal experiments
were approved by the animal experiments committee DEC-Consult.

Culture of Myogenic Progenitors

Myogenic progenitors were expanded in myogenitor progenitor
proliferation medium consisting of DMEM high glucose (Gibco,
‘Waltham, MA) supplemented with 10% fetal bovine serum (Hy-
clone, Thermo Scientific, Waltham, MA), 1% penicillin-strepto-
mycin-glutamine (P/S/G) (Gibco, Waltham, MA), and 100 ng/mL
FGF2 (Prepotech, Rocky Hill, NJ) on extracellular matrix-coated
dishes (1:200 diluted, Sigma-Aldrich, E6909). For splitting,
myogenic progenitors were detached with TrypLe reagent (Gibco,
Waltham, MA) diluted 2x with PBS (Gibco, Waltham, MA).
For cryopreservation, myogenic progenitors were detached as
described above, and after centrifugation the cell pellet was resus-
pended in myogenic progenitor proliferation medium supple-
mented with 10% DMSO. Standard cell culture techniques were
used for the freeze and thaw procedure.

RNA Isolation and RNA-Seq

Myogenic progenitors were expanded for ~15 days and har-
vested either in proliferation conditions or after 4 days of differ-
entiation as described previously (van der Wal et al., 2017b).
RNA was extracted using the RNeasy minikit with DNase treat-
ment (QIAGEN, Germantown, MD). Sequencing libraries were
prepared using TruSeq Stranded mRNA Library Prep Kit
(Illumina, San Diego, CA) according to the manufacturer’s in-
structions. Libraries were sequenced on a HiSeq2500 sequencer
(Ilumina, San Diego, CA) in rapid-run mode according to the
manufacturer’s instructions. Reads 50 bp in length were gener-
ated. The RNA-seq datasets listed in Table S3 were downloaded
and aligned with the datasets generated in this study using
the new Tuxedo pipeline as described by Pertea et al. (2016).
Shortly, RNA-seq data were aligned using Hisat2 (version
2.1.0) to hg38 from University of California, Santa Cruz. The
alignments were converted to BAM format using Samtools
(version 1.3.1). Then, StringTie was used to quantify transcript
expression levels according to the reference transcripts. For
KEGG analysis, gene expression was quantified using StringTie
with the -e option.

Maturation of Myogenic Progenitors into Skeletal
Muscle Cells

When myogenic progenitors reached 90% confluence, cells were
switched to myogenic progenitor differentiation medium contain-
ing DMEM high glucose supplemented with 1% P/S/G, 1x ITS-X,
and 1% knockout serum replacement (all Gibco). Medium was
not refreshed during differentiation and cells were harvested at
6 days, 8 days, or 12 days.

Construction of Donor Vector

To generate the generic donor vector for the overexpression of the
gene of interest via CRISPR/Cas9-mediated knockin, we used the
PCAGEN and pEF-GFP vectors (available on addgene: #11160
and #11154) as starting points. The neomycin selection cassette
was introduced via PCR amplification into the pCAGEN vector, de-
stroying the EcoRI and NotI sites. Kpnl and Clal sites were then
added to the Sall site, and loxP and Sful sites were added to the Hin-
dIlI site. In the pEF-GFP vector, a Kpnl site was added to the Sall site
and loxP and Clal sites were added to the HindlIlI site. Vectors were
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combined using the Kpnl and Clal sites. The GAA cDNA was intro-
duced via PCR amplification with EcoRI and Notl fragments. The 5’
homology arm of 700 bp was added via PCR amplification with
Kpnl fragments, and the 3’ homology arm of 972 bp was added
via PCR amplification with HindIIl fragments. All constructs
were validated by sequencing. Cloning details are available on
request.

Glycogen Assay

Myogenic progenitors were differentiated for 6 days in myogenic
progenitor differentiation medium. On day 5 of differentiation,
skeletal muscle cells were starved with differentiation medium
without glucose (DMEM no glucose, Gibco). On day 6, skeletal
muscle cells were detached with a scraper and the pellet was lysed
with ice-cold protein lysis buffer (see Supplemental Experimental
Procedures). Glycogen was measured as described in Bergsma
etal. (2015).

Gene Editing of iPSCs

To select optimal target sites for the AAVS1 locus, single guide
RNA (sgRNA) sequences were designed using the CRISPRscan pro-
gram (Moreno-Mateos et al., 2015). The sgRNA CCACTAGGGA-
CAGGATTGGTGA was expressed from a TOPO vector containing
the U6 promoter (addgene: 41824). Confluent iPSCs on feeders
were pretreated 4 hr before nucleofection with 10 pM Rock inhib-
itor (Y-27632 dihydrochloride, Ascent Scientific, Asc-129). Single
cells were generated from iPSC colonies by incubating with Accu-
tase (Thermo Scientific, Waltham, MA), and 2 x 10° cells were
nucleofected with 4 pg of pCAG-hCAS9-GFP (addgene: 44719),
3 pg of TOPO-sgRNA, and 2 g of donor vector using Amaxa Hu-
man Stem Cell Nucleofector Kit2 (VPH-5022, Lonza, Walkersville,
MD) with program B-016. After nucleofection, cells were recov-
ered in iPSC-conditioned medium (iPSC medium incubated for
24 hr on feeder cells) supplemented with 20 ng/mL FGF2 (Prepo-
tech, Rocky Hill, NJ) and 10 uM rock inhibitor. iPSCs were
selected after 48 hr of nucleofection with 100 ug/mL G-418 (In-
vivogen, San Diego, CA). Approximately 14 days after selection
of the iPSCs, single colonies were picked and genotyped using
primers from Table S4.

Transplantation into NSG Mice

NSG (Jackson Laboratories) mice aged 2-6 months were used for
transplantation studies. Mice (independently of gender) were
anesthetized with isoflurane in oxygen from a vaporizer. Regener-
ation of skeletal muscle was induced by chemical injury. The
endogenous skeletal muscle fibers of the mice were injured by in-
jection with 50 uL of 1.2% barium chloride (BaCl,) into the TA
muscle. Twenty-four hours later, 20 pL of 5 x 10° dissociated cells
were injected into the TA muscle in duplicates (one female and one
male). Transplanted cells in this study were expanded for 3 days.
PBS-injected TAs were used as negative control for cell transplanta-
tions. Mice were sacrificed 4 weeks after cell transplantation, and
their TA muscles harvested. TA muscles were frozen in isopentane
cooled in liquid nitrogen and stored at —80°C until analysis; 10 pm
cryosections were obtained at intervals throughout the entire mus-
cle and were either stored at —80°C for further immunostaining or
were used immediately for PAX7 staining.

Immunofluorescent Stainings

Muscle cryosections were fixed in ice-cold acetone for 5 min, fol-
lowed by a permeabilization step with 0.3% Triton X-100 in PBS
for 20 min. Samples were incubated with a blocking solution of
20% goat serum (DAKO, Santa Clara, CA) and 2% BSA (Sigma-Al-
drich, Irvine, UK) in 0.1% Tween in PBS for 1 hr. Sections
were incubated with primary antibodies mouse anti-human Lamin
A/C (1:100, VP-L550, Vector Laboratories, Burlingame, CA) plus
mouse anti-human Spectrin (1:100, SPEC1-CE, Leica, Wetzlar, Ger-
many) or mouse anti-human Dystrophin (1:150, MABT827, Milli-
pore) co-stained with rabbit anti-Laminin (1:100, L9393, Sigma-Al-
drich, Irvine, UK) overnight at 4°C. Tissue sections were stained
with secondary antibodies goat anti-rabbit (Alexa Fluor 488,
1:500, A-21141, Life Technologies, Carlsbad, CA) and horse anti-
mouse biotin (1:250, BA-2000, Vector Laboratories, Burlingame,
CA) for 1 hr at room temperature, followed by incubation with
Streptavidin 594 (1:500, S-32356, Invitrogen, Carlsbad, CA) for
30 min. Freshly cut tissue was used for PAX7 stainings. Sections
were fixed in 4% paraformaldehyde for 5 min and blocked with
20% goat serum and 2% BSA in 0.5% Triton X-100 in PBS for
1 hr, then incubated with mouse anti-PAX7 (1/20, DSHB), Lamin
A/C, and Laminin in blocking solution for 2 hr at room tempera-
ture. Goat anti-mouse IgG1 Cy3 (1:500, 115-165-205, Jackson
ImmunoResearch), goat anti-mouse IgG2b Alexa Fluor 488
(1:500, A-21141, Thermo Fisher), and goat anti-rabbit Alexa Fluor
647 (1:500, A21245, Invitrogen, Carlsbad, CA) were used in 0.1%
PBST for 1 hr. All sections were incubated with Hoechst nuclear
staining (1:15,000 Invitrogen, Carlsbad, CA) for 10 min and
mounted with Mowiol medium (Sigma-Aldrich, Irvine, UK). Im-
ages were obtained using confocal microscopy (Zeiss LSM 700).

Statistical Analysis

Data represent mean + SD, and p values refer to two-sided t tests.
Multiple groups were tested with one-way ANOVA followed by in-
dividual two-sided t tests. A p value of <0.05 was considered to
be significant. Data showed normal variance and no samples
were excluded from the analysis. Images for quantification were
randomly selected.
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1 (related to Figure 1): Cell morphologies during differentiation of iPSCs into the myogenic
lineage and after purification of myogenic progenitors. (A) Healthy-control iPSCs 3, 4, 5 and 6 were
differentiated using a 35-day protocol consisting of GSK3p inhibition, FGF2 treatment, and a minimal medium
(see Figure 7). Light microscope (4x magnification) images were taken before and during differentiation at the
days indicated. Representative images are shown. (B) One day after FACS purification (described in Figure 7),
light microscope images were taken from myogenic progenitors generated from healthy controls 4, 5 and 6 at a
magnification of 10x and 20x. Representative images are shown.

Figure S2 (related to Figures 2 and 4): Differentiation, maturation of purified myogenic progenitors, and
KEGG pathway analysis. (A) Myosin heavy chain (MHC) staining on 4 days differentiated myogenic
progenitors from healthy controls 3- 8 and Pompe 3 — 7. For images of healthy controls 1 and 2, and Pompe 1
and 2, see van der Wal et al., 2017. Nuclei were stained with Hoechst. Images are representative for each
differentiation. Fusion index during expansion was quantified and data are mean + SD of 3 fields per point. (B)
Staining of matured fibers from myogenic progenitors of healthy control 2. After 6-8 days of differentiation,
cells were stained with Fast MHC, MHC, Titin and a-Actinin antibodies. Nuclei were stained with Hoechst and
are shown in blue. (C) KEGG pathway analysis using DAVID of mapped genes comparing myogenic
progenitors in proliferation phase (MPCs, this study) versus activated muscle stem cells (Charville et al., 2015).
The 10 most significant pathways are shown.

Figure S3 (related to Figure 6): Positive and negative controls for analysis of in vivo engraftment and for
cell contribution to muscle regeneration in vivo. (A) The upper panels show sections from the tibialis anterior
from immunodeficient mice 4 weeks after injection with PBS only. The lower panel shows sections from a
human biopsy of the quadriceps femoris. Sections were analyzed by immunohistochemistry using human
specific Lamin A/C, Spectrin and Dystrophin antibodies (white). (B) Upper panel represent two different
locations of Lamin A/C" nuclei within the same Spectrin® fiber. The human nuclei on a satellite cell position are
indicated with an arrow and the myonuclei with an arrowhead. Lower panel shows a PAX7" (red), Lamin A/C*
(green) nucleus in a Laminin* (grey) muscle fiber. (C) Percentage of Lamin A/C” nuclei present at the muscle
interstitium per section of each biological replicate. Sections that showed engraftment were used for
quantification. Data are mean + SD (n= 2 TAs transplanted per line used. Each replicate was transplanted in
different mice). All sections were counterstained with Hoechst (blue).

SUPPLEMENTARY TABLES
Table S1. Comparison of transgene-free skeletal-muscle differentiation protocols using GSK3p inhibition

Purification protocol Fold . Cr).fopreser Duration Fusnon Engraftment
expansion vation index
(Borchin et
al., 2013) FACS N.R. N.R. 35 days N.R. N.R.
No purification,
(Xu et al., differentiation Yes, unpurified
2013) analysed in original NR. NR. 36 days NR. culture
plate
No purification,
(Shelton et | differentiation
al., 2014) analysed in original N-R. NR. 50 days N-R. N-R.
plate
No purification,
(Chal et differentiation
al., 2015) analysed in original NR. N.R. 50 days N-R. N-R.
plate
No purification,
(Shelton et | differentiation
al., 2016) analysed in original 3x NR. 50 days N-R. N-R.
plate
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Choi et 5 10- Yes, unpurified
:u., 2016) | FACS 10 Yes 045 |5 | caare
(Caronet |, lating 1250x NR 2%6days | NR. | NR
al., 2016) o o o
(afjl;(l)f;) Pre-plating N.R. Yes 35 days N.R. N.R.
No purification,
Swartz et | differentiation
gl., 2016) | analysed in original NR. Yes 36days | NR. NR.
plate
No purification,
Kim et al., | differentiation Yes, unpurified
;017) ' analysed in original N-R. N-R. 50 days N-R. culture ’
plate
(van der 60-
Waletal, | FACS 5x10"x Yes 35 days 80% N.R.
2017)
This study | FACS 5x10"x Yes 35 days 52;4 zjil’_lll’)eunﬁed
N.R: Not Reported O
Table S2. Optimization of CHIR99021 concentration >
0O
Control 1 O
CHIR99021 Days Confluency | PAX7" cells —
3 uM 4 65% 15-10% Q)
3uM 5 50% 7-10% -
3 UM 8 40% 1-2% o~
3uM 10 40% 0%
4 uM 4 85% 30-35%
4 uM 5 100% 35-40%
4 uM 8 75% 30-35%
4 M 10 50% 5-10%
5uM 4 60% 15-20%
5uM 5 70% 20-25%
5uM 8 0% 0%
5uM 10 0% 0%
Control 2
CHIRY9021 Days Confluency | PAX7" cells
3uM 4 95% 1-2%
3 uM 5 100% 2-3%
3 uM 8 90% 3-4%
3 uM 10 95% 3-4%
4 uM 4 95% 10-15%
4 uM 5 95% 9-12%
4 M 3 95% 10-15%
4 uM 10 85% 1-2%
5uM 4 95% 3-5%
5 uM 5 95% 15-20%
5uM 8 50% 7-10%
5uM 10 30% 0%
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Table S3. RNA sequencing datasets used in this study

:ﬁ::ce Accession Abbreviation Reference
ENA ERR975347 Activated Muscle Stem Cell 2 5%}1‘2’)“”6 etal,
ENA ERR975349 Activated Muscle Stem Cell 1 P38 treated 2 gco?;“)““e etal,
ENA ERR975346 Activated Muscle Stem Cell 1 ECO}II?)“”& etal,
ENA ERR975348 Activated Muscle Stem Cell 1 P38 treated 1 gCokllzr)vllle ctal,
NCBI GEO: GSM3024344 | MPCs control 1A This study
NCBI GEO: GSM3024345 | MPCs control 1B This study
NCBI GEO: GSM3024346 | MPCs control 2A This study
NCBI GEO: GSM3024347 | MPCs control 2B This study
ENA ERR975345 Quiescent Muscle Stem Cell 2 gcokll‘;“)‘””e ctal,
ENA ERR975344 Quiescent Muscle Stem Cell 1 g(ojlws“)“”e ctal,
NCBI GEO: GSM3024348 | MPCs 4 days differentiated control 1A This study
NCBI GEO: GSM3024349 | MPCs 4 days differentiated control 1B This study
NCBI GEO: GSM3024350 | MPCs 4 days differentiated control 2A This study
NCBI GEO: GSM3024351 | MPCs 4 days differentiated control 2B This study
NCBI GEO: GSM2452280 | Neural stem cell 1 %"%mh etal,
NCBI GEO: GSM2452281 | Neural stem cell 2 %If%mh etal,
NCBI GEO: GSM2452282 | Neural stem cell 3 %f%mh etal,
ENCODE | ENCBS476ENC Dermal Fibroblast 1 N/A

ENCODE | ENCBS459ENC Mesenchymal stem cell 2 N/A

ENCODE | ENCSR828TEI Primary Myotube 1 N/A

ENCODE | ENCBS018ENC Chrondocyte 1 N/A

ENCODE | ENCLB014ZZZ Cardiomyocyte N/A

ENCODE | ENCBS460ENC Mesenchymal stem cell 1 N/A

ENCODE | ENCSR000CUI Myosatellite cell 2 N/A

ENCODE | ENCSRO00AAG Smooth muscle cell N/A

NCBI SRX689200 Primary hepatocytes 2 %?Z;bara etal,
ENCODE | ENCSR000CUI Myosatellite cell 1 N/A

ENCODE | ENCBS019ENC Chrondocyte 2 N/A

ENCODE | ENCBS475ENC Dermal Fibroblast 2 N/A

ENCODE | ENCBS945YXY Primary Kidney epithelial cell 2 N/A

NCBI SRX673854 Primary hepatocytes 1 %?ﬁgbam etal,
ENCODE | ENCBS007YZP Primary Kidney epithelial cell 1 N/A

ENCODE | ENCSR828TEI Primary Myotube 2 N/A

ENCODE | ENCSR444WHQ Primary Myoblast 2 N/A

ENCODE | ENCBS293AAA Embryonic stem cell 1 N/A
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ENCODE | ENCBS624XJG Embryonic stem cell 2 N/A

ENCODE | ENCSR444WHQ Primary Myoblast 1 N/A

ENCODE | ENCBS485ENC Hematopoietic stem cell N/A
Table S4. Antibodies and primers used in experiments
Name Dilution or Sequence 5'-3' Company Assay
Mouse-anti-MF20 1:50 DSHB IF
Rabbit-anti-Myogenin | 1:100 Santa Cruz (sc-576) IF
Mouse-anti-PAX7 1:100 or 1:20 DSHB IF or IHC
Mouse-anti-a-Actinin | 1:100 Sigma-Aldrich IF

(A7811)
Mouse-anti-Myosin 1:100 Sigma-Aldrich IF
(fast) (M4276)
Mouse-anti-Titin 1:50 DSHB IF
Rabbit-anti-Laminin 1:100 Sigma-Aldrich IHC
(L9393)
Mouse-anti-hSpectrin | 1:100 Leica (SPEC1-CE) IHC
Mouse-anti- 1:100 Millipore (MABT827) | IHC
hDystrophin
Mouse-anti- 1:100 Vector Laboratories HC
hLaminA/C (VP-L550) O
GAA Exon 1-2 fw AAACTGAGGCACGGAGCG IDTDNA RT-gPCR
GAA Exon 1-2 rv GAGTGCAGCGGTTGCCAA IDTDNA RT-qPCR >
Set_1_fw TTCCCAGGGCCGGTTAATGT IDTDNA PCR _8
Set 1 rv GCTCTGGGCGGAGGAATATG IDTDNA PCR ('_D'-
=

Set 2 fw CCTGAGTCCGGACCACTTTG IDTDNA PCR o~
Set 2 rv CACCGGTTCAATTGCCGAC IDTDNA PCR
Set 3 fw GTCTCTCACTCGGAAGGACAT IDTDNA PCR
Set 3 rv TACCCCGAAGAGTGAGTTTGC | IDTDNA PCR

SUPPLEMENTARY METHODS

GAA enzyme activity assay

Differentiated myogenic progenitors were harvested with ice-cold protein lysis buffer (50 mM Tris (pH 7.5)),
100 mM NaCl, 50 mM NaF, 1% Triton X-100 and one tablet Protease Inhibitor Cocktail cOmplete, with EDTA,
(Roche, Penzberg, Germany) for 10 minutes on ice. GAA enzyme activity was measured as described
previously (Kroos et al., 2007). Total protein concentrations were determined with the BCA protein assay kit
(Pierce, Thermo Scientific, Waltham, MA).

qRT-PCR

qRT-PCR was measured with a CFX96 real-time system (Bio-Rad, Hercules, CA). cDNA was diluted 5x or 10x
times and 4 pL was used in a qRT-PCR reaction consisting of a total volume of 15 pL with 7.5 uL iTaq
Universersal SYBR Green Supermix (Bio-Rad, Hercules, CA), 10 pmol/uL forward and reverse primers (Table
S4). Per plate, a standard curve was included with 5 dilutions.

