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LIST OF ABBREVIATIONS

AAV adeno-associated viral

ADHD attention-deficit hyperactivity disorder

ALS amyotrophic lateral sclerosis
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DIV days in vitro
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ELISA enzyme-linked immunosorbent assay

ES embryonic stem

FAD flavin adenine dinucleotide

FCS fetal calf serum

FMRI fragile X mental retardation |

FMRP fragile X mental retardation protein

FMRpolyA alanine containing protein

FMRpolyG polyglycine containing protein
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SCOPE OF THIS THESIS

Since the discovery of the fragile X-associated tremor/ataxia syndrome (FXTAS), a large
number of studies have been performed in order to identify the underlying disease
mechanism(s). Two disease mechanisms for FXTAS have been proposed. The first
hypothesis is an RNA gain-of-function mechanism in which the FMRI RNA, containing an
expanded CGG repeat, sequesters RNA-binding proteins.A second proposed mechanism
is a repeat-associated non-AUG-initiated (RAN) protein gain-of-function mechanism
in which the FMRI RNA, containing an expanded repeat, triggers RAN translation of
a cryptic polyglycine-containing protein, FMRpolyG. Gaining more mechanistic insight is
essential to develop potential targets for future therapeutic intervention studies and to
identify new reliable biomarkers.

The general aim of this thesis is to advance our understanding of the molecular
mechanisms underlying toxicity of both RNA and RAN in FXTAS using new cellular and
FXTAS mouse models.To date, no targeted treatments exist for FXTAS.Thus translational
research using mouse and cellular models, as generated and characterized in this thesis,
will provide the critical information needed for the development and evaluation of

effective therapeutic interventions for FXTAS.
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ABSTRACT

Carriers of the fragile X premutation (PM) have CGG trinucleotide repeat expansions
of between 55-200 in the 5’UTR of FMRI, compared to CGG repeat length of between
5-54 for the general population. Carriers were once thought to be without symptoms,
but it is now recognized that they can develop a variety of early neurological symptoms
as well as being at risk for developing the late onset neurodegenerative disorder fragile
X-associated tremor/ataxia syndrome (FXTAS). Several mouse models have contributed
to our understanding of PM and FXTAS. This chapter summarizes findings from studies
using these mouse models and how this information is contributing to our understanding of
the molecular and cellular abnormalities that contribute to neurobehavioral features seen
in some PM carriers and in FXTAS patients. Mouse models show much of the pathology
seen in PM carriers and in individuals with FXTAS, including the presence of elevated
levels of Fmrl mRNA, decreased levels of FMRP, and ubiquitin- and FMRpolyG-positive
intranuclear inclusions. Abnormalities in dendritic spine morphology in several brain
regions are associated with neurocognitive deficits in spatial and temporal memory
processes, impaired motor performance, and altered anxiety. In vitro studies have identified
altered dendritic and synaptic architecture associated with abnormal Ca?* dynamics
and electrical network activity. PM mice have been particularly useful in understanding
the roles of Fmrl mRNA, FMRP, and translation of a potentially toxic polyglycine peptide
in pathology. The inducible mouse model enabled us to show that neuropathology and
functional phenotype/deficit could be reversed at an early time-point. Finally, these
and emerging mouse models are crucial for preclinical development of therapies to

improve neurological function in FXTAS.



FMRI gene and prevalence of FXTAS

The fragile X mental retardation | gene (FMRI) is located on the long-arm of the
X-chromosome at Xq27.3 and codes for the fragile X mental retardation protein (FMRP)
which is necessary for normal brain development and synaptic plasticity [1-5]. The fragile
X gene carries a variable number of CGG repeats in the 5’-untranslated region (5’-UTR)
of between 5-54 in most individuals (modal value of 32-33) (Figure I). However, due
to instability of the repeat across generations there are large numbers of individuals
who carry an expanded CGG repeat of between 55-200. These individuals are referred
to as fragile X premutation (PM) carriers, and occur in the general population with an
estimated frequency of | in 250 females and | in 400-800 males [6-8]. The chance of
developing FXTAS increases dramatically with age, with approximately 40% of males and
8-16% of female PM carriers over the age of 50 developing FXTAS [7, 9, 10]. Indeed,
FXTAS may be one of the more common causes of tremor/ataxia in older adults [I1].
Besides age and CGG repeat length, the risk factors that lead to the development of
FXTAS in PM carriers remains largely unknown, but are likely to include additional (epi)
genetic and environmental factors (i.e., environmental toxins, chemotherapy, addictive
substances and other illnesses) [3, 12-16].The CGG repeat number negatively correlates