Immunofluorescent analysis of in vitro differentiation

Myogenic progenitors were stained as described previously (van der Wal et al., 2017). Briefly, cells were
permeabilized for 5 minutes with 0.1% Triton X-100 (AppliChem, Darmstadt, Germany) in PBS and blocked
for 30 minutes at room temperature in blocking solution (PBS-T (0.1% Tween, Sigma-Aldrich, Irvine, UK) with
3% BSA (Sigma-Aldrich, Irvine, UK)). Primary antibodies (Table S4) were incubated for 1 hour at room
temperature and diluted into 0.1% BSA in PBS-T, washed with PBS-T and incubated with secondary antibodies
(1:500, Alexa-Fluor-488-a.-mouse, A11001, Alexa-Fluor-594-o.-rabbit, A10474, Alexa-Fluor-488-c.-rabbit,
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A11008, Invitrogen, Carlsbad, CA; or horse anti-mouse biotin, BA-2000, Vector Laboratories, Burlingame,

CA). When a secondary biotinylated antibody was used, cells were washed three times for 5 minutes with PBS-
T and incubated with Streptavidine 594 (1:500, S-32356, Invitrogen, Carlsbad, CA,). The cells were
subsequently washed two times for 5 minutes with PBS and incubated for 15 minutes with Hoechst (1:15000,
Thermo Scientific, Waltham, MA) before imaging.

Generation of induced pluripotent stem cells

Control iPSC lines were previously reprogrammed, characterized and cultured as described in van der Wal et al.
(van der Wal et al., 2017). Healthy control 3 and healthy control 4 iPSCs were a gift from Dr. Mehrnaz and
Prof. Joost Gribnau . Healthy control 2 (previously characterized in (Dambrot et al., 2013)), healthy control 5
(LUMCO0004iCTRL10), and healthy control 8 (LUMCO0030iCTRL12) iPSCs were gifts from Dr. Christian
Freund and Prof. Christine Mummery. Using the MycoAlert™ Mycoplasma Detection Kit (Lonza,
Walkersville, MD), the iPSC lines were regularly tested for contamination with mycoplasma. All results in this
study were obtained with cultures that had tested negative. The identities of cell lines used in this study were
confirmed by DNA sequencing.

Generation and expansion of myogenic progenitors from iPSCs

iPSC cultures in 100 mm dishes were used to initiate myogenic differentiation as described previously (van der
Wal et al., 2017). Briefly, after 5 days of iPSC expansion, differentiation into myogenic progenitors was started
with myogenic differentiation medium (DMEM/F12, 1% Insulin-Transferrin-Selenium-Ethanolamine (ITS-X),
1% penicillin/streptomycin/L-glutamine (P/S/G), all Gibco, Waltham, MA) supplemented with 3.5 pM
CHIR99021 (Axon Medchem, Groningen, the Netherlands) for 5 days; and changed to myogenic differentiation
medium supplemented with 20 ng/ml FGF2 (Prepotech, Rocky Hill, NJ) for 14 days. For the last 16 days, cells
were cultured in myogenic differentiation medium only. Myogenic progenitors were purified using FACS with
anti-C-MET-APC (1:50, R&D systems, Minneapolis MN), and anti-HNK-1-FITC (1:100, Aviv Systems
Biology, San Diego, CA) antibodies; and Hoechst (33258, Life Technologies, Carlsbad, CA) was added to stain
live cells. The c-MET /Hoechst'/Hnk-1" fraction was sorted in myogenic progenitor proliferation (MMP)
medium (DMEM high-glucose supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin/L-
glutamine and 100 ng/ml FGF2) supplemented with 1x Revitacell supplement (Gibco, Waltham, MA) on ECM
(Sigma-Aldrich, E6909)-coated dishes as described (van der Wal et al., 2017).
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CRISPR/CAS9-MEDIATED GENE
EDITING IN HUMAN INDUCED
PLURIPOTENT STEM CELLS
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Genetics, Erasmus MC University Medical Center, 3015 GE Rotfterdam, Netherlands; *Center for Lysosomal and Metabolic

Diseases, Erasmus MC University Medical Center, 3015 GE Rotterdam, Netherlands

Abstract

Human induced pluripotent stem cell (iPSCs) and gene editing technologies have
become broadly accessible in the last few years and are no longer confined to
specialized laboratories. As a result of these developments, both techniques are
becoming increasingly prominent in many fields of biomedical research. The use
of the CRISPR/Cas? platform has proven much less labour-intensive compared to
alternative platforms for gene editing such as TALENs or ZFNs. However, application
of CRISPR/Cas? in human iPSCs can be cumbersome due to the relatively
low efficiency of gene editing in these cells, combined with the requirement of
advanced techniques for culturing human iPSCs. Here we provide protocols for
CRISPR/Cas?-mediated gene editing in human iPSCs for the generation of gene
knock outs, large deletions, and the introduction of a donor template in a safe
harbor.
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1. Infroduction

The discovery that human somatic cells can be reprogrammed into induced
pluripotent stem cells (iPSCs) has boosted research on stem cells, disease modelling,
and regenerative medicine [1-3]. iPSCs can now be generated from a wide variety
of somatic cells that can be obtained in a relatively easy manner, including skin,
blood, urine, hair, and teeth [4-7]. Initial reprogramming protocols were quite
inefficient and methods to culture human iPSCs required time consuming protocols,
thus confining iPSC work to specialized laboratories. Today, improved protocols
for the generation and maintenance of iPSCs have made iPSC technology more
broadly accessible [2, 8, 9]. In addition, the development of improved protocols for
the differentiation of iPSCs into distinct cell types is progressing [4, 5].

Research involving iPSCs is augmented by developments made in the field of
gene editing. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR associated protein 9 (Cas?) has become the gene editing platform of
choice in many laboratories because of its speed, low costs, and relative high
efficiency compared to other gene editing methods such as transcription activator-
like effector nucleases (TALENs) or zinc-finger nucleases (ZFNs). The first clinical trials
involving gene editing are already ongoing [3]. Application of gene editing in iPSCs
enables the infroduction or removal of disease-associated variants, gene knock
outs, large deletions (>1 kb), or the infroduction of cDNAs in a safe harbor (alocation
in the genome that can be safely targeted without adverse cellular effects and
that allows high expression of a transgene) for the generation of disease models
and their isogenic confrols, or for mechanistic studies on gene regulation [10, 11].
The generation of isogenic controls is instrumental in the correction for differences in
genetic backgrounds, which appear to be very large among humans [12, 13]. Other
applications of gene editing in iPSCs include the infroduction of reporter constfructs
to monitor a biological process of interest, for example by using fluorescent proteins,
and research in the field of regenerative medicine, in which patient-derived iPSCs
are gene corrected and its differentiated derivatives are fransplanted into disease
models with the aim to replace tissue that has been lost due the disease [3, 7, 14].
Here we describe gene editing strategies applicable to human iPSCs ufilizing
CRISPR/Cas? for the infroduction of indels (using one single guide RNA (sgRNA)), the
deletion of larger (>1 kb) regions (using two sgRNAs) and the insertion of large donor
templates (using one sgRNA and a universal donor template) in a safe harbor while
maintaining the integrity and differentiation potential of the iPSCs.

A general timeline for gene editing of iPSCs is shown in Figure 1. The time required
from target design to passaging of positive clones typically takes 19 to 33 days,
depending on the application. On average, colonies can be picked around 14 days
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after nucleofection. Usually, DNA can be isolated and used for genotyping after 4-5

days, before the colonies need fo be passaged, but an additional passaging step
may be required to obtain sufficient material for genotyping.

Cloning Passaging positive
construct(s) Plate MEFs colonies
Nucleofecting
Target design iPSC’s Picking colonies DNA isolation & genotyping
| 1 day | 7-21 days 4-5 days | 1-2 days
up to 5 days
Producing conditioned Preparating DNA prep

media
Figure 1. Timeline of gene editing in iPSCs. This protocol is focussed on the use of iPSCs cultured in the
presence of mouse embryonic fibroblasts (MEFs). However, with minor adjustments fo the protocol provided

at the end of thismanuscript, this strategy can also be applied to iPSCs cultured under feeder free conditions.

2. Generation of the targeting plasmid

The targeting plasmid contains the sgRNA that guides the Cas protein to the target
sequence. In silico prediction tools should be used to identify the optimal target
sequence, assessing both on and off-target activity [10, 15]. Once the optimal target
sequence has been determinedinssilico, the presence of this exact sequence should
be verified by Sanger sequencing in the iPSCs that will be used in the experiment.
This is important because the presence of single-nucleotide polymorphisms (SNPs) in
the target sequence will reduce targeting efficiency. Single strand oligonucleotides
can then be ordered, annealed and inserted into the plasmid containing two
Bbsl restriction sites for the sgRNA cloning (Figure 2). Transcription of the sgRNA
is driven by the Ué promotor. To allow efficient transciption, the 20" base of the
guide sequence (5’ from the PAM sequence) should be a guanine, if not substitute
this base with a guanine. We have used the following targeting sequence for the
inserfion of a cDNA in the AAVSI locus: 5'-GTCACCAATCCTGTCCCTAG-3’, using
the donor construct described im section 3 [16].

Materials:
e 10X Annealing buffer (100mM Tris, pH7.5-8.0, 500mM NaCL, 10mM EDTA)
e Forward oligonucleotide (the target sequence and ACCG overhang)
e Reverse oligonucleofide (the target sequence and CAAA overhang)
o Mili-Q water
e Cutsmart buffer (NEB, B7204S or supplied with Bbsl-HF)
e  Bbsl-HF (NEB, R3539)
e pCRI-Bbsl-sgRNAscaffold vector (Addgene, 159352)
e Agarose (Sigma, A9539)
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20-nt targeting sequence

57 - JACCGgXXXXXXXXXXXXXXXXXXX]- 3’
37 - [CXXXXX XXX XXX XXX KXXXXX CAAA-5

Oy

5 - --GAAACACCGGGGTCTTCGAGAAGACICTIGTTTTAGAGCTAG - - 3’
3--CTTTGTGGC[CC AGAAGCTCTTCTGGACAAA{ATCTCGATC-- -5

Bbsl

5’ - --“GAAACACCGXXXXXXXXXXXXXXXXXXXGT TTTAGAGCTAG- - 3’
3’ - CTTTGTGGCEXXXXXXXXXXXXXXXXXXXCAAAATCTCGATC - 5

Figure 2. Scheme for the cloning of the sgRNA sequence into the targeting plasmid. The DNA oligonucleotide
duplex (in green) is formed by annealing two complementary single strand oligonucleotides containing the
target sequence and an overhang. The 20th base of the guide sequence should be a guanine, indicated
by the small g. Using the Bbsl restriction enzyme, the pCRII-Bbsl-sgRNAscaffold plasmid (we designed
this plasmid based on Ran et al. [17]) is digested, producing two asymmetric overhangs (indicated with
the scissors). This allows the oligonucleotide duplex to be inserted unidirectionally into the pCRII-Bbsl-

sgRNAscaffold.

e 10x TAE Buffer (40mM Tris, 20mM acetic acid, TmM EDTA)

e Gel extraction kit (Qiagen, 28704)

e T4 DNA Ligase (NEB, B0202S)

e T4 DNA Ligase Buffer (10X) (NEB, M0202 or supplied with T4 DNA Ligase)

e Heatf shock competent cells (One Shot TOP10, Invitrogen, C4040)

e LB agar plates with 100pg/mL Ampicillin and/or 50pg/mL Kanamycin
selection

e MI13 forward primer (TGTAAAACGACGGCCAGT ) or T7 sequence primer
(TAATACGACTCACTATAGGG)

e Miniprep kit (Qiagen, 27106)
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e Midi or Maxiprep kit (Qiagen, 740410 or 740414)

Procedure:
1. Annedling of the complementary oligonucleotides to form an oligonucleotide
duplex
1. Mix the two single stranded oligonucleotides in equimolar concentrations as
described below

Oligonucleotide annealing mix for 1 reaction

Xul | Forward oligonucleotide (100 um final concentration)
XulL | Reverse oligonucleotide (100 uM final concentration)
2uL | 10X Annealing buffer
Xul | Milli-Q water
20ul | Total volume

2. Efficient annealing can be achieved by one of the two following methods

Oligonucleotide annealing method 1.
*  Prepare and mix oligonucleotides in a 1.5mL microfuge tube.
* Heat to 95°C for 5 minutes in a heating block.
e Turn off the heating block and allow to slowly cool to room
femperature (~45 minutes).
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Oligonucleotide annealing method 2.

* Prepare and mix oligonucleofides in a PCR tube.

e Place the mixture in the thermocycler and use the following PCR
program.

Annealing program

1) |95°C 5:00

2) | 95°C (-1°C/cycle) 2:00
3] | 20°C =

4) |End

3. The resulting oligonucleotide duplex can be stored at 4°C for short term
(one week) or at -20°C for long term (up to 12 months).

2. Digestion of the pCRII-Bbsl-sgRNAscaffold plasmid
1. Perform a restriction reaction with the Bbsl restriction enzyme on the pCRII-
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Bbsl-sgRNAscaffold plasmid as described below:

Bbsl-HF restriction mix for 1 reaction

Xul (~2ug) | PCRI-Bbsl-sgRNAscaffold plasmid
SuL | Cutsmart buffer
Xul | Milli-Q water
2ulL | Bbsl-HF
50uL | Total volume

Incubate the reaction mix for 60 minutes at 37°C.

Run the restriction reaction on a 0.75% agarose TAE gel.

Cut the linearized plasmid (size 4407bp) from the gel using a scalpel. Note:
use a low intensity UV source to visualize the DNA to prevent UV-induced
damage.

Perform a gel extraction to isolate the product following the manufacturer’s
protocol.

Quantify the gel-purified DNA using a spectrophotometer

Ligation of the oligonucleotide duplex into the pCRII-Bbsl-sgRNAscaffold
plasmid

Dilute the oligonucleotide duplex 200-fold in Milli-Q water.

Prepare and mix the T4 DNA ligation mix as described below:

T4 DNA Ligase reaction mix for 1 reaction

2uL | T4 DNA Ligase Buffer (10X)
XuL (50ng) | Digested pCRII-Bbsl-sgRNAscaffold plasmid
2uL | 200 fold diluted duplex oligonucleotfide mix
15-XuL | Milli-Q water
TuL | T4 DNA Ligase
20ul | Total volume

Incubate for 60 minutes at room temperature, overnight at 16°C or 4°C over
the weekend. (include a negative conftrol ligation reaction that lacks the
oligonucleotide duplex).

Transform 10uL of the ligation info competent cells using the heatshock
method according fo manufacturer’s protocol.

Plate the transformed cells onfo LB agar plates with Ampicillin (100pug/mlL)
and/or Kanamycin (50ug/mL) selection and incubate overnight at 37°C.
After overnight incubation, check for the presence of colonies (typically very
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few colonies should be present on the negative control and hundreds of
colonies on the ligation).

7. Pick colonies from the ligation plate and perform a miniprep DNA purification
according to the manufacturer’s protocol.

8. Sequence the clones with the M13 forward primers or T7 primer to verify the
correct insertion of the duplex oligonucleotide.

9. Colonies with a correct insertion can be used for a Midi or Maxi prep
according to the manufacturer’s protocol.

10. The resulting targeting plasmid will be used for further downstream
applications and can be stored at 4°C for short term (one week) or at -20°C
for long term (up to 12 months).

Note that once a target sequence has been infroduced info the pCRI-
Bbsl-sgRNAscaffold plasmid, both Bbsl restriction sites are no longer present.
Therefore, the plasmid containing the sgRNA cannot be reused to clone an
alternative sgRNA.

3. Generation of the donor construct

To generate alarge knock-in, the use of a donor construct is required. The efficiency
of generating a large knock-in is significantly lower than generating an indel or
delefion. Therefore, utilizihg a selection cassette to select for the successfully
targeted clones can reduce the number of negative colonies (Figure 3).

Poly(A) LoxP Poly(A) LoxP
(NG |

Kpnl Kpnl EcoRlI Nsil Hindlll Hindlll
Pacl Notl

Figure 3. Map for cloning of the cDNA insert into the donor plasmid. The EF1a-cDNA-pCAG-Neo plasmid
contains two Kpnl recognition sites flanking the 5’ homology arm and two Hindlll recognition sites flanking
the 3’ homology arms [16]. The cDNA is expressed by the EF1a promoter and is flanked by 5’ EcoRl and Pacl
and 3’ Nsil and Notl recognition sites. The Neomycin selection is driven by the pCAG promotor and enables
the selection of successful targeted cells with G418. If desired, the LoxP sites can be used to remove the

Neomycin selection cassette by transient expression of Cre recombinase in the targeted iPSCs [18].

Materials:
o Milli-Q water
e Cutsmart buffer (NEB, B7204S or supplied with restriction enzyme)
e EcoRI-HF (NEB, R3101)
e Pacl (NEB, R0547)
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Nsil-HF (NEB, R3127)

Notl-HF (NEB, R3189)

EF1a-cDNA-pCAG-Neo vector (the plasmid containing acid alpha-
glucosidase cDNA and AAVS1 targeft sites can be used to clone the cDNA
and target sites of interest [16] and is available upon request.

Agarose (Sigma, A9539)

10x TAE Buffer (40mM Tris, 20mM acetic acid, TmM EDTA)

Gel extraction kit (Qiagen, 28704)

T4 DNA Ligase (NEB, B0O202S)

T4 DNA Ligase Buffer (10X) (NEB, M0202 or supplied with T4 DNA Ligase)
Heat shock competent cells (One Shot TOP10, Invitrogen, C4040)

LB agar plates with 100pg/mL Ampicillin and/or 50pg/mL Kanamycin
selection

Sequence primers for insert

Miniprep kit (Qiagen, 27106)

Midi or Maxiprep kit (Qiagen, 740410 or 740414)

Procedure:

Digestion of the EFla-cDNA-pCAG-Neo plasmid
Perform a restriction reaction with the restriction enzymes on the EF1a-
cDNA-pCAG-Neo plasmid as described below:

Enzyme restriction mix for 1 reaction

XulL (~2ug) | EF1a-cDNA-pCAG-Neo plasmid
Sul | Cutsmart buffer
Xul | Milli-Q water
2ul | EcoRI-HF or Pacl
2uL | Nsil-HF or Notl-HF
50ul | Total volume

Incubate the reaction mix for 60 minutes at 37°C.

Run the restriction reaction on a 1% agarose gel.

Cut the linearized plasmid (size ~9100bp) from the gel using a scalpel. Note:
use a low intensity UV source to visualize the DNA to prevent UV-induced
damage.

Perform a gel exiraction to isolate the product following the manufacturer’s
protocol.

Quantify the gel-purified DNA using a spectrophotometer.
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Ligation of the cDNA insert into the EF1a-cDNA-pCAG-Neo plasmid
Standard cloning techniques can be used to prepare the required cDNA
insert with 5" EcoRI-HF or Pacl and a 3’ Nsil-HF or Notl-HF overhangs (for
example using PCR or ordered as gBlock (IDT)).

Prepare and mix the T4 ligation mix as described below:

T4 Ligase reaction mix for 1 reaction

2uL | T4 DNA Ligase Buffer (10X)
Xul (50ng) | Digested EF1a-cDNA-pCAG-Neo plasmid
XuL | Digested cDNA insert
Xul | Milli-Q water
luL | T4 DNA Ligase
20ul | Total volume

Use the following formula to calculate the required amount of insert in ng:

) i
x molar ratio of ——
vector

ng of vector x size of insert in kb nsert

size of vector in kb

= ng insert

Incubate 60 minutes at room temperature, overnight at 16°C or 4°C over the
weekend. (Remember to include a negative control ligation reaction that
lacks the cDNA insert).

Transform 10uL of the ligation into competent cells using the heatshock
method according to manufacturer's protocol.

Plate the transformed cells onfo LB agar plates with Ampicillin (100pg/mlL)
and/or Kanamycin (50ug/mL) selection and incubate overnight at 37°C.
After overnight incubation, check for the presence of colonies on the agar
plates (typically very few colonies should be present on the negative conftrol
and hundreds of colonies on the ligation).

Pick colonies from the ligation plate and perform a miniprep according fo
manufacturer’s protocol.

Sequence the clones to verify the successful insertion of the cDNA insert.
Colonies with a successful insertion can be used for a Midi or Maxi prep
according to manufacturer’s protocol, the resulting targeting plasmid will be
used for further downstream applications and can be stored at 4°C for short
term (one week|) or at -20°C for long term (up fo 12 months).

Note 1: The plasmid is now ready to serve as donor vector for the insertion of
the cDNA of choice in the AAVS] site. If desired, the cDNA can be inserted
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at a different genomic site of choice. In this case, the homology arms should
be adjusted accordingly using the Kpnl and Hindlll sites for the 5" and 3’
homology arms, respectively. The size of the homology arms is typically 500 bp
to 1kb in length. It is advised fo double check that the targeting sequence is
present without SNPs in the iPSCs used for the experiment, otherwise targeting
efficiency will be reduced.

Note 2: This donor plasmid uses neomycin as a selection marker in iPSCs. Prior
to applying selection with G148, a kill curve should be made for each cell line
to determine the optimal concentration.

4. Generation of conditioned media

Conditioned medium from MEFs is used during and after nucleofection of the iPSCs.
Conditioned medium contains factors that are secreted by MEFs such as growth
factors and extracellular proteins and is harvested every 24 hours (Figure 4). The
conditioned medium is added immediatedly after plating to improve the recovery

of iPSCs from nucleofection.

= .‘~

MEFs \/
Antibiotics free Conditioned medium
iPSC medium

Figure 4. The generation of conditioned medium. Antibiotics-free iPSC medium is added fo MEFs and

harvested after 24 hours for later use.

Materials:
e Irradiated Mouse Embryonic Fibroblasts (MEFs)
e 2% gelatin solution (Sigma, G-1393)
e PBS (Gibco, 70011044)
e Fibroblast growth medium
o DMEM high glucose (Gibco, 11965092)
o 10% fetal bovine serum (Hyclone, 11531831)
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o 1% penicillin-streptomycin-glutamine (P/S/G) (Gibco, 10378016)
e Antibiofics free iPSC medium
o 390mL DMEM/FI12 (Invifrogen, 21331046)
10% KO serum replacement (Invifrogen, 10828)
1% Non-essential amino acids (NEAA) (Gibco, 11140050)
1% Glutamine (Gibco, 25030024)
ImL B-Mercaptoethanol (Invitrogen 31350010)
10ng/mL basic fibroblast growth factors (bFGF) (Preprotech, 100-18B)
(Dissolved in 0.1% BSA/PBS, see manufacturer’s instructions)
e 10 cm tissue culture plate (Greiner Bio-One, 664160)
e 0.45um sterile cell culture filter (Millipore, SLHVRO4NL)

o O O O O

Procedure:

1. Coat a 10cm tissue culture plate with 5mL 0.1% gelatin solution (diluted in
PBS) and incubate for 15 minutes at 37°C.

2. Thaw a cryovial containing the MEFs in a 37°C water bath until almost
completely thawed and gently tfransfer the MEFs to a 15mL tube containing
9mlL fibroblast growth medium using a P1000 pipette.

3. Centrifuge 1 million MEFs at 1000 rom for 5 minutes, remove the excess
medium and resuspend the pellet in 10mL fibroblast growth medium.

4. Seed the MEFs onto the gelatfin coated fissue culture plate and culture at
37°C/5% CO,,.

5. Refresh the media after 8 to 24 hours with antibiotics free iPSC medium.

6. Harvest the media after 24 hours and refresh the MEFs with antibiotics free
iPSC medium. This step can be repeated for up to five days or unftil quality
of the MEFs have been diminished as such they are no longer considered
viable.

Filter the conditioned media with using a 0.45um sterile cell culture filter.

8. Store the sterile conditioned medium at -20°C for short fime storage of -80°C

for long time storage.

Note: Each nucleofection reaction requires approximately 20mL of
condifioned medium.

5. Preparation of the DNA prep (1 day in advance)
Depending on the method of plasmid preparation, an optional co-precipitation of

the plasmids prior to transfection may be performed. This step is recommended to
prevent microbial contamination.
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Materials:

5M NaCl

Milli-Q water

Ice-cold 100% ethanol
Ice-cold 70% ethanol

e SORNA fargeting plasmid (Generated in section 2)
e pCas?_GFP plasmid (Addgene, 44719)
e  Optional: Donor template plasmid (available upon request)

Procedure:

Note: all steps should be performed in a cell culture hood to avoid

contamination and maintain sterility

1. Prepare and mix the DNA prep mix fo a 1.5mL Eppendorf tube as described

below:
Single sgRNA* Double sgRNA** Donor template
insertion***
11.5ug (~2 pmol) 11.5ug (~2pmol) 8.9ug (~1.5 pmol) Cas9 plasmid
8.5ug (~3 pmol) | 4.25ug (~1.5 pmol) 6.7ug (~2.25 pmol) I sgRNA plasmid
- 4.25ug (~1.5 pmol) - 24 sgRNA plasmid
- - 4.4ug (~1 .25 pmol) Donor plasmid
2ul 2ul 2ul NaCl (5M)
XuL Xul Xul Milli-Q water
100uL 100uL 100uL Total volume

* for generating one double stranded DNA break, e.g. to create a knock out
** for generating two double stranded DNA breaks, e.g. to create a large deletion
*** 1o insert a cDNA in a safe harbor

2. Add 250ulice-cold 100% ethanol and precipitate the DNA for 15 minutes at

-20°C.

3. Centrifuge for 10 minutes at 14.000 rcf at 4°C and remove the ethanol, the
plasmids will appear as a small franslucent pellet
4. Wash with 200ul ice-cold 70% ethanol and centrifuge for 10 minutes at

14.000 rcf at 4°C, repeat this once.

5. Remove the excess ethanol from the Eppendorf tube and allow the pellet
to air dry for 15 minutes.
6. Add 20ul of sterile PBS onto the dry pellet, close the tube and let the DNA
resuspend overnight at room temperature.
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7. Transfer 2ul of the DNA prep to a new 1.5mL Eppendorf tube and quantify
the DNA using a spectrophotometer.

6. Plating MEFs

After nucleofection the IPSCs are seeded on fresh MEFs (Figure 5). To allow fime
for the MEFs to adhere to the plate, they have to be plated at least 8 hours
(preferably 24 hours) prior to seeding the nucleofected iPSCs. This protocol is for
one é-well plate but can be scaled accordingly.

7 3

E K 4 ><€!:N >@N
) e ) e ey

\N ¥

Figure 5. Plating of mouse embryonic fibroblasts (MEFs). 1 million cells are divided over all wells of a 0.1%

gelatin coated é-well plate.

Materials:

e Irradiated Mouse Embryonic Fibroblasts (MEFs)
e 2% gelatin solution (Sigma, G-1393)
e PBS (Gibco, 70011044)
e Fibroblast growth medium

o DMEM high glucose (Gibco, 11965092)

o 10% fetal bovine serum (Hyclone, 11531831)

o 1% penicillin-streptomycin-glutamine (P/S/G) (Gibco, 10378016)
e 64-well fissue culture plate (Thermo Scientific, 140675)

Procedure:

1. Coat the é-well tissue culture plate with TmL 0.1% gelatin solution (diluted in
PBS) per well and incubate for 15 minutes at 37°C.

2. Thaw the cryovial containing the MEFs in a 37°C water bath until almost
completely thawed and gently tfransfer the MEFs to a 15mL tube containing
9mlL fibroblast growth medium using a P1000 pipette.
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3. Centrifuge 1 million MEFs at 1000 rom for 5 minutes, remove the excess
medium and resuspend the pellet in 12mL fibroblast growth medium.

4. Seed 2mL of the MEFs suspension per well onto the gelatin coated fissue
culture plate and culture at 37°C/5% CO,,.

7. Nucleofection of iPSCs

The plasmid DNA for the sgRNA, Cas? protein and the donor vector (optional) are
infroduced info the iPSCs using nucleofection (Figure 6).

oo

0004 0
0_0%,

OoO \

iPSC colony Single cell iPSCs

DNA Prep

Single cell plating of nucleofected cells

Figure 6. Procedure for nucleofection of single cell iPSCs for CRISPR/Cas9-mediated gene editing. iPSCs

are dissociated into single cells and mixed with DNA. After nucleofection, cells are plated as single cells at

different densities on MEFs.

Materials:

e Induced Pluripotent Stem cell medium
o 390mL DMEM/FI12 (Invitrogen, 21331046)

10% KO serum replacement (Invitrogen, 10828)
1% Non-essential amino acids (NEAA) (Gibco, 11140050)
1% Penicillin-Streptomycin-Glutamine 100x (Gibco, 10378016)
ImL B-Mercaptoethanol (Invitfrogen 31350010)
10ng/mL basic fibroblast growth factor (bFGF) (Preprotech, 100-18B)
(Dissolved in 0.1% BSA/PBS, see manufacturer's instructions)

O O O O O
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e Nucleofector™ 2b Device (Lonza, AAB-1001)

e Human Stem Cell Nucleofector™ Kit 2 (Lonza, VAPH-5022)

e DNA prep (prepared in section 5)

e Conditioned medium from MEFs (prepared in section 4)

e Accutase (Gibco, A11105-01) or TrypLE (Gibco, 12605010)

e PBS (Gibco, 70011044)

e ROCK inhibitor Y-27632 (Hello Bio, HB2297) or Revitacell Supplement 100X
(Gibco, A2644501)

e Dbasic fibroblast growth factor (bFGF) (Preprotech, 100-18B) (Dissolved in
0.1% BSA/PBS, see manufacturer’s instructions)

e (G418 (InvivoGen, ant-gn-5)

Procedure:

1. Four hours before starting the nucleofection procedure: replace the
medium on the iPSCs with iPSC medium supplemented with 10uM ROCK
inhibitor or 1x Revitacell Supplement.

2. 30 minutes before starting the procedure: replace the medium on the MEFs
with conditioned medium supplemented with 10ng/mL bFGF and 10uM
ROCK inhibitor or 1x Revitacell Supplement.

3. Transfer 9ug of the DNA prep to a new sterile 1.5mL Eppendorf tube,
prepare one tube for each nucleofection reaction.

4. Remove the iPSC medium and wash the iPSCs with 2mL sterile PBS

5. Incubate the cells with 500ul of warm Accutase or TrypLE at 37°C until the
cells start to detach; this should take 5-10 minutes.

6. Using a 10mL pipette, add 2mL of iPSC medium onto each well and detach
the cells from the bottom of the well by pipetting the medium gently up
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and down the well. Transfer the cell suspension to a 50mL tube.

7. Count the cells and transfer 2 million cells info a new 50mL fube for each
nucleofection reaction.

8. Centrifuge the cell suspension for 5 minutes at 1000rpm and carefully
remove all medium.

9. Mix solutions A and B from the Human Stem Cell Nucleofector Kit 2; 100ul
nucleofection mix is required per reaction, the rest of the mix can be stored
up to 1 month at 4°C.

Note: It is recommended to perform the following steps for one reaction at
a fime

10. Resuspend the pellet of two million cells in 100ul of the Human Stem Cell
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Nucleofector mix by pipefting up and down twice using a P1000 pipette.

. Transfer the resuspended cells into the 1.5mL Eppendorf containing the 9ug

DNA prep.

. Mix the resuspended cells and the DNA prep by pipetting up and down four

times using a P1000 pipette.

. Carefully transfer the mix to a Human Stem Cell Nucleofector Kit 2, make

sure that no air bubbles are infroduced. If any bubbles do appear in the cell
suspension, gently tap the bottom of the cuvette on the surface of the cell
culture hood to remove them.

. Put the lid on the cuvette and place it into the Nucleofector™ 2b. Select

program [B-016] and press enter. After 2 seconds, an [OK] message appears
on the display of the device indicating that the program was successfully
executed. A white layer containing dead cells will be formed on one side of
the cuvette.

. Bring the cuvette back into the cell culture hood and tfransfer the cell

suspension using the plastic fransfer pipette included kit to a 50mL fube
containing 2mL of conditioned medium supplemented with 10ng/mL bFGF
and 10uM ROCK inhibitor or 1x Revitacell Supplement. Try to only transfer
the suspension and avoid the white layer of dead cells.

. Seed the iPSCs on the prepared MEFs in conditioned medium and culture at

37°C/5% CO,. It is recommended to seed the iPSCs at several dilutions ('/,,
'1,.'/,) in order to generate single cell colonies.

. After 24 hours, replace the conditioned medium with iPSC medium and

refresh the media daily.

. The selection with G418 can be started 48 hours after nucleofection if the

donor template is used.

. 7 1o 21 days after nucleofection single colonies can be picked (see section

8). The fime required to obtain a colony depends on the cell density,
recovery speed of the cells, and the use of selection.

8. Picking colonies

Once the colonies are large enough to be passaged, the colonies are cut with a 23

gauge needle and split manually intfo two wells, of which one is used for genotyping

and one to continue passaging after genotyping (Figure 7).
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Nucleofected colonies

Passaging DNA isolation

Figure 7. Picking iPSC colonies after nucleofection. iPSC colonies are dissociated, cut from the plate using a

23 gauge needle, and passaged into a plate for DNA isolation and another plate for passaging.