with ages of onset of action tremor and cerebellar gait ataxia [17].
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Figure |.Most individuals in the general population have between 5-54 CGG trinucleotide repeats in the
5’-UTR of FMR|.Repeat length in the fragile X premutation (PM) range is 55-200, resulting in an elevation
in FMRI mRNA levels,a moderate decrease in FMRP and an increased risk of developing FXTAS. Repeat
size in the full mutation is >200, FMR/ transcription is silenced due to DNA hypermethylation, and the
absence of FMRP results in fragile X syndrome (adapted from [103]).
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Because of the increase in the number of people reaching the age of 65 itis likely that the
numbers of cases of FXTAS will increase accordingly, further highlighting the importance
of unraveling the underlying molecular mechanisms of FXTAS, establish its developmental
time course, and develop rational treatments to delay or halt progression of disease and

improve neurological function [I1].

Clinical features of FXTAS

Premutation carriers with 55-200 CGG repeats were originally thought to be clinically
unaffected. However, it is now known that they can develop a variety of neurological
symptoms, including memory problems, deficits in executive function, depression, anxiety
and problems with numerical processing and magnitude estimates [3, I8, 19]. They are
also at risk for developing the late onset neurodegenerative disorder fragile X-associated
tremor/ataxia syndrome (FXTAS). Major clinical symptoms of FXTAS include action
tremor and cerebellar gait ataxia. Minor clinical symptoms include impairments in
executive function and memory, cognitive decline and dementia in some patients [20, 21].

Next to these core clinical features unexplained medical comorbidities have been
reported, including thyroid disease [9,22], fibromyalgia [22, 23], seizures [24],autoimmune
disease [22], cardiac arrhythmias, hypertension [22], migraine [25], impotence [26, 27],
and neuropathy [28] (Reviewed in [5, 29]. Females carrying the FMR| premutation
are also at increased risk to develop fragile X-associated primary ovarian insufficiency
(FXPOI) (reviewed in [30]). Premature ovarian insufficiency (POI) includes infertility due
to cessation of ovarian function before the age of 40 [31]. FXPOI affects 12-28% of
women carrying the PM [32, 33]. Very little is known about the underlying mechanisms
of FXPOI, but recent studies suggests that the same molecular mechanisms involved in
FXTAS might underlie FXPOI as well ([34-36] and Cohen, et al. Abstracts of the 2nd
Premutation Meeting, Sitges, Spain, 2015).

Diagnostics

FXTAS only occurs in individuals who have an expanded CGG repeat in the 5’UTR of the
FMRI gene.Therefore, it is essential that individuals being considered for this diagnosis
are tested for and confirmed as a PM carrier. Diagnostic criteria were initially based on
the first descriptions of patients with FXTAS [27, 28] and have been very helpful for the
identification of affected individuals [37]. Since then additional features in individuals with
FXTAS have been reported and new diagnostic criteria have been provided (reviewed in
[38]). The revised major diagnostic criteria are: action tremor, cerebellar gait ataxia, and
white matter lesions in middle cerebellar peduncle (MCP) or splenium of the corpus
callosum (CCS). The main neuropathological hallmark in postmortem brain tissue are

ubiquitin-positive intranuclear inclusions in both neurons and astrocytes. The revised



minor diagnostic criteria include: parkinsonism, moderate to severe short-term memory
deficiency, executive function deficits, neuropathy, white matter lesions in cerebral white
matter, and moderate to severe generalized atrophy [38]. For the definite diagnosis of
FXTAS one major clinical criterion and one of the following criteria are required: one
radiological major criterion or the presence of intranuclear inclusions. For the diagnosis
of probable FXTAS two major clinical criteria or one radiological major criterion and
one major clinical criterion are required. For the diagnosis of possible FXTAS one major

clinical criterion and one radiological minor criterion are required [38].