Materials:

e Induced Pluripotent Stem cell (iPSC) medium

390mL DMEM/F12 (Invitrogen, 21331046)

10% KO serum replacement (Invifrogen, 10828)

1% Non-essential amino acids (NEAA) (Gibco, 11140050)

1% Penicillin-Strepfomycin-Glutamine 100x (Gibco, 10378016)

ImL B-Mercaptoethanol (Invitrogen 31350010)

10ng/mL basic fibroblast growth factors (bFGF) (Preprotech, 100-18B)

(Dissolved in 0.1% BSA/PBS, see manufacturer’s instructions)

e Irradiated Mouse Embryonic Fibroblasts (MEFs)

e 2% gelatin solution (Sigma, G-1393)

e PBS (Gibco, 70011044)

e Fibroblast growth medium

o DMEM high glucose (Gibco, 11965092)
o 10% fetal bovine serum (Hyclone, 11531831)
o 1% penicillin-streptomycin-glutamine (P/S/G) (Gibco, 10378016)

e 48-well tissue culture plate (Greiner bio-one, 677180)

e Img/mL Collagenase IV (Invifrogen 17104-019) in KO DMEM/F12 (Invitfrogen
21331046) (Dissolve at 37°C for 10-15 minutes, filter through 0.2uM sterile filter
(Millipore, SLFGRO4NL)

e 23 gauge needle
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Procedure:

1. 24 hour prior to picking: prepare two 48-well plates per nucleofection with
MEFs (scale down from section 6). One will be used for DNA isolation and
one for passaging of the colonies.
Before picking colonies: Rinse MEFs with TmL PBS and add iPSC medium.
Remove the iPSC medium and wash with TmL PBS.
Add 1mL collagenase IV (1mg/ml) solution into each well.
Incubate the plate at 37°C for 5-15 minutes.

a. monitor the cell detachment under microscope as more time might

A S

be needed.
b. the edge of detached colonies should look slightly “curled”
comparing fo the aftached ones.
Add TmL iPSC medium into each well.
Cut the selected single colony into small pieces with a 23 gauge needle:
a. hold needle in an upward direction of needle opening.
b. scrape gently, avoid cutting the plastic surface.
8. Dissociate the selected colony from the plate with a P1000 and divide over
two wells, one on each plate.
9. Repeat until all the selected single colonies are picked.
10. Refresh the media and monitor the colonies daily until passaging or
harvesting DNA for genotyping.

9. Genotyping

Normally, the genotyping can be finished before the sister colony has fo be
passaged, but if required it can be also performed on cells of a later passage. The
method of genotyping will differ depending on the gene editing strategy (Figure 8).
For small indels and large deletions, a generic PCR can be performed using primers
flanking the target sequence(s), and the genomic alteration of the target site can
be determined by Sanger sequencing of the PCR product(s). For large deletions, a
dual-PCR strategy can be used to determine the mono-allelic or bi-allelic presence
of the deletion. For cDNA insertions mediated by a donor construct, a dual-PCR
stfrategy can be used to determine whether the donor template has integrated at
the target location. To determine copy number variations and to further examine
genomic changes, Southern blofting and/or gPCR analysis of genomic DNA can
be performed. Finally, it is important to monitor any off-target events resulting from
the CRISPR reaction. This is usually done by analyzing predicted off-target sites using
PCR and Sanger sequencing, although this might not always be sufficient. For a
more extensive discussion on off-target effects, see [10, 19-21].
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Below we describe examples for the genotyping of indels, deletions and template
knock-ins.

@@@@@@

Genotyping of indels Genotyping of large deletions Genotyping of donor template integration
Method 1: Method 2: Method 3:
Set
Set2
I Set2 Setl
L = -
Forward primer_n_ _ _~300bp_ _ ,%) 200bp_ __Reverse primer . Z200bp_ y . J200bp_ Y~ ~200bp_ L Donor construct l—\
Sequence primer_1005p Primer #1 5’5’9RNA wwz 3 ngNA Primer #2 5'Hom 3'Hom
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Sanger sequencing Agarose gel electrophoresis Agarose gel electrophoresis

Figure 8. Genotyping methods to detect indels, large deletions and template integrations. DNA is isolated
from the iPSC colonies and used for a PCR-based genotyping strategy. Method 1 uses Sanger sequencing
to determine the indels, methods 2 and 3 use agarose gel electrophoresis to identify successfully targeted

colonies. Typical results for agarose gel electrophoresis are shown.

DNA isolation

Materials:

e Lysis buffer (Tris pH 8.5 0.1M, EDTA 5mM, SDS 0.2%, NaCl 0.2M; add 100ug/mL
fresh protease K)

e NaCl (5M)

e Isopropanol (Sigma, 59300)

e 70% Ethanol (Sigma, 72032221)

o Milli-Q water
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Procedure:

1. Remove the iPSC medium and wash the iPSCs once with PBS.

2. Add 500yl lysis buffer to each well and incubate at 37°C for 1-18 hours (in
cell culture incubator).

3. Transfer the cell lysate to a 1.5mL tube (Optional: Store lysate at -20°C).
Subsequent steps are performed at room temperature, unless stated
otherwise.

4. Add 260ul NaCl (5M) and shake (do not vortex to avoid breaking the
genomic DNA), a white protein precipitate forms.

5. Centrifuge for 5 minutes at maximum speed and transfer the supernatant fo
anew 1.5mL tube, without touching the white pellet.

6. Add 532ul (0.7x volume) isopropanol, shake (do not vortex), a small piece of
DNA should appear, if not shake again.

Centrifuge 5 minutes at maximum speed.
Remove the supernatant and wash the pellet with 500ul 70% ethanol and
cenfrifuge 5 minutes at maximum speed.

9. Remove the excess ethanol from the Eppendorf tube and allow the pellet
to air dry for 15 minutes.

10. Dissolve the pellet in 40ul Milli-Q water and incubate for 1 hour at 65°C.

11. Quantify the extracted DNA using a spectrophotometer.

Genotyping method 1: introduction of indels (nested DNA sequencin

For the genotyping of indels a PCR reaction with primers flanking the targeted area
is used to amplify the DNA, this is subsequently sequenced to verify the infroduction
of indels (Fiaure 9).

/ \
Forward primer . _ _~300bp_ _ ,% 2200bp_ ___Reverse primer /
R \

y ‘
Sequence primer_100bp. o TR
S — A

1 1
| i
i Il
[ AT
A AN
Polymerase chain reaction A

Sanger sequencing

Figure 9. Genotyping of indels. Primers flanking the indel amplify the region, after which the indel can be

determined by Sanger sequencing.

Materials:

e Forward primer, located ~300bp upstream the sgRNA sequence (stock: 10uM
in 10mM Tris)

e Reverse primer, located ~200bp downstream the sgRNA sequence (stock:
TOuM in 1T0mM Tris)
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¢ Sequence primer, located ~100bp upstream the sgRNA sequence (stock:
10uM in 10mM Tris)

¢ [solated DNA (isolated previously from individual iPSC colonies)

e Milli-Q water

e FastStart™ Taq DNA Polymerase (Roche, 12032902001)

¢ 10x PCR buffer + MgCI2 (supplied with faststart tag polymerase)

e dNTPs (Invitrogen, 10297-018) (stock: 10mM in 10mM Tris pH 8.5 for each
nucleotide)

e BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Scientific, 4337458)

e Exosap

e 5xsequencing buffer

¢ BigDye® Terminator v3.1 (BDT)

Procedure:

1. Dilute the DNA samples to the required DNA concenfration using Milli-Q
water.

2. Perform a PCR reaction as described below. Use a DNA sample from the
unedited cell as a negative control.

=
1.5ul 10x PCR buffer + MgCi2 1) | 96°C 4:00 —8
0.5ul dNTPs (10mM) 2) | 96°C 0:20 (_D"
0.5ul Forward primer (10um) 3) | 55-65°C 0:30 :I
0.5ul Reverse primer (10uM) 4) |72°C 1:00

Tul DNA (<25ng) 5) | Go tostep 2 34x

0.5ul FastStart Tag 6) | 72°C 5:00

10.5ul Milli-Q water 7) | 10°C «

15ul Total volume 8) | End

3. Add 1yl exosap to the PCR product and perform the exosap reaction as
described below.

Exosap Program:

1) |37°C 45:00
2) | 80°C 15:00
3) | 10°C =

4) |End

4. Use 4yl of the product to perform a BDT reaction as described below.
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BDT reaction mix for 1 reaction

BDT reaction Program

3.5ul 5x sequence buffer 1) | 96°C 0:45
Tul Sequence primer (10um) 2) | 96°C0:10
4ul PCR product 3) | 58°C 0:05
0.5ul BDT 4) | 60°C 3:00
Tul Milli-Q water 5) | Goto step 2 25x
10ul Total volume 6) | 10°C =
7) | End

5. Perform Sanger sequencing

Results:

A successful CRISPR/Cas? reaction will result in the appearance of
heterozygous sequence calls starting around the target sequence. Note that
also in the case of both alleles being targeted, the this will still appear as
heterozygous callings as the indels infroduced will likely differ between the
two alleles.

Genotyping method 2: Introduction of large deletions

Two PCR reactions with different sets of primers are used to genotype the
infroduction of large deletions. The product size for set 1 will decrease if the large
deletfion is successful. A long-range PCR protocol could be necessary for the
reaction depending on the size of the deletion. A reaction with primer set 2 will not
result in a product if the deletion is successful as the forward primer is in the deleted
region. The combined results will provide information on the targeting of both alleles
and will exclude false positive results (Figure 10).

zzzzzzzzzz
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Large deletion

Polymerase chain reaction

Adarose qel electrophoresis

Figure 10. Genotyping of large deletions. In primer set 1, PCR primers flank the desired deletion to amplify
that region. In primer set 2, the forward primer is located inside the desired deletion to detect unedited
alleles. A typical result is shown: sample #1 = no deletion, sample #3 = mono-allelic deletion, sample # 2, 4

and 5 = bi-allelic deletion.



CRISPR/Cas9-mediated gene editing in human induced pluripotent stem cells | 233

@ Springer Protocols

Materials:
e Primer 1: forward primer located ~200bp upstream the 5" sgRNA (stock: 10uM
in 10mM Tris)
e Primer 2: reverse primer located ~200bp downstream the 3’ sgRNA (stock:
10uUM in 1T0mM Tris)
e Primer 3: forward primer located ~200bp upstream the 3' sgRNA (stock: 10uM
in 10mM Tris)
¢ |solated DNA (isolated previously from individual iPSC colonies)
*  Mili-Q water
e FastStart™ Tag DNA Polymerase (Roche, 12032902001)
e 10x PCR buffer + MgCI2 (supplied with faststart taq polymerase)
e dNTPs (inifrogen, 10297-018) (stock: 10mM in 10mM Tris pH8.5 for each
nucleofide)
e 1.5% agarose TAE gel
o IxTAE buffer (40mM Tris, 20mM acetic acid, TmM EDTA)
o Agarose (Sigma, A9539)

Procedure:
Dilute the DNA samples to the required DNA concentration using Milli-Q water @)
2. Perform two PCR reactions as listed below: one using set 1 (primers 1 & 2) and >
one using sef 2 (primers 2 & 3). -8
o]
N
1.5ul 10x PCR buffer + MgClI2 1) | 96°C 4:00
0.5ul dNTPs (10mM) 2) | 96°C 0:20
0.5ul Forward primer (10um) 3) | 55-65°C 0:30
0.5ul Reverse primer (10uM) 4) |72°C (1.00 per 1 kb)
Tul DNA (<25ng) 5) | Gotostep 2 34x
0.5ul FastStart Tag 6) | 72°C 5:00
10.5ul Milli-Q water 7) | 10°C =
15ul Total volume 8) |End

3. Run and visualize both PCR reactions on a 1.5% agarose TAE gel.

Results:

A large product size for set 1 indicates the presence of the full-sized product,
a small product size indicates the introduction of a large delefion. The
absence of the large product indicates successful targeting on both alleles.
The presence of both products indicates successful targeting of one allele.
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Set 2 will verify the results, as a product will only be present if the original DNA
sequence is present on one or both alleles.

No deletion Mono-allelic deletion Bi-allelic deletion

Primer set 1 | Only large product Large and small product Only small product
Primer set 2 | Product present Product present Product absent

Genotyping method 3: Knock-in with donor template integration

The genotyping of a template integration can be performed using two primer sefs.
Set 1 uses primers flanking the integration. Set 2 uses a forward primer upstream from
the 5" homology arm, the reverse primer is only present in the insert. Set 1 provides
information on the presence of the integration, whereas set 2 indicates if the
infegration is at the desired location. The combined results will provide information
on the taraetina of both alleles (Fiaure 111.

set set2
T 2 3 4 s 1 2 3 & s

=
H

Set2 set1 [==
e —_— - .
—- Donor construct ————
5'Hom 'Hom i

Polymerase chain reaction

Agarose gel electrophoresis
Figure 11. Genotyping of donor template integration. In primer set 1, PCR primers are located within the
5" and 3' homology arms, and under the PCR conditions employed will only amplify the DNA if the donor
is not integrated. In primer set 2, PCR primers are located at a 5' upstream location and within the donor
construct, and will only result in a correct PCR product if the template has been integrated at the desired
location. A typical result is shown: sample #1 and #2 = mono-allelic integration, sample #3 and #4 bi-allelic

integration, sample #5 no integration.

Materials:
e Primerset 1: (located in the homology arms)
o Forward primer, located ~200bp upstream the target site (stock: 10uM
in 10mMM Tris)
o Reverse primer, located ~200bp downstream the target site (stock:
T10uM in T0mM Tris)
e Primerset 2:
o Forward primer, located ~200bp upstream 5’ homology arm (stock:
T0uM in T0mM Tris)
o Reverse primer, located in the inserf, downstream the homology arm
(stock: TOUM in 10MM Tris)
* Isolated DNA (isolated previously from individual iPSC colonies)
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¢ Milli-Q water
e FastStart™ Tag DNA Polymerase (Roche, 12032902001)
¢ 10x PCR buffer + MgCI2 (supplied with faststart™ tag DNA polymerase)
e dNTPs (Invitrogen, 10297-018) (stock: 10mM in 10mM Tris pH8.5 for each
nucleotide)
e 1.5% agarose TAE gel
o IxTAE buffer (40mM Tris, 20mM acetic acid, TmM EDTA)
o Agarose (Sigma, A9539)

Procedure:
1. Dilute the DNA samples to the required DNA concentration using Milli-Q water
2. Perform two PCRreactions as listed below: one using set 1 and one using set 2

PCR reaction mix for 1 reaction PCR Program

1.5ul 10x PCR buffer + MgClI2 1) |96°C 4:00

0.5ul dNTPs (10mM) 2) | 96°C 0:20

0.5ul Forward primer (10um) 3) | 55-65°C 0:30

0.5ul Reverse primer (10uM) 4) |72°C 1:00

lul DNA (<25ng) 5] |Gotostep2  34x @)

0.5ul FastStart Tag 6) | 72°C 5:00 g

10.5ul Milli-Q water 7) | 10°C g

15ul Total volume 8) |End (_Q
N

3. Run and visualize both PCR reactions on a 1.5% agarose TAE gel.

Results:

Set 1 only results in a product in the absence of the infegration on one or
both alleles. Upon successful infegration, the product becomes too large o
amplify under given PCR conditions. Absence of a product for set 1 indicates
successful bi-allelic integration. A product for set 2 indicates the integration
of the donor template at the desired location, since the primer design
ensures that a PCR product can only be formed if the correct integration has
occurred.

No integration ~ Mono-allelic integration Bi-allelic infegration

Primer set 1 Product present Product present Product absent
Primer set 2 Product absent  Product present Product present
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10. Protocol adjustments for feeder free iPSCs

Recently, iPSC culture protocols have been developed that do not require the
presence of MEFs but use adjusted cell culture media. The use of these protocols
provide iPSCs with a more stable environment and results in a higher rate of
proliferation compared to feeder-dependent cultures. Itis possible to use this CRISPR/
Cas9 strategy for iPSCs in feeder free conditions with a few minor adaptations to the
protocol.

1. Generation of conditioned media:
This section of the protocol does not need to be performed.

2. Plating frozen MEFs:
This section of the protocol does not need to be performed.

3. Nucleofection of iPSCs:
This section of the protocol has some minor adjustments with regard to the
cell culture conditions of the iPSCs without MEFs.

Materials:
e MTSER PLUS medium (Stem Cell Technologies, 05825)
e Penicillin/streptomycin (P/S)(Gibco, 15140122)
e Nucleofector™ 2b Device (Lonza, AAB-1001)
e Human Stem Cell Nucleofector™ Kit 2 (Lonza, VAPH-5022)
e DNA prep (prepared previously)
e Vitronectin XF (Stem cell Technologies, 07180)
e CellAdhere™ Dilution Buffer (Stem cell Technologies, 07183)
e 4-well suspension plates (Greiner bio-one, 657185)
e Revitacell Supplement 100X (Gibco, A2644501)
e Accutase (Gibco, A11105-01) or TrypLE (Gibco, 12605010)
e PBS (Gibco, 70011044)

Procedure:

1. Four hours before starting the nucleofection procedure: replace the
medium on the iPSCs with mTSER PLUS medium supplemented with 1% P/S
and 1x Revitacell Supplement.

2. One hour before starting the nucleofection procedure: for each
nucleofection reaction, coat two wells of a é-well suspension plates with
Vitronectin XF (1:25 diluted in CellAdhere™ Dilution Buffer) and incubate for
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one hour af room temperature. After incubation, remove the coating and
add 2mL mTSER PLUS medium to each well.

Perform steps 3 — 15 as stated in section 7, continue the protocol as follows:

Seed the iPSCs on the Vitronectin XF coated é-well (2/3 and 1/3 of the cell
suspension respectively).

23 hours after nucleofection: coat one full 6-well suspension culture plate
with Vitronecting XF (one plate for each nucleofection reaction).

24 hours after nucleofection: from one well, detach the iPSCs from the plate
using 500ul TrypLE (preferably the well with the highest confluency, unless
the confluency exceeds 80%).

Centrifuge the cell suspension at 1000rpm for 5 minutes.