(Neuro)pathology of FXTAS

The main neuropathological hallmark in FXTAS is the presence of ubiquitin-positive
intranuclear inclusions present in both neurons and astrocytes throughout the brain in
postmortem brain tissue [39-42]. Mass spectrometric and immunohistochemical analyses
of these inclusions revealed over thirty inclusion-associated proteins, including a number
of neurofilaments, lamin A/C, heterogeneous nuclear ribonucleoprotein A2 (hnRNP A2),
muscle blind-like protein | (MBNLI), Samé68 and drosha [43-46]. Intranuclear inclusions
were also found in non-CNS organs of FXTAS patients, including brain, kidney, adrenal
gland, heart, thyroid, and pituitary [26, 29, 34, 42, 47, 48].This suggests the involvement of
the peripheral nervous system and systemic organs in the pathogenesis of FXTAS as well
and might explain some of the observed comorbidities [29]. Furthermore degeneration of
the cerebellum has been reported, including Purkinje neuronal cell loss, Bergman gliosis,
spongiosis of the deep cerebellar white matter and axonal swelling in the granular cell

layer of the cerebellum [39].

Mouse models and FXTAS
Pathology in affected PM carriers and in individuals with FXTAS is thought to be the result
of RNA toxicity due to 2-8 fold elevated levels of a CGG-repeat bearing FMRI mRNA.As
depicted in Figure 2A, elevated FMRI mRNA with a CGG repeat expansion is thought
to sequester proteins critical for normal cell function resulting in pathology [43, 44, 49].
However, recent findings have suggested an additional model for toxicity, as depicted in
Figure 2B, in which a potentially toxic polyglycine-containing peptide is produced as the
result of a CGG repeat-mediated non-ATG translation (RAN) mechanism [41]. Research
using animal models has provided much of the evidence supporting these theories as
presented in this chapter.

Several mouse models have been developed to study the PM and FXTAS. These
models show much of the pathology associated with CGG repeat expansions on FMRI.
Table | compares pathology seen in FXTAS with that reported in CGG Kl mouse

models. This includes molecular, histological and some behavioral deficits see in PM and
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Figure 2. Potential mechanisms of CGG-repeat RNA toxicity in FMP carriers. (A) Protein sequestration
model: RNA binding proteins are sequestered through their interactions with the expanded CGG-repeat
RNA.These proteins can in turn recruit other proteins.The net result of sequestration of these proteins
being that they are unavailable to carry out their normal functions and critical cellular processes are
thereby altered or blocked. (Sequestration of SAM68 by CGG expanded repeats is indirect, presumably
through protein-protein interactions). (B) Toxic polypeptide model: The translation initiation complex
stalls near the CGG repeat hairpin formed on the FMRI RNA. This promotes the repeat-associated
non-AUG (RAN) translation of FMRI mRNA using a near-AUG start site. This results in a frame shift and
the production of polyGlycine and/or polyAlanine containing polypeptides that somehow interferes with

normal cell function or may be directly toxic.

FXTAS. However, none has been completely successful in reproducing all of the features
reported in affected PM or individuals with FXTAS.An important example is the absence
of any reports of obvious tremor in current mouse models, a defining neurological
feature of FXTAS. Therefore, it is acknowledged at the outset that current mouse models
only partially recapitulate features of the PM and FXTAS. The mouse models described
below have been developed to study specific aspects of disease associated with CGG
repeat expansions, each offers advantages and limitations, and each has already provided

important insights into disease mechanisms.