Resuspend the iPSCs in TmL mTSER PLUS medium supplemented with 1% P/S
and 1x Revitacell Supplement.

Using a P1000 pipette, reseed the iPSCs to a confluency of 5% in the first
well, and continue diluting the iPSCs by a factor 2 for each following well in
order fo be able fo obtain single cells colonies.

48 hours after transfection: replace the medium on the iPSCs with mTSER
PLUS medium supplemented with 1% P/S and refresh daily. Selection with
G418 can be started now if a donor template is used.

6 to 14 days after nucleofection: single colonies can be picked, depending
on the cell density, recovery speed of the cells, and use of selection.

Note: a new kill curve may be required to determine the optimal G418
concentration in feeder free iPSCs.

Picking colonies:
This section of the protocol follows a different procedure.

Materials:

MTSER PLUS medium (Stem Cell Technologies, 05825)
Penicillin/streptomycin (P/S) (Gibco, 15140122)

Vitronectin XF (Stem cell Technologies, 07180)
CellAdhere™ Dilution Buffer (Stem cell Technologies, 07183)
48-well suspension plates (Greiner bio-one, 677102)

Procedure:
One hour before picking: for each nucleofection reaction, coat two full
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48-well suspension plates with Vitronectin XF (1:25 diluted in CellAdhere™
Dilution Buffer) and incubate for one hour at room temperature. One plate
will be used for DNA isolation and one plate for passaging.

2. Before picking colonies: prepare 1 x 48 wells plate by remove the coating
from the wells and add 500ul mTSER PLUS medium supplemented with 1%
P/S and 1x Revitacell Supplement to all wells of the plate.

3. Rinse the iPSCs with TmL PBS and add 2mL mTSER PLUS medium
supplemented with 1% P/S.

4. Using P1000 pipette, gently scrape the selected colony with the pipef tip,
once partly detached use the P1000 pipette to transfer the iPSCs to a well
containing 500ul medium.

Repeat until all the selected single colonies are picked.

Remove the coating from the wells from the second plate.

Dissociate the picked colonies by pipetting up and down using a P1000
pipette. Transfer 250ul of the suspended cells to a well on the second plate
and leave the remaining 250ul in the original plate. Culture both plates at
37°C/5% CO.,,.

8. Refresh the media and monitor the colonies daily until passaging or
harvesting DNA for genotyping.

11. Troubleshooting

Problem Possible cause and suggestions

Number of cells used in the nucleofection reaction was too
low
e Increase the number of cells used for nucleofection

Low number of
colonies after
nucleofection

Cells died during the nucleofection

Pretreat the iPSCs with Revitacell Supplement

Use conditioned media without anfibiotics

Be gentle during the handling of single cell iPSCs
Reduce the amount of time that the cells spend in the
Human Stem Cell Nucleofector mix to a minimum
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Poor plasmid quality
e Check plasmid integrity

Human Stem Cell Nucleofector mix is expired
e Use freshly made Human Stem Cell Nucleofector mix

SgRNA target not present

Only e Sequence the target site for variants, design multiple
untargeted SgRNA per targeting
colonies
Targeting of the gene is lethal to the cells
Bad sgRNA design, too many off-target events after
nucleofection
e Useinsilico prediction algorithms to predict off-target
effects
Poor morphology of cells before nucleofection
e Use iPSC with a low passage number
Poor e Remove all differentiation before nucleofection

morphology of
colonies after
nucleofection

Differentiation after nucleofection
e Add fresh bFGF to the conditioned media
e Refresh the iPSC media daily

Plating density after nucleofection too high
e Decrease plating density after nucleofection
e Use multiple plating densities

No single cell
colonies No single cell passaging during nucleofection

e Ensure iPSCs are single cells before nucleofection
Only mono Bi allelic targefing is lethal to the cells

allelic targeted
cells

G418 concentration too high

g‘ﬁecr%aqlgs e Perform akill curve to determine the optimal G418
selection concertation

High number G418 concentration too low

of negative e Perform akill curve to determine the optimal G418

colonies after
G418 selection

concertation
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MEFs not resistant to G418
e Use G418 resistent MEFs

MEF viability
gﬁrcir:eosseelsec tion Optimal G418 concentration for iPSCs is too high for MEFs
with (934] 8 e Add fresh MEFs to the well when the density of MEFs

drops below 50%

12.
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Abstract

Mucopolysaccharidosis type VI (MPS VI) is a metabolic disorder caused by disease-
associated variants in the Arylsulfatase B (ARSB) gene, resulting in ARSB enzyme
deficiency, lysosomal glycosaminoglycan accumulation, and cartilage and bone
pathology. We generated a disease model for cartilage pathology in MPS VI using
patient-derived human induced pluripotent stem cells (hiPSCs), and we generated
isogenic conftrols by inserting the ARSB cDNA in the AAVST safe harbor locus using
CRISPR/Cas9. Using an optimized chondrogenic differentiation protocol, we found
Periodic acid-Schiff positive inclusions in chondrogenic cells with MPS VI. Genome-
wide mMRNA expression analysis showed deregulated expression in MPS VI of genes
involved in bone and carfilage development, Wnt signaling, cell growth and
apoptosis, metabolism, and ion fransport. This model provides insight in the early
stages of cartilage pathology in patients with MPS VI, and demonstrates the power
of using isogenic conftrols to correct for differences in genetic background among
humans.

Infroduction

Mucopolysaccharidoses type VI (MPS VI) is an autosomal recessive disorder caused
by Arylsulfatase B (ARSB) enzyme deficiency leading to infralysosomal accumulation
of the glycosaminoglycans (GAGs) dermatan sulfate (DS) and chondroitin sulfate
(CS). MPS Vlis a multisystemic disease with GAG accumulation in connective fissues
and organs which ulfimately leads fo a cascade of symptoms such as corneal
clouding, hepatosplenomegaly and bone and cartilage pathology. In all MPS
VI patients the hips are frequently and severely affected resulting in limitations in
mobility and pain with impact on quality of life [1].

Currently, freatment of MPS VI consists of enzyme replacement therapy
(ERT) with infravenous administration of recombinant ARSB enzyme. Although ERT
aftenuates disease progression and resolves hepatosplenomegaly, the therapeutic
effect on bone and cartilage pathology is limited. Cartilage in particular is
nonresponsive fo ERT, likely due to the poor vascularization of cartilage resulting in
impaired delivery of the enzyme from the circulation to chondrocytes.

The development of cartilage pathology in patients with MPS VI remains
poorly understood. Several studies in animal models for MPS VI and related types
of MPS have been performed, and have provided insight in the cascade of events
resulting in cartilage pathology. This has shown that chrondrocytes in MPS VI are
abnormal with a swollen appearance and containing membrane-bound inclusions/
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vacuoles [2]. In the growth plate, there is loss of columnar structure and excess
of calcified cartilage [3]. In newborn mice abnormal anlagen of tracheal and
articular cartilage was reported, indicating that cartilage pathology can already
start during development [4]. Studies from human cartilage biopsies of MPS |, Il and
Il patients showed severe cartiiage damage and abnormal chondrocytes [5, 6],
but limited information is available on the development of cartilage pathology in
human patients with MPS VI.

At the molecular level, primary lysosomal accumulation of GAGs can result
in secondary accumulation of cholesterol and the gangliosides GM2 and GMS3,
indicating cross falk between metabolic pathways in MPS and other lysosomal
diseases [7]. GAGs can also function as receptor ligands to activate Toll like
receptors, resulting in inflammation. In addition GAGs can also activate growth
factors such as BMPs, involved in carfilage and bone development [5]. In mice
with the related disorder MPS VI, the growth plate was enlarged, disorganized,
and contained fewer chondrocytes. It was suggested that chondrocytes displayed
a delayed exit from G1 info M and a delayed terminal differentiation, possibly
mediated by elevated expression of PTHP and Wnt5a [8]. How these processes
operatfe in human chondrocytes with MPS VI remains largely unknown.

In humans, the high variability of genetic background between individuals
complicates the downstream analysis of disease progression [?, 10]. It has become
clear that differences in gene expression and functfional parameters can be
considerable between individuals, which introduces a large amount of (seemingly
random) variation to the analyses. Recent advancements in gene editing using
CRISPR/Cas? enable the generation of isogenic controls to reduce these effects and
to decipher the robust molecular mechanisms of disease by generating isogenic
confrols, i.e. diseased and healthy versions with the same genetic background. In
confrast to mesenchymal stem cells [11], hiPSCs have high capacity for self-renewal
and are suitable for gene editing, which makes them more suitable for disease
modeling of cartilage pathology.

Here, we generated isogenic pairs from four patient-derived hiPSC lines
using CRISPR-Cas? to generate a model for the cartilage pathology in MPS VI. We
improved the protocol for chondrogenic differentiation of hiPSCs, and applied this
to characterize the pathology and molecular changes in human chondrogenic
cells with MPS VI.
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Results

Cartilage pathology in a MPS VI Patient

To study cartilage pathology in MPS VI, a femoral head and acetabulum were
conducted by autopsy of a 25-year-old MPS VI patient that died from disease-
related symptoms. X-ray and CT analysis of the hip showed severe osteoarthritis
of the femoral head with total destruction and abnormal ossification, and with an
abnormal steep and dysplastic acetabulum, which is also shown in the macroscopic
pictures (Figure 1A-D). The vertebrae were abnormal shaped, with an abnormal
degenerative cartilage endplate (Figure 1E-F). Chondrocytes within the vertebrae
cartilage showed multiple proliferative clones, which reflects the pathological
response, and vacuolar changes in HE stained sections (Figure 1G-H). Electron
microscopy analysis of the same cartilage showed examples of chondrocytes with
different types of vacuoles and in addition lipid storage (Figure 11-J). We conclude
that this patient displayed severe degeneration of cartilage and that chondrocytes
showed very severe vacuolization and lipid storage.

Generatfion of patient-derived hiPSCs and gene edifing fo generate

isogenic controls
To model cartilage pathology inhuman MPS VI, we selected four patients with arapid
disease progression. Diagnosis was based on ARSB enzyme activity, accumulation
of urinary GAGs (UGAGsS), the presence of disease-associated variants in the ARSB
gene, and clinical symptoms (Figure 1K). Patient #1, #2 and #3 were homozygous
for ARSB c.1142+2T7>C, c.995T>G and c¢.937C>T, respectively. No disease-associated
variant for patient #4 had been identified, but we recently confirmed the molecular
diagnosis at the RNA level [12]. hiPSC lines were generated from primary fibroblasts
using lentiviral expression of Oct4, Sox2, KIf-4, and C-Myc as described [13].

To restore expression of ARSB, a healthy copy was infroduced into a safe
location of the genome, also known as a safe harbor. We chose the widely used
PPPIR12C gene in the AAVSI locus located on chromosome 19 (Figure 2A). A
donor construct previously described by us [13, 14] was adapted to infroduce a
healthy copy of the ARSB gene using CRISPR/cas? via the homology directed repair
(HDR) pathway. This construct (Figure 2B) contained the ARSB cDNA driven by the
constitutively active EF1a promoter, and the neomycin resistance gene to enable
selection forsuccessfulintegrations, whichisrequired due o the highly inefficient HDR
pathway. To validate ARSB expression by the donor construct, HeLa TK- cells were
transfected and selection was started 24 hours after tfransfection. After selection,
the cells showed an ARSB enzyme activity of ~1400 nmol/mg/hr, which was above
the range seen in healthy control fibroblasts (Figure $1). No ARSB enzyme activity
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was defected in HelLa TK- cells transfected with a pCAG-NEO control vector. This
confirmed that the ARSB donor construct was functional.

To generate a confrol, a gene targeting procedure that did not change
ARSB expression, we deleted the ARSB cDNA from the targeting vector (Figure 2C).
hiPSCs were gene edited using either the ARSB cDNA vector (GE) or the empty
targeting vector (EV) by co-transfection with an expression vector for human
codon-opfimized Cas? nuclease, an expression vector for the guide RNA fargeting
the AAVSI locus, and either targeting vector. After selection with G418, colonies
were picked and genotyped using two PCR strategies; set 1 yields a product of 749
bp from the untargeted allele and 7132 bp from the targeted allele. This 7132 bp
product is foo large to be detected under the PCR conditions employed. Set 2 only
yields a product of 980 bp if the ARSB cDNA is inserted in the targeted site (Figure
2D). A typical result is shown in Figure 2E, where the results of set 1 show that 8 out
of 15 colonies still have the endogenous sequence at target site on one or both
alleles. The results of set 2 show that 12 out of 15 colonies have the ARSB insertion at
the targeted site. From these results we conclude that 6 colonies have both alleles
targeted, 6 colonies have 1 allele targeted and 3 colonies have no insertion of the
ARSB cDNA at the target site. The gene edifing results of all the targeted patient-
derived hiPSCs are shown in Figure 2F, with a mono-allelic inserfion ranging from
40-80% and a bi-allelic insertion ranging from 6-40%, depending on the hiPSC line.
Quantitative RNA expression analysis showed that ARSB mRNA expression after
gene editing was 4-5-fold above the average expression in healthy controls (Figure
2G).

Differentiation of hiPSC to chondrogenic cells
Gene edited hiPSCs (GE and EV) were differenfiated info chondrogenic cells
using a 14-day differentiation profocol that was modified from Oldershaw et al.
[15]. This protocol uses a chemically defined culture media and matrix-coated
substrates, and is based on the sequential activation of signaling pathways that
operate during development of cartilage (Figure 3A, Table $1). With this modified
protocol we achieved successful chondrogenic differentiation in every hiPSC
tested (data not shown). Genome-wide mRNA expression analysis was performed

Figure 1. Cartilage pathology in a 25 year old diseased MPS VI patient. A: X-ray and B: CT scan of the right
hip. Macroscopic pictures from autopsy of the C: right acetabulum and D: femoral head. E: X-ray of the
lumbar vertebrae. F: A macroscopic picture from autopsy of one vertebra. G: HE stain of cartilage from this
vertebra (Magnification 100x), H: details from the inset in G (Magnification 400x). I, J: Electron microscopy
analysis showing examples of chondroyctes with different types of vacuoles and in addition lipid storage

(indicated with *). K: Characteristics of included patients.
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Figure 2. Gene editing in hiPSCs. A: The gene editing strategy was designed to express ARSB from the AAVSI
locus. PAM sequence indicated in purple, gRNA target indicated in blue. B: The donor construct generated
for insertion of the ARSB cDNA in the AAVSI safe harbor by CRISPR/Cas9-mediated gene editing. The
neomycin cassette enables G418 selection of targeted colonies. C: The empty vector construct used to
generate isogenic confrols. D: Strategy for the PCR based genotyping of targeted colonies, primer set 1
spans the insertion site and only gives a product in the absence of targeting, primer set 2 amplifies a product
only in the presence of the consfruct at the target site. E: Typical genotyping result of picked colonies. With
primer set 2, 12/15 colonies show successful mono-allelic or bi-allelic targeting. With primer set 1, 6/15 lack a
PCR product, indicating a loss of the endogenous sequence. In combination colonies 3, 12, 15, 16,21 and
22 show bi-allelic insertion of the construct. F: Quantification of mono-allelic, bi-allelic and unsuccessfully
targeted colonies. G: ARSB mRNA expression in the selected bi-allelic targeted clones, determined using

RNAseq. GE: Gene edited with ARSB cDNA, EV: Gene edited with empty vector confrol.
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Figure 3. Differentiation of hiPSCs into chondrogenic cells. A: Schematic representation of the refined 14-

day differentiation protocol. Different factors are added to the media during the three stages. Cells are
passaged at the end of stage 1 and 2 at day 4 and 8, respectively. B: Expression analysis of pluripotent
and chondrogenic genes show a loss of pluripotency and an increase in expression of chondrogenic
genes after the chondrogenic differentiation. C: ARSB gene expression remained high after chondrogenic

differentiation (n=3). GE: Gene edited with ARSB cDNA, EV: Gene edited with empty vector control.

using RNA sequencing fo compare expression of genes involve in pluripotency
and chondrogenic differentiation between hiPSCs and chondrogenic cells. High
expression of pluripotency genes was observed in hiPSC cells, while these genes
were not expressed at day 14 of differentiation. Conversely, chondrogenic
genes were not expressed at the hiPSC stage but were upregulated at day 14
of differentiation (Figure 3B). Key chondrogenic genes that were expressed after
14 days of differentiation included COL2A1, and SOX9. ARSB RNA expression in
chondrogenic cells was 2 to 12-fold increased in the GE compared to the EV cells
(Figure 3C).

Chondrogenic cells from MPS VI patients accumulate GAGs
To assess whether hiPSC-derived chondrogenic cells accumulated carbohydrate
macromolecules, we analyzed cytospins of GE and EV gene edited patient-derived
cells using periodic acid-Schiff (PAS) staining (Figure 4). In EV cells, PAS-positive
extranuclear areas were observed in the form of small to larger dofs that in some
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cases seemed fused (see insefs in Figure 4A). These PAS-positive areas were rare or
absent in GE cells and in cells from a healthy control (Figure 4A). Quantification of
the number of PAS positive cells confirmed this (Figure 4B). We conclude that hiPSC-
derived chondrogenic cells generated from MPS VI patients, differently from the GE
hiPSC, store PAS-reactive material.

Genome-wide mRNA expression analysis of isogenic pairs

RNA sequence analysis was used in a unbiased approach to compare genome-
wide changes in mRNA expression between chondrogenic cells from all 4 isogenic
pairs. Biological triplicates clustered together (with one exception) and in general
the differences between patients were larger than differences caused by gene
correction, highlighting the need forisogenic controls (Figure $2). This showed a total
number of 703 differentially expressed genes when all 4 GE cells were compared to
all 4 EV cells based on a fold change (FC) of >1.5, false discovery rate (FDR) of <0.05
and counts per million (CPM) >0 (Figure $3-S4). The subsets of upregulated genes in
GE (420) and EV (283) were analyzed for enrichment of gene onfology (GO) terms
using PANTHER (pantherdb.org). Analysis of biological processes revealed that 120
biological processes were upregulated in GE and 99 were upregulated in EV cells.
The 25 most significant terms are shown for the upregulated genes of both sets in
Figure 5A. Five over- or underrepresented biological processes were interesting in
the light of carfilage and lysosomal homeostasis: cell growth and apoptosis, bone
and cartilage development, Wnt signaling pathway, ion transport and regulation
of metabolic processes. Analysis of GO terms for molecular function showed that
9 groups were upregulated in GE and 12 that were upregulated in EV cells, mainly
related to enzyme activity and ion channels (Figure 5B). Analysis of the GO terms for
cellular component showed an upregulation of 12 components in GE cells, related
fo the Golgi apparatus and nuclear membrane, and 16 in EV cells, related fo the
spindle and vesicles (Figure 5C).

Bone and Cartilage development
Several key genes involved in bone and cartilage development were differently
expressed between GE and EV cells (Figure 6A): 28 genes were upregulated in
GE and 6 in EV cells. Fold changes ranged from 1.5 for IGFBPS5 to 7,6 for ACAN
(Figure 7A). Genes such as TGFB2, BMP6, GDF6, PTN and members of the CCN family
CYR61, NOV and CTGF are all involved in the BMP/TGF-B signaling pathway and
important in bone and cartilage development [16]. CTGF, a BMP-7 inhibitor, was
highly expressed in GE cells, and may explain the decreased expression of BMP7 in
EV cells. In addition, other proteins involved in extracellular matrix formation such
as ACAN, COMP [17, 18], FBLNS [19, 20], and SULF1 were upregulated in GE cells.
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These results suggest an dysregulated development of chondrogenic cells and
extracellular matrix formation in MPS VI.

Wnt signaling pathway

GO analysis indicated a dysregulation of the canonical Wnt pathway as several
signaling inhibitors such as AXIN2 [21-24], NKD1 [21, 22, 25], NKD2 [21, 26], APCDD1
[27, 28], DRAXIN[29], KREMENT [30, 31], WNT9A [32] and LEFT [33] were upregulated
in EV (Figure éB). Fold changes ranged from 1,6 for KREMEN1 to 3,9 and 3,7 for
NKD2 and NKD1, respectively (Figure 7B). Apart from WNT9A, all other Wnt genes
were either too lowly expressed or did not show a fold change above 1.5. WNT2B
did show a > 1.5-fold change upregulation in GE cells, but this was not significant
with an FDR of 0,24 (data not shown). Upregulation of inhibitory genes may either
indicate low Wnt levels and inactive RB-catenin, or active Wnt signaling as inhibitors
can be part of a feedback inhibition following pathway activation.

Cell growth and apoptosis

GO analysis furtherindicated a dysregulation of cell growth and apoptosisin EV cells:
37 genes associated with negative regulation of cell growth and positive regulation
of apoptosis were upregulated in EV cells (Figure 6C). Genes upregulated in EV cells
that inhibit cell growth and promote apoptosis included: MSX1 [34-36], HMOX1 [37],
PHLDAT [38], BMP7 [39]. EGR3 [40]. SEMAGA [41], BCL2L11 [42, 43], BMF [43], and
G0S2 [44]. Fold changes ranged from 1.5 for PHLDAT to 3.7 for NKD1 (Figure 7C).
These results suggest that the EV cells may have a decreased cell growth and a
higher apoptotic rate compared to GE cells.

Metabolic processes
The category metabolic processes contained 52 genes that were upregulated in
EV cells and 11 that were upregulated in GE cells (Figure éD). Fold changes ranged
from 1.5 for TIPARP to 5.1 for ARSB itself (Figure 7D). Although most genes found in
the analysis are factors indirectly involved in metabolic processes, several genes
upregulated in EV cells are of particular interest. These include genes linked to the
ECM such as SPOCK2, MMP9, ITIH5 and the collagens COL6A3 and COL7AT. Several

Figure 4. Normalization of enlarged lysosomes after gene correction. A: periodic acid-Schiff (PAS) staining
of day 14 differentiated chondrogenic cells showed the accumulation of enlarged lysosomes in EV cells,
indicated by the increase of purple signal. The insert shows a higher magnification of selected cells to
visualize the enlarged lysosomes. B: Quantification of PAS positive cells showed the normalization of
enlarged lysosomes after gene correction. Data represent means +/- SD of 4 biological replicas. GE: Gene

edited with ARSB cDNA, EV: Gene edited with empty vector control.
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genes related to GAG metabolism were upregulated in GE cells, including SULFT,
ITIH3, CHSY3, involved in synthesis of CS, and ST3GALI, involved in the synthesis
of gangliosides including GM2 and GM3. Two E3 ubiquitin ligases, RNF125 and
CBLB, were upregulated in EV cells and are involved in proteasome-mediated
protein degradation. Other genes upregulated in EV cells included HEY2, SMPD3
and XDH. HEY2 represses transcription by inferaction with a histone deacetylase
complex and is induced by the Nofch signaling pathway [45]. SMPD3 catalyzes
sphingomyelin hydrolysis. XDH catalyzes oxidative metabolism of purines. Other
genes of interest upregulated in GE cells include UGCG and FAR2, involved in
biosynthesis of glycosphingolipids and reduction of saturated fafty acids to fatty
alcohols, respectively. These results indicate that ARSB deficiency may indirectly
deregulate other metabolic processes besides GAG degradation.

lon transport
GO analysis showed upregulation of 28 genes in EV cells that are involved in ion
fransport or regulation of ion transport (Figure &E). Fold changes ranged from
1.5 for SLC4A8 to 3 for SCN3A (Figure 7E). In addition, GO terms for molecular
function analysis indicated the upregulation of potassium ion channel activity in
EV cells (Figure 5B). Calcium-activated potassium channel activity was found to be
upregulated in GE cells based on the molecular function analysis.

Discussion

In this study, we have generated a patient-derived in vitro disease model for MPS VI
with isogenic controls, and used this to obtain insight in early stages of pathology in
chondrogenic cells. We have applied this model to four patients and characterized
cell biological and gene expression changes. This confirmed clinical information
and previous reports using animal models, and provided novel insight in the early
molecular changes in chondrocytes that are associated with MPS VI.

We used PAS to assess whether chondrocytes accumulated glycoprotein
macromolecules. PAS positive vesicles were detected at day 14 of differentiation
in disease chondrogenic cells relative to their isogenic controls. At present, the
identity of the PAS positive material is unknown. We used a short protocol for PAS

Figure 5. Enrichment of gene ontology (GO) terms. A: 25 top dysregulated GO biological processes in EV
and GE cells. B: Significantly dysregulated GO molecular functions. C: Significantly dysregulated GO cellular
components. Upregulated processes in GE cells are indicated in green. Upregulated processes in EV cells

are indicated in red. GE: Gene edited with ARSB cDNA, EV: Gene edited with empty vector control.
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staining of cytospins that is unlikely capable of detecting charged GAGs such as
DS and CS. Additional analysis using red oil staining ruled out that these were lipid
droplets (data not shown). We hypothesize that they might represent secondary
storage products, possibly GM2 or GM3, which are known fo accumulate in MPS VI
[7]. Interestingly, the EM analysis of a cartilage biopsy from an MPS VI patient (see
Figure 1) showed very heterogeneous shapes and forms of vesicles, suggesting that
they might contain a mixture of storage products, which should be confirmed in
future experiments. The fact that PAS positive material was already detected at day
14 of chondrogenic differenfiation suggests that chondrogenic cells have an early
onset pathology, which is in line with clinical information on hip abnormalities in MPS
VI that likely develop before the age of 1 year [1, 5].

Early disease onset in chondrogenic cells was also suggested by RNAseq
analysis. Key genesin bone and cartilage development were differentially expressed
between EV and GE cells. Genes involved in the TGF-R/BMP signaling, which plays
a fundamental role in cartilage homeostasis, were downregulated in EV cells. The
TGF-B/BMP signaling pathway is known fo be influenced by GAGs, but it is not fully
understood how GAG accumulation in MPS influences its activity [5]. Heparan
sulfate containing proteoglycans (HSPG) can modulate BMPs and their antagonists
[46] and chondroitin sulfate is linked to BMPs and TGF-R activity and intracellular
localization [47, 48]. TGF-B2 is one of the members of the TGF- superfamily and
was downregulated in EV cells. Downregulated members of the BMP family in
EV cells included BMP6 and GDF6 [16, 49, 50]. BMPé stimulates differentiation of
MSCs into chondrocytes and promotes the synthesis of chondrocytes [51-53]. In
addition, BMPé induces proteoglycan synthesis, which is particularly interesting in
the context of the GAG accumulation in MPS VI [52, 54, 55]. GDF6 is a member
of the BMP family and a regulatory protein associated with the growth and
differentiation cartilaginous tissue [56]. PTN is a TGF-B dependent heparin-binding
growth-associated molecule and downregulated in EV cells, it is involved in a
variety of processes in bone formation and stimulates chondrocyte proliferation
[57, 58]. The CCN family members CYR61, NOV and CTGF were upregulated in
GE cells and are known to induce the expression of chondrogenic markers and to
regulate TGF-B and BMP [59-62]. CYRé61, is a direct target of canonical Wnt/beto-
catenin signaling and is involved in osteogenic differentiation and bone healing
[63]. NOV is involved in the maintenance of articular cartilage and may inhibit
osteoarthritis [64, 65]. CTGF is involved in the regulation of chondrogenesis and is a
BMP-7 inhibitor, possibly mediating the downregulation of BMP7 in GE cells [59-61].
COMP was downregulated in EV and encodes an extracellular matrix protein which
plays an important role in cartilage matrix organization through interaction with
other extracellular matrix proteins [17, 18, 66]. Disease-associated variants in COMP
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cause impaired cartilage development leading fo skeletal abnormalities such as
short stature and skeletal dysplasias [67-73]. All together, these results suggest that
the accumulation of infralysosomal GAGs in MPS VI impairs early chondrogenic
development.

Several Wnt inhibitors of the Wnt/B-catenin signaling pathway were
upregulated in EV cells including AXIN2, NKD1, NKD2, APCDD1, DRAXIN, KREMENT,
WNT9A and LEFI1. AXIN2 is a scaffold protein of the B-catenin destruction complex
and promotes phosphorylation of B-catenin and its consequent degradation. NKD 1
and NKD2 interact with AXIN2 to inhibit B-catenin in the canonical Wnt signaling
pathway [74]. APCDDI1 can co-precipitate with Wnt3A and LRPS and likely inhibits
Wnt/B-catenin signaling by preventing formation of the Wnt receptor complex
[27]. The zebrafish homologue of DRAXIN, Neucrin, has been suggested to inhibit
the stabilization of PB-caftenin during canonical Wnt signalling [75]. KREMENT
is a fransmembrane protein that acts as a receptor for Dickkopf-1 with which it
functionally cooperates to inhibit the Wnt/B-catenin signaling. WNT9A has been
suggested as anon-canonicalligand toinhibit B-catenin [32].LEF 1 isakey targetin the
Wnt signaling pathway and can negatively regulate the expression of Wnt signaling
genes by binding fo Groucho-related corepressors [33]. This upregulation of Wnt
inhibitors suggests that the Wnt signaling pathway is dysregulated in chondrogenic
cells with MPS VL. Interestingly, a link between GAGs and Wnt signaling has been
made previously: biglycan, a protein core with two CS or DS GAG chains, affects
the Wnt signaling pathway through a direct interaction of the core protein with the
LRPé receptor and its Wnt ligand [76]. The Wnt signaling pathway plays a crucial
role in bone and cartilage development [77-79], and downregulation of Wnt2 and
beta-catenin can inhibit cell proliferation and induce apoptosis [80-82], suggesting
an impaired chondrogenic development and reduced cell proliferation in MPS VL.

Additional evidence for increased apoptosis and decreased cell growth in
MPS VI was obtained by upregulation of 37 genes associated with these processes
in EV cells. These included MSX1, HMOXT, PHLDA1, BMP7, EGR3, SEMAGA, BCL2L11,
BMF and G0S2. MSX1 has been shown to inhibit cell growth and induce apoptosis by
inhibiting the Notch signaling pathway and maintaining cyclin D1 expression [34-36,
83]. Upregulation of PHLDAT expression leads to reduced cell growth and increased
apoptosis [38, 84, 85]. BMP7 contributes to cell cycle arrest at the G1/S checkpoint
and stimulates apoptosis via Smadl-dependent and Smadl-independent
pathways [39, 86]. SEMAGA Induces apoptosis via the cytosolic region of the SEMA

Figure 7. The 2logFC of genes involved in A: Bone and Carfilage development, B: WNT signaling, C: Cell
growth and apoptosis, D: Metabolic processes, E: lon transport and regulation. GE: Gene edited with ARSB

cDNA, EV: Gene edited with empty vector control.
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domain through association with Fas-associated protein with death domain (FADD)
[41]. EGR3 inhibits cell proliferation and induces apoptosis via upregulation of
Fas ligand [40]. BCL2L11, also known as BIM, BMF and G0S2 interact together to
promote apoptosis [87]. Increased apoptosis in MPS VI chondrocytes is likely due
to the GAG accumulation, which is consistent with findings from Simonaro et al [88]
who showed that GAG accumulation leads to apoptosis of articular chondrocytes.
However, in this case chondrocyte apoptosis was due to the activation of the TLR-4
signaling pathway followed by the release of proinflammatory cytokines. In contrast,
we showed increased apoptosis in the absence of proinflammatory cytokines,
suggesting the existence of an infrinsic non-inflammatory mechanism leading fo
apoptosis.

Interestingly, several genes linked to GAG metabolism were dysregulated
in EV cells. SPOCK2, MMP9 and [TIH5 were upregulated and SULF1, ITIH3, CHSY3
and ST3GALI were downregulated compared to GE cells. SPOCK2 encodes the
protein Testican-2, a proteoglycan that binds to glycosaminoglycans and forms
part of the exfracellular matrix. MMP9 encodes an enzyme belonging to the
matrix metalloproteinase family with substrates including aggrecan and collagen
and non-ECM substrates such TGF-R1 [89]. ITIHS is involved in extracellular matrix
stabilization. SULF1 encodes a heparan sulfate endosulfatase which removes sulfate
groups from chains of heparan sulfate proteoglycans. ITIH3 encodes a subunit of
the pre-alpha-trypsin inhibitor complex which binds to bind hyaluronic acid and
stabilizes the extracellular matrix. CHSY3, also known as CSS3 or chondroitin sulfate
synthase, is a glycosyliransferase that is involved in tfransferring GlIcUA and GalNAc
to the nonreducing terminus of chondroitin sulfate. Its downregulation in MPS VI
may indicate a feedback mechanism induced by CS accumulation to reduce
the synthesis of CS. STSGALIT encodes a sialyliransferase that catalyzes the transfer
of sialic acid from cyfidine monophosphate-sialic acid to galactose-containing
substrates such as GAGs [90]. It is also involved in the synthesis of GM2 and GM3,
known secondary storage products in many lysosomal storage disorders including
MPS VI [7]. These findings indicate that MPS VI chondrogenic cells have disturbed
metabolism of GAGs and other ECM components, including feedback inhibition of
CS synthesis and disturbed ganglioside metabolism.

Genes involved in ion fransport of calcium and potfassium and encoding
other ion channels were upregulated in EV cells. Genes involved in potassium
fransport included KCNFI, KCNJ15, KCNST, KCNAS5, KCNQ2 and SLC12A5. Genes
linked to calcium transport include FLVCR2, CACNAID, TMEM37 and STC1. Other
genes upregulatedin EV cellsincluded CHRNA?, SCN3A, and P2RX6, a ligand-gated
ionic channel, a voltage-gated sodium channels and ATP-gated ion, respectively.
Changes in ion channels have been linked previously to osteoarthritic cartilage [921,
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92]. In addition, extracellular GAG deposits in tissue causes increased absorption of
water which results in inflated tissue [93]. The intralysosomal accumulation of GAGs
in EV cells might cause osmotic stress as GAGs can retain up to 100 times up to
its weight. The dysregulatfion of ion channels might be a regulatory mechanism to
compensate for the difference in cell osmolarity [94-96]. In addition, accumulation
of GAGs is suggested to compromise the integrity of lysosomal membranes [93],
which can lead to a dysregulation of ion content in the lysosome.

In summary, we have generated a disease model for the cartilage
pathology in MPS VI based on hiPSCs and isogenic controls generated using
CRISPR/Cas?. This has proven to be a powerful approach to detect the early
cellular and molecular changes in chondrogenic cells that ultimately lead to the
severe carfilage pathology in MPS VI patients. As the approach is generic, it should
be generally applicable to model genetic disorders that affect cartilage. Future
work should focus on further development of the model into actual cartilage that is
subject fo mechanical loading that mimics natural loading of weight bearing joints
that occurs in human individuals.

Methods

Ethics Approval and Consent to Participate
The Institutional Review Board approved the study profocol, and all patients
provided written informed consent.

hiPSC

hiPSCs were generated from patient-derived primary fibroblasts as described
before [13]. In short, patient-derived fibroblast cells were reprogrammed using a
polycistronic lentiviral vector of Oct4, Sox2, KIf4, and c-Myc (LV-OSKM) and cultured
on y-iradiated mouse embryonic feeders. After gene correction, the hiPSCs were
fransferred to a feeder free culture with Vitronectin XF (Stem Cell) as coating and
mTeSR™ Plus (Stem Cell) as media. Healthy control hiPSCs were obtained from the
HIPSCI database.

Gene correction
The donor construct to express the healthy copy of the ARSB gene was generated
as described previously [13, 14], with the ARSB cDNA instead of the GAA cDNA.
Approximately 14 days affer initiation of selection, single IPS colonies were picked
and genotyped using primers from Table S2.
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Chondrogenic differentiation
hiPSCs were differentiated intfo chondrogenic cells using a 14-day protocol based
on Oldershaw et al. [15]. Single cells were generated from hiPSC colonies by
incubation with TrypLE (Thermo Fisher Scientific), and 5 x 10° cells were plated on
a Vitronectin XF (Stem cell) coated plate. This protocol consists of activation of the
WNT signaling using 2 uM CHIR99021 (R & D Systems) and 50 to 10 ng/mL Activin-A
(Peprotech) from day 1 to 3. 40 ng/mL FGF2 (Peprotech) was added from day 2
and sustained during the whole differentiation. 5 ng/mL BMP2 (R&D Systems) was
added from day 3 to 10. 1 uM SB431542 (Torcis) was sustained from day 5 fo 8. GDF5
was added in increasing concentrations from day 9 onwards: 20 ng/mL on day 9
and 10, 40 ng/mL from day 11 until day 14. Cells were split on day 5ina 1/5to 1/8
ratio and on day 8 in a 1/4 to 1/6 ratio. Medium was supplemented with Revitacell
on the day of splitting. Cell culture plates were coated with Vitronectin XF on days
1-7 and from day 8 to 14 with a Vitronectin XF and 0,1% gelatin mix (Sigma-Aldrich).

Periodic acid-Schiff staining

Day 14 chondrogenic cells were harvested by incubating with TrypLE (Thermo Fisher
Scientific) andsingle cells were centrifuged on aslide using the Cytospin. The samples
were fixed in a formaldehyde ethanol solutfion for 5 minutes and rinsed with water.
Samples were then incubated in 1% Periodic acid (Supelco) for 10 minutes and
rinsed with water for 10 minutes. The samples were placed in Schiffs reagent (Sigma-
Aldrich) for 15 minutes at 37°C and rinsed with water for 15 minutes. The samples
were then placed in Mayer’'s hemalum solution (Sigma-Aldrich) for 5 minutes and
rinsed with water. They were air-dried and mounted with Entellan (Sigma-Aldrich).
Images were obtained using a NanoZoomer 2.0HT C9600-12 (Hamamatsu).

ARSB Enzyme assay
The ARSB enzyme activity was measured as described previously [97]. In short, cells
were lysed in TNE-1% (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 50 mM NaF, and 1%
Triton X100, contfaining a protease inhibitor cocktail (Roche) and added to the
paranitfrocatecholdisulfate substrate. The conversion of paranitrocatecholdisulfate
to paranitrocatechol was measured on a spectrophotometer.

RNA isolation and sequencing
RNA was isolated using the RNAeasy miniprep kit with on-column DNase freatment
(Qiagen) according to manufacturer’s protocol. Sequencing was performed after
poly-A selection and TruSeq library prep at the Human Genomics facility (glimdna.
org) on a HiSeg2000 at paired-end 150 bp. Data were processed per sample using
STAR (v2.3.0) [98, 99]. picard (v1.90), and GATK (v2.8). Transcript quantification
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was performed using featureCounts (v1.4.3) against all 57,820 gene features in
GENCODE (version date; 2013-12-05) [100, 101].

Data analysis

Raw counts per gene were normalized using the edgeR (v3.8.6) frimmed mean of
M-values method to counts per million values. Principal components (PCs) were
calculated using “prcomp” in R, and then plotted to visually identify sample outliers.
Statistical analysis was performed per gene using the glmFit function in edgeR,
correcting stratifying for the four cell lines. Selected groups of genes are clustered
and visualized using z-tfransformation per gene set and subsequent euclidean
hierarchical clustering in the TIBCO Spotfire package (v7.14).

GO Analysis
Differential expressed genes among isogenic controls were analyzed by the
PANTHER Classification System [102]. Selection for genes was based on a CPM of
>0 for all samples and replicates, a log2 FC of 0.59 or -0.59 for upregulated and
downregulated genes, respectively, and an FDR of <0.05. The flowchart for the
selection of genes is shown in Figure $3.
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Table $2. Primers used for genotyping gene edited hiPSCs.

Set 1 forward TTCCCAGGGCCGGTTAATGT IDTDNA

Set 1 reverse GCTCTGGGCGGAGGAA-TATG | IDTDNA

Set 2 forward CCTGAGTCCGGACCACTITG IDTDNA

Set 2reverse CACCGGITCAATTGCCGAC IDTDNA

LV-OSKM lentivirus production

HEK293T cells were cultured in 10 cm culture dishes with DMEM high glucose (Gib-
co) supplemented with 10% fetal bovine serum (Thermo Scientific) and 100 U/ml
Penicillin/Streptomycin/Glutamine (Gibco). At 80% confluency, cells were transfect-
ed with 3 pg LV-OSKM reprogramming vector, 2 yg psPAX2 and 1 ug pVSV using
Fugene 6 transfection reagent according to manufacturer’s protocol (Promega).
Medium was filtered with 0,45 um PDFYV filters (Millipore) 72 hours post tfransfection
and concentrated by centrifugation for 2 hours at 20k rom with a Beckman Coulter
Ultracentrifuge with SW32 Ti rotor. The virus was dissolved in 100 ul concenfration in
DMEM low glucose (Gibco) and stored at -80 °C.

hiPSCc
hiPSCs were generated from patient-derived primary fibroblasts as described be-
fore (van der Wal et al., 2018). Fibroblast cells from four patients with a rapid dis-
ease progression were reprogrammed using a polycistronic lentiviral vector of Oct4,
Sox2, KIf4, and c-Myc (LV-OSKM). hiPSCs were culfured on y-irradiated mouse em-
bryonic feeder (MEF) cells with hiPSC culture medium consisting of DMEM/F12 me-
dium (Invitrogen), 20% knock-out serum replacement (Invitrogen), 1% non-essential
amino acids (Gibco), 1% penicillin/streptomycin/L-glutamine (100x, Gibco), 2 mM
B-mercaptoethanol (Invitrogen) and 20 ng/ml basic fibroblast growth factor 2 (Pe-
protech). After gene correction, the hiPSCs were transferred to a feeder free culture
with Vitronectin XF (Stem Cell) as coating and mTeSR™ Plus (Stem Cell) as media.
Healthy control hiPSCs were obtained from the HIPSCI database and cultured with
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Vitronectin XF (Stem Cell) as coating and mTeSR™ Plus (Stem Cell) as media. Myco-
plasma fests were routinely performed on all cell lines using the MycoAlert™ Myco-
plasma Detection Kit (Lonza) and were found negative.

Gene correction

The donor construct to express the healthy copy of the ARSB gene was generated
as described previously (van der Wal et al.,, 2018, In ‘t Groen et al., In press), with
the ARSB cDNA instead of the GAA cDNA. CRISPR/Cas? was used to insert the trans-
gene intfo the AAVS1 locus. Gene editing was performed as described previously (In
‘t Groen et al., In press, van der Wal et al., 2018). In short, optimal target sites for the
AAVSI1 locus were selected using the CRISPRscan program (Moreno-Mateos et al.,
2015). A vector containing the Ué promoter (addgene: 41824) was used to express
the CCACTAGGGACAGGATIGGTGA sgRNA. hiPSCs on feeders were pretreated
with RevitaCell (Thermo Fisher Scientific) 4 hr prior nucleofection. Single cells were
generated from hiPSC colonies by incubating with TrypLE (Thermo Fisher Scientif-
ic). A DNA mix was prepped consisting of 4 mg of pCAG-hCAS?-GFP (addgene:
44719), 3 mg of TOPO-sgRNA, and 2 mg of donor vector. 2 x 10° cells were nucle-
ofected with the DNA mix using Amaxa Human Stem Cell Nucleofector Kit2 (VPH-
5022, Lonza) with program B-016. Cells were plated in hiPSC-conditioned medium
(hiPSC medium incubated for 24 hr on feeder cells) supplemented with 20 ng/mL
FGF2 (Prepotech) and RevitaCell to improve survival. 100 mg/mL G-418 (Invivogen)
selection was initiated 48 hr after nucleofection. Approximately 14 days after initio-
tion of selection, single IPS colonies were picked and genotyped using primers from
Table S2.

ARSB enzyme activity

1400 1

Range in WT
600 fibroblast

pCAG-NEO pEF1a-ARSB-pCAG-NEO

Figure S1. ARSB enzyme activity in Hela Tk- cells following transfection of pEF1a-ARSB-pCAG-
NEO. ARSB enzyme activity was measured in Hela Tk- cells after selection with G418. No
background activity was measured after transfection with pCAG-Neo as a negative control.
The red solid lines indicate the wild type ARSB enzyme activity levels in fibroblasts.
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Figure S2. Cluster analysis and principal component analysis of all lines. Colors represent the

triplicate for each line, GE: Gene edited, EV: Empty vector control.
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Expression >0 in all replicates

!

| logFC = 0.59 logFC <-0.59 |
| FDR < 0.05 | | FDR < 0.05 |
Upregulated in GE Upregulated in EV

Figure S$3. Flowchart of data analysis. Genes with a CPM of 0 in one or more samples were

filtered out. Selection of genes with a 2°9¢ of >0.59 and an FDR of <0.05 resulted in the

identification of 420 genes that were upregulated in gene edited cells. Selection of genes with

a 2°9F¢ of <-0.59 and an FDR of <0.05 resulted in the identification of 283 upregulated genes in

empty vector cells. GE: Gene edited, EV: Empty vector control.



Generation of a disease model for cartilage pathology in MPS VI | 277

Supplementary information

16
14
12

10

-10log(FDR)
o

o
iN

2logFC

Not significant
® Up regulated

® Down regulated

Figure S$4. Vulcano plots of all samples together and individual isogenic pairs. Each dot
represents asingle gene, those in red have a 2°9°¢ of <-0.59 and an FDR of <0.05, those in green

have a 2°9¢ of >0.59 and an FDR of <0.05. Not significantly changed genes are displayed in

gray.

@)
Dy
Q
O
—_
®
-
oo







&

G-

CHAPTER 9

L DISCUSSION




280 | Chapter 9

General Discussion

In this thesis we have addressed several aspects of research on MPS VI and genetic
disorders, including: improved diagnostics, modeling of cartilage pathology,
development of methods for CRISPR/Cas? mediated gene editing, fechnological
developments of gene editing, applications of gene editing in the clinic, and
methods for splicing analysis and modulation for therapies for genetic disorders.

Splicing analysis for improved diagnostics and novel therapies

The identification of the disease-associated variant is an important aspect of
diagnosis, predicting disease severity and genetic counseling. In the current
diagnostic settings, genomic DNA sequence analysis of the coding and partial
infronic regions of the gene of inferest are used to identify the disease-associated
variants of monogenic disorders.

To discriminate between disease-associated variants and other variants,
databases with characterized variants and in silico predictions are used. In silico
predictions include the effect of variants on protein folding and stability, and pre-
MRNA splicing. The algorithms used for splicing can predict the effect of variants
on the 5" and 3’ splice sites, as well as on splice silencer and enhancer elements.
Given the fact that splicing is complex and hard to predict, these algorithms might
fail to predict the correct effect of variants on splicing. In addition, even with a
clear effect on splicing, the splicing outcome is offen not clear. For instance, the
loss of a splice donor can result in the skip of that exon or the inclusion of (part)
of the infron. As these outcomes have a profound effect on the mRNA stability
and residual enzyme activity, determining the functional effect of variants is crucial
in characterizing the variants. As MPS VI disease progression can vary from slow
to rapid disease progression, a full characterization of disease-associated variants
for MPS VI is important to unravel the genotype to phenotype correlation. This is
particularly important as newborn screening is now available for multiple types of
MPS, including MPS VI [1].

Currently, the diagnosis is confirmed on protfein level using functional
diagnostic assays such as enzymatic activity measurements or Western-blot.
However, these assays do not provide additional insight on the functional outcome
of disease-associated variants on RNA level. With the infroduction of whole exome
sequencing or whole genome sequencing, more variants will be identified, but it
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will remain a challenge fo confirm the diagnosis without functional data on novel
variants. Splicing variants are likely underrepresented in MPS VI with only ~5% of all
ARSB variants linked to splicing. Implementation of functional assays to assess variants
at the level of pre-mRNA is required in the diagnostic setting. Full characterization of
all variants is important, as a more complete comprehensive analysis of all variants
in ARSB willimprove diagnosis. In addition, aberrant splicing could provide a further
insight info disease pathology and could be a novel target for therapy.

In chapter 3, we show a functional assay to detect aberrant splicing in MPS
VI and used this to characterize all genotypes in the Dutch population. By combining
a splicing assay with a cycloheximide freatment to prevent nonsense mediated
decay, novel information on multiple disease-associated variants was obtained
and the diagnosis was confirmed on RNA level for one patient. In addition, several
aberrant splicing products were detected regardless of the presence of a disease-
associated variant. These aberrant products showed inclusion of a pseudo exon
from intron 5 or 6, and might provide a target for an RNA based therapy. Further
discussion on splicing analysis for improved diagnostics is provided in chapter 2.

Modulation of splicing

Splicing can be regulated by using antisense oligonucleotides (AONs) to block
certain regions in the pre-mRNA. This approach is currently used in several pre-
clinical studies and has shown to improve the splicing outcome [2-4]. The use of
AONSs to block the inclusion of the pseudo exons might increase the level of correctly
spliced products. Initial experiments blocking the splice donor and acceptor of the
pseudo exons with AONs led fo a decrease of pseudo exon inclusion, although no
overall increase in MRNA levels was observed. This might be explained by the large
intron size of 46klbb and 57kb for intron 5 and é, respectively. Blocking the splice sites
might lead to splicing to other crypfic splice sites, thereby not improving overall
MRNA levels. As the presence of large infrons in genes increase the complexity of
splicing, strategies such as blocking one or two sites with AONs might fail to improve
the splicing outcome. To improve the overall splicing fo clinically relevant levels will
be especially challenging, since the levels of aberrant splicing were very low. This
approach might be an interesting therapy if the overall splicing and enzyme activity
could be improved through modulation by AONs, due to their long-term stability
and their potential for modification. Using AONs for specific disease-associated
variants that affect splicing might be an alternative approach. However, this kind of
therapy will only be applicable to a small number of patients and has to be tailored
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to each variant. Thus, application of AONs to modulate splicing is dependent on
the disease. In MPS VI, achieving clinically relevant levels of canonical splicing using
AON:Ss directed to natural pseudo exons seems difficult. However, in general splicing
modulation provides a very aftractive way fo freat genetfic disorders, either by
correcting a frequent disease-associated variant or by targeting natural aberrant
splicing. Besides AONs, splicing may be modulated by small molecules [5], or via
gene therapy. An in-depth discussion on this fopic is provided in chapter 2.

Modeling of MPS VI cartilage pathology

Although cartilage is one of the majorly affected tissues in MPS VI patients, the
development of carfilage pathology remains poorly understood. In chapter 8, we
have developed an in vitro model system to study the MPS VI disease pathology
in chondrogenic cells. As the high variability of gene expression and functional
parameters between individuals can cause problems in the analysis, isogenic pairs
were generated from patient-derived hiPSCs using CRISPR/Cas? using a method
developed in chapter 6. The insertion of a healthy version of the ARSB gene lead to
an overexpression of the ARSB enzyme. The isogenic pairs were differentiated in a
14-day protocol and a clear increase of enlarged lysosomes was observed in MPS
VI chondrogenic cells. RNA sequencing showed the dysregulation of several signal
fransduction pathways involved in bone and cartilage development, Wnt signaling,
cell growth and apoptosis, ion transport and metabolic processes. The dysregulation
of cartilage development and homeostasis may provide novel targets for therapy,
which may be tested for efficacy and safety in personalized hiPSC-derived disease
models for MPS VI.

Among the most promising druggable targets that we identified was the
WNT signaling pathway. WNT signalling is involved in cell proliferation, differentiation
and apoptosis and therefore seems like a promising target. However, no specific
Wnt-targeting drugs are FDA approved yet and several WNT specific therapeutic
agents have only recently entered clinical frials [6]. A few FDA-approved drugs do
affect WNT signalling, although In a nonspecifical fashion. Lithium salts are used fo
treat tfreat psychiatric disorders such as manic depression, and stabilize B-catenin
and activate WNT signalling by GSK3 inhibition [7]. Non-steroidal anti-inflammatory
drugs such as Sulindac and Celecoxib act on COX, key enzyme in the arachidonic
acid cascade, and lead to WNT inhibition [8-12]. Pyrvinium is FDA approved as
an anthelminfic drug and has been identified as a strong WNT inhibitor through
R-catenin stabilisation and inhibition of Axin degradation [13-15]. Future research is



required to test the response of MPS VI cartilage to the specific and nonspecifical
WNT therapeutic agents for putative treatments.

Although a clear pathology was observed in chondrogenic cells in the in
vifro model, these chondrogenic cells are cultured in a monolayer that does not
resemble the native milieu of chondrocytes in cartilage fissue. It would therefore be
of great interest to develop a 3-D culture method to form cartilage fissue using these
patient-derived chondrogenic cells. Cartilage pellets can be generated from MSCs
and are widely used in cartilage research [16, 17]. We have used a similar protocol
fo generate cartilage using the hiPSC-derived chondrogenic cells. Although we
could generate healthy cartilage (data not shown), the reproducibility was poor
and further refinement of the profocols is necessary to enable the comparison
between lines and isogenic pairs. Different differentation protocols can be explored
for their potential in generating cartilage pellets. Promising protocols that show
succesfull generation of cartilage pellets focus on the direct differentiation of iPSC fo
chondrogenic cells using growth factors [18, 19], differentfiation through embryonic
body formation [20] or through the generation of induced mesenchymal stem cells
[21].

The generation of cartilage pellets would resemble the native milieu of
the chondrocytes more closely. However, they lack multiple factors important for
cartilage homeostasis, such as mechanical stimulation. The development of more
complex 3-D culturing systems such as a cartilage-on-chip models would enable
the infroduction of other factors present in native carfilage, such as mechanical
stimuli. Recenftly, several groups have developed cartilage-on-chip models fo
study osteoarthritis. Rosser et al. show an equine arthritis cartilage-on-chip model
that mimics articular chondrocyte morphology, cell distribution, metabolism and
gene expression using a physiologic nutrient diffusion gradient [22]. Occhetta
et al. use human articular chondrocytes for a cartilage-on-chip model with
mechanical stimulation to study osteoarthritis pathophysiology [23]. A different
group is developing a cartilage-on-chip model to include mechanical stimulations
on chondrocyte-laden hydrogels [24]. Lin et al. used hiPSC-derived mesenchymal
progenitor cells to develop a micro-physiological osteochondral tissue chip with a
layer of bone and a layer of cartilage tissue [25]. The development of a cartilage-
on-chip model for MPS VI would not only enable to study the disease pathology in
a more native milieu, it would also enable to study the effect of mechanical stimuli
on MPS VI cartilage tissue. In addition, the introduction of inflammatory cytokines to
a cartilage-on-chip model would allow us to study the effect of inflammation on the
development and progression of the MPS VI cartilage pathology. Advanced and
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personalized 2D cell models such as decribed in chapter 8 and future advanced
3D models are expected to be of great value to mimic the patient’s response.
The higher predictive value of such disease models may prevent failure in phase lll
clinical trials and predict success of novel freatment opftions.

Current and future therapies for MPS VI

The current therapy for MPS VI consists of enzyme replacement therapy (ERT), in
which recombinant ARSB enzyme is administered intfravenously. Although some
symptoms are alleviated, ERT is ineffective in freating the cartilage pathology. As
cartilage is a non-vascularized tissue, all freatments that rely on infravenous delivery
will have difficulties in reaching the chondrocytes in the cartfilage. Hence, therapies
such as infravenously administered AONSs, retroviral gene therapy [26] or AAV gene
therapy [27, 28] (currently in clinical frial) might be able to reduce urinary GAG levels
and GAG accumulation in visceral tissues, but will likely be ineffective in treating the
cartilage pathology. Chondrocytes get their nutrients from synovial fluid and the
exchange of nutrients from the blood to the synovium is limited. An intra-articular
therapy might be more effective in freating the cartilage pathology.

Intra-articular administration in combination with the long-term stability of
AONs might prove a promising strategy to freat cartilage pathology. In addition,
AONs can be modified to improve the diffusion through the ECM of the cartilage.
However, finding a general target for AON treatment is challenging and specific
AON treatment for disease-associated variants that affect splicing will exclude the
majority of patients. Other limitations of AONs for clinical therapy include delivery
and foxicity [29]. However, great improvements are made in recent years fo
improve delivery and reduce toxicity [2, 30] and the first AON based therapies have
been approved by the FDA for duchenne muscular dystrophy and spinal muscular
afrophy [31], showing the great potential of AON based therapy for the future.

Intra-articular injections of ERT showed promising results in pre-clinical
studies, clearing GAG accumulation in MPS VI feline model [32, 33]. However,
clinical application might be challenging as it would involve frequent infra-articular
injections over a patient’s lifetime. Intra-articular gene therapy might be a better
approach for a novel therapy. Infra-arficular lentiviral gene therapy showed a
widespread transduction of synovial membrane cells, although in vivo transduction
of chondrocytes was poor [34]. Supported by the results with intra-articular
injections of the recombinant enzyme, localized overproduction of ARSB in the joint
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might facilitate diffusion of enzyme into carfilaoge and uptake by chondrocytes,
but no functional data was shown to support this. Given the lower risks involved,
infra-articular AAV gene therapy might be another potential strategy. Pre-clinical
studies showed that AAV gene therapy is able to fransduce cells in the synovium
and cartilage in mice as well as in equine joints [36-38]. As these studies were not
performed in the confext of MPS VI, it would be interesting to test the efficacy of
delivering ARSB enzyme to joints of a MPS VI animal model.

Regenerative medicine would be an alternatfive approach to freat the
cartilage pathology by replacing diseased fissue with healthy tissue. In chapter
8, we have shown that the pathology can be reversed in patient-derived hiPSCs
by gene correction and chondrogenic cells can be generated through a refined
differentiation protocol. This form of ex vivo gene editing provides a promising
strategy in general for the replacement of disease tissue, not only in cartilage but
also in ofher fissues such as bone marrow, immune cells and skeletal muscle. Various
aspects of gene editing with respect to technological improvements, applications
in the clinic, and a protocol for application in hiPSCs are discussed in chapters 4, 5
and 7.

Regenerative medicine using iPSCs in combination with gene editing tools
holds great promise and can revolutionize the way patients are freated. For most
genetic disorders, current therapy is based on surgical intervention or preventing
and slowing down the symptoms caused by defects in the DNA. Gene editing
allows the correction of the cause of these diseases, the DNA. With the recent
technological advances in gene editing, such as CRISPR/Cas?, DNA itself becomes
a “druggable” target. This is especially true if combined with iPSCs, as these allow for
a virtually inexhaustible pool of cells with the ability fo differentiate intfo any cell type
of the human body. In addition, due to the high expansion capacity, a single iPS
cell can generate enough cells for a transplantation. This allows for a full genomic
screening of cells to ensure safety. As the permanent DNA modifications can have
adverse effects, gene corrected cells have to be validated to minimize the risk of
genomic off-target effects. Genome wide DNA sequencing offers a platform fo
characterize these cells on DNA level. However, due to the high costs involved in
the generation and culturing of patient derived iPSCs under good manufacturing
practice (GMP), the labour-intfensive safety validation of each clone and the
fransplantation procedure, the costs of an iPSC-based therapy could be a big
burden on healthcare. Using HLA matched iPSCs to treat multiple patients would
significantly lower costs and would nofably reduce the fime required to generate
cells for fransplantion into the patient [39]. The generation of a databank with gene
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corrected iPSCs for different HLA matches would therefore greatly benefit a iPSC
based regenerative therapy.

Engraftment of the cells is crucial for renereative therapy. For the freatment
of cartilage using stem cells, Cheng et al. have shown that cells that undergo a
highly similar differentiation route can engraft info an osteochondral defect and
contribute to the formation of healthy new carfilage [40]. As ARSB is naturally
secreted, overexpression of the ARSB fransgene does not only correct the targeted
cells, but may also result in cross-correction of neighbouring chondrogenic cells
in the cartilage upon engraffment of gene-corrected cells. Engraffment of gene-
corrected chondrogenic cells would not only stop or delay the disease progression
through cross correction, but also improve the cartilage pathology by the formation
of new carfilage tissue. However, engraffment of the corrected chondrogenic cells
would require chirurgical intervention into each affected joint, which might pose
an obstacle for clinical application. In addition, chondrocytes rely on mechanical
forces fo distribute nutrients from the synovial fluid trough the ECM of the cartilage,
the lack of movement of MPS VI patients due to the poor joint mobility might
accelerate the disease progression and hamper the delivery of enzyme through
the synovial fluid to the chondrocytes.

Conclusion

The screening of variants in the current diagnostic sefting provides limited insight
intfo the effects of variants on splicing. An overview of improved diagnostics and
novel treatment options for alternative splicing is shown in chapter 2. In chapter
3 we developed an functional assay to detect aberrant splicing in MPS VI and
characterize the effects of variants on ARSB splicing. These insights are important,
because they can provide a novel therapeutic target. Implementation of the
splicing assay in the diagnostic sefting is recommended and will result in a better
characterization of variants and their effects on splicing. In chapter 4 and 5 we
provide an overview of the recent technological advances in gene editing and
the clinical frials involving gene edifing. In chapter 7 we have developed a gene
editing method using CRISPR/Cas? for hIPSC, which we applied to Pompe disease
in chapter 6. In chapter 8 we have developed an in vitro model system to study
the MPS VI disease pathology in chondrogenic cells using hIPSCs and gene editing.
Using isogenic hiPSC pairs, we generated an in vitro model system fo study the
cartilage pathology in patient derived chondrogenic cells. We showed a clear
cellular pathology, which affects processes such as cell growth, apoptosis and
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development of bone and cartilage. The generated gene corrected hIPSCs also

offer the potential for the development of a stem cell-based therapy, which would
produce the ARSB enzyme locally in the affected joint. However, the engraftment
of these cells into the affected tissue should be investigated further.
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Summary

Mucopolysaccharidosis type VI (MPS VI), also known as Maroteaux-Lamy disease,
is an autosomal-recessive disorder caused by disease-associated variants in the
arylsulfatase B (ARSB) gene. This leads to ARSB enzyme deficiency, which impairs
degradation of the glycosaminoglycans (GAGs) dermatan sulfate and chondroitin
sulfate. The progressive accumulation of these GAGs in lysosomes ultimately leads
to cellular and organ deterioration.

The identification and characterization of disease-associated variants in genetfic
diseases is an important aspect of diagnosis, prediction of disease severity and
genetic counseling. However, the effects of variants on pre-mRNA splicing and
mMRNA degradation are difficult o predict and often missed in current molecular
diagnostics. Functional analysis of potential splicing variants is scarce which likely
results in underestimation of the percentage of splicing variants involved in genefic
diseases. In chapter 2 we provide an overview of alternative splicing in genetic
diseases, the current state of diagnostics to detect splicing variants and novel
freatment options based on splicing correction. In chapter 3, we idenfified and
characterized alternative splicing in MPS VI. We developed a generic assay for the
unbiased identification and quantification of alternative splicing of ARSB. We found
inefficient ARSB splicing due to natural skipping of exon 5 and the inclusion of two
pseudoexonsinintrons 5 and 6 in healthy individuals. We analyzed 12 MPS VI patients
with 10 different genotypes, which resulted in the identification of a 151-bp intron
inclusion caused by the ¢.1142+2T7>C variant, detection of low ARSB expression from
alleles with the ¢.629A>G variant and a special case showed skipping of exon 4 and
low ARSB expression. The characterization of a patient with an unknown disease-
associated variant led to a molecular diagnosis at the RNA level. The inefficient
natural splicing of ARSB may be a therapeutical target by promoting canonical
splicing. These results highlight the importance of functional characterization of
ARSB variants and their effect on pre-mRNA splicing in MPS VI patients.

In recent years, various gene editing platforms have been developed to
allow alteration of the genome at specific loci to generate targeted genomic
modifications. Gene editing is now widely applied in biomedical science and, due to
the permanent nature of the modifications, holds great promise for the freatment of
genetic diseases. Chapter 4 provides an overview of the most recent fechnological
advancesin gene editing and the challenges to their clinical implementation. Gene
editing strategies, off-target effects, emerging Cas? alternatives and engineered
variants with increased accuracy, the delivery of gene-editing components both ex



Addendum| 293

vivo and in vivo, and the remaining obstacles for large scale clinicalimplementation
are discussed. In chapter 5, we provide an overview of clinical trials involving CRISPR-
Cas9, TALENs, or ZFNs and discuss the gene editing strategies involved in these
clinical trials. In chapter 6, we developed a gene editing strategy for the correction
of genetic disorders such as lysosomal storage disorders. As proof of principle, we
inserted the acid a-glucosidase cDNA info the AAVSI locus of human induced
pluripotent stem cells (hiPSCs) using CRISPR/Cas? and differentiated these cells
intfo myogenic progenitors to model Pompe disease, a different lysosomal storage
disease. This gene editing protocol was further refined in chapter 7; we provide
protocols for CRISPR/Cas?-mediated gene editing in hiPSCs for the generation of
gene knock outs, large deletions, and the introduction of a donor template in a
safe harbor.

In chapter 8, we generated anin vitro disease model to study the cartilage pathology
in MPS VI. Four patient-derived were reprogrammed into hiPSCs and isogenic conftrols
were generated using CRISPR-Cas? by insertion of wild type ARSB cDNA or an empty
vector control. Differentiation of these hIPSCs into chondrogenic cells showed high
expression of chondrogenic markers. Gene correction normalized the number of
Periodic acid-Schiff (PAS) positive cells in chondrogenic cells compared to MPS VI
chondrogenic cells. Genome-wide mRNA sequence analysis showed differentially
expressed genes between isogenic pairs which were linked to processes and
pathways including bone and cartilage development, Wnt signaling, metabolic
processes, ion fransport, cell growth and apoptosis. These results suggest a MPS VI-
related pathology already at an early stage of chondrogenic development, and
are in agreement with an early disease phenotype in cartilage. The hiPSC-derived
model will provide a novel tool to test the response to freatment options and to
study MPS VI disease pathology in chondrogenic cells.
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Samenvatting

Mucopolysaccharidose type VI (MPS V), ook bekend als de ziekte van
Maroteaux-Lamy, is een autosomaal-recessieve ziekte en wordt veroorzaakt door
ziektegerelateerde varianten in het arylsulfatase B (ARSB) gen. Dit leidt tot een
ARSB enzymdeficiéntie die de afbraak van de glycosaminoglycanen (GAG's)
dermatansulfaat en chondroitinesulfaat schaadt. De progressieve accumulatie
van deze GAG's in het lysosoom leidt uiteindelijk tot cellulaire en orgaanafbraak.

De idenfificatie en karaktferisering van ziektegerelateerde varianten is een
belangrijk aspect van de diagnose, het voorspellen van de ernst van de ziekte en
counseling bij genetische ziekten. De effecten van varianten op pre-mRNA-splicing
en mRNA-afbraak zijn echter moeilijk te voorspellen en worden vaak over het hoofd
gezien in de huidige moleculaire diagnostiek. Functionele analyse van mogelijke
splicingsvarianten is schaars, wat waarschijnlijk resulteert in een onderschatting
van het percentage splicingsvarianten dat betrokken is bij genetische ziekten. In
hoofdstuk 2 geven we een overzicht van alternatieve splicing bij genetische ziekten,
de huidige staat van diagnostiek om splicingsvarianten te detecteren en nieuwe
behandelingsopties op basis van splicingscorrectie. In hoofdstuk 3 hebben we
alternatieve splicing in MPS VI geidentificeerd en gekarakteriseerd. We hebben een
generieke test ontwikkeld voor de identificatie en kwantificering van alternatieve
splicing van ARSB. We vonden inefficiénte ARSB-splicing als gevolg van het natuurlijk
overslaan van exon 5 en de inclusie van twee pseudoexons in infrons 5 en 6 bijj
gezonde confrolepersonen. We hebben 12 MPS VI-patiénten met 10 verschillende
genotypen geanalyseerd, wat resulteerde in de identificatie van een intron-inclusie
van 151 bp veroorzaakt door de ¢.1142 + 2T> C-variant, detectie van lage ARSB-
expressie van allelen met de c.629A> G-variant en een speciaal geval foonde het
overslaan van exon 4 en lage ARSB-expressie. De karakterisatie van een patiént met
een onbekende ziektegerelateerde variant leidde tot een moleculaire diagnose
op RNA-niveau. De inefficiénte natuurlijke splicing van ARSB kan een therapeutisch
doelwit zijn door normale splicing te bevorderen. Deze resultaten benadrukken het
belang van een funtionele karakterisering van ARSB-varianten en de effecten op
pre-mRNA splicing in MPS VI-patiénten.

In de afgelopen jaren zijn verschillende platformen voor het bewerken van genen
ontwikkeld om gerichte genomische modificaties te genereren op specifieke loci
van het genoom. Het bewerken van genen wordt nu op grote schaal toegepast
in biomedische wetenschappen en houdt vanwege het permanente karakter van
de modificaties een grote belofte in voor de behandeling van genetische ziekten.
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In hoofdstuk 4 wordt een overzicht gegeven van de meest recente technologische
vooruitgangeningenbewerking en de uitdagingen voorhunklinischeimplementatie.
Genbewerkingsstrategieén, off-target effecten, opkomende Cas?-alternatieven en
doorontwikkelde varianten met verhoogde nauwkeurigheid, de aanlevering van
genbewerking componenten zowel ex vivo dls in vivo, en de resterende obstakels
voor grootschalige klinische implementatie worden besproken. In hoofdstuk 5
geven we een overzicht van klinische onderzoeken met CRISPR/Cas?, TALEN's of
ZFN’s en bespreken we de gebruikte strategieén voor het bewerken van genen
in deze klinische onderzoeken. In hoofdstuk 6 hebben we een strategie voor het
bewerken van genen ontwikkeld voor de correctie van genetische aandoeningen
zoals lysosomale stapelingsstoornissen. Als proof of principle, hebben we een
gezonde kopie van zure aplha-glucosidase ingebracht in het AAVS1 locus van
humane geinduceerde pluripotente stamcellen (hiPSC’s) met behulp van CRISPR/
Cas9. Vervolgens hebben we deze cellen gedifferentieerd tot myogene voorlopers
om de ziekte van Pompe (een andere lysosomale stapelingsziekte) te modelleren.
Het protocol voor het bewerken van genen is verder verfijind in hoofdstuk 7; waar
we protocollen presenteren voor CRISPR/Cas?-gemedieerde genbewerking in
hiPSC’s voor het genereren van gen knock-outs, grote deletfies en de intfroductie
van donor DNA in een safe harbour.

In hoofdstuk 8 hebben we een in vifro ziektfemodel gegenereerd om de
kraakbeenpathologie in MPS VI te bestuderen. Vier patiént afgeleide fibroblasten
cel ljnen werden gereprogrammeerd in hiPSC's en isogene confroles werden
gegenereerd met behulp van CRISPR/Cas? door insertie van een gezonde versie
van het ARSB cDNA of een lege vectorcontrole. Differentiatie van deze hIPSC’s
fot chondrogene cellen foonde een hoge expressie van chondrogene markers.
Gencorrectie normaliseerde het aantal Periodic acid-Schiff (PAS)-positieve cellenin
chondrogene cellen. Genoomwijde mRNA-sequentieanalyse toonde differentieel
fot expressie gebrachte processen en signaleringsroutes fussen isogene paren,
waaronder bof- en kraakbeenontwikkeling, Wnt-signaleringsroute, metabole
processen, ionentransport, celgroei en apoptose. Deze resultaten suggereren
een MPS Vl-gerelateerde pathologie in een vroeg stadium van chondrogene
ontwikkeling en ondersteunen de theorie van een vroeg ziektefenotype in
kraakbeen. Het hiPSC-afgeleide model biedt een nieuw hulpmiddel om de respons
op behandelingsopties te testen en om de pathologie van de MPS Vi-ziekte in
chondrogene cellen te bestuderen.
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