I. The Dutch mouse

The study of FXS and FXTAS has been greatly facilitated by the development of animal
models that mimic much of the pathology associated with these disorders. The first
mouse model of FXTAS and the PM was a CGG knock-in (CGG KI) mouse model from
the Willemsen lab in the Netherlands, the so called “Dutch” mouse (CGG, KI). This

mouse model was generated by replacing the native murine CGG repeat 8 trinucleotides



Table I. FXTAS compared to the CGG KI mouse model*

Pathology Human FXTAS CGG KI mouse

CGG trinucleotide repeat 55-200 CGG repeat length, 70-300 CGG repeats, modest

length repeat instability repeat instability

Elevated FMRI mRNA Increased 2-8 fold Increased 1.5-3 fold

Expression

FMRP levels Reduced in several brain Reduced in several brain
regions regions

Motor impairments Tremor/ataxia, postural sway,  Impaired on rotarod and ladder
parkinsonism rung task

Cognitive Impairments Poor working memory, Spatial memory deficits, altered
anxiety, depression, social anxiety- like behaviors
phobia

Intranuclear inclusions Neurons and astrocytes, Neurons and astrocytes,
highly correlated with CGG related to length of CGG
repeat length, frequency repeat, frequency increases
increases with age with age

*Adapted from [163].

in length (i.e., CGG8) within the endogenous Fmr/ gene with a human CGG98 repeat by
homologous recombination in embryonic stem (ES) cells [50]. Importantly, while minimal
changes to the murine Fmr| promoter were made when the targeting construct containing
the human (CGG),, repeat was generated, the region flanking the repeat in the human
FMRI was included. These CGG, Kl mice show moderate instability of repeat length
upon paternal and maternal transmission, with both small expansions and contractions
(i.e., typically fewer than 10 repeats) [51,52]. These CGG, Kl mice have been bred onto
a C57BL/6) background over several generations to establish lines with expanded alleles
ranging from 70 to greater than 300 CGG repeats [50, 53]. Although expected, based on
silencing of FMRI expression in FXS, no increased methylation of the Fmr/ gene has been
found even with longer CGG repeat expansions (e.g., >300). As described below these
mice model much of the pathology seen in affected PM carriers and in FXTAS, including
increased expression of Fmrl mRNA, decreased FMRP, ubiquitin-positive intranuclear

inclusions (Figure 3) and evidence for motor and spatial processing deficits [53].

2. The NIH mouse

A second knock-in mouse was developed at NIH with an initial CGGI 18 tract [54].
The CGG_, KI mice were generated using a different strategy from the CGG,  mice.

They were made using a targeting construct in which exon | of the mouse gene was

retrofitted with two adjacent but incompatible Sfi | sites. The repeats were generated in
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Figure 3. Ubiquitin positive intranuclear inclusions in neurons and astrocytes of CGG,, Kl mice.
Immunofluorescent photomicrographs of ubiquitin-positive intranuclear inclusions (arrows) immunolabeled
red in (A) pyramidal neurons in motor cortex, (B) astrocytes and (C) Bergmann glia of CGG Kl mice.
Neurons (A) were immunolabeled for Kv2.l potassium channels in the membrane (green), (B) lamina
| neocortical astrocytes and (C) Bergmann glia were immunolabeled with GFAP (green). In (B) note
an intranuclear inclusion in an adjacent neuron (arrowhead). Nuclei were stained with DAPI.

(Adapted from [36])

vitro in such a way that they were flanked by the appropriate Sfi | sites. This allowed the
CGG-repeats to be inserted into the mouse locus in the correct orientation and in such
a way as to make minimal changes to the mouse flanking sequence. As a result of this
strategy, the CGG_, mouse retains the translational TAA stop codon just upstream of the
CGGI I8 repeat that is present in the endogenous murine gene but not the human gene.
As with the CGGdut mice, the CGGnih mice showed elevated Fmrl mRNA levels, decreased
FMRP levels, moderate intergenerational expansions, no methylation, even when repeat
numbers were >300, and ubiquitin-positive intranuclear inclusions [55]. Furthermore, the
CGGnih
Escherichia coli it has been reported that the rate of instability is changed in different

mice show high repeat instability with a bias toward expansions. In yeast and

repair-deficient strains [56-58]. One DNA damage checkpoint protein that may have
an effect on CGG repeat instability is the Ataxia-telangiectasia and rad3-related (ATR)
kinase. ATR heterozygosity led to an increased frequency of expansion of maternally
transmitted alleles. This suggests that expansion of the CGG repeat can occur prior to
fertilization of the oocyte [59]. Recently, it was reported that two DNA damage repair

pathways are involved in instability of the CGG repeat expansion. Firstly, the transcription



coupled repair protein ERCC6/CSB protects against repeat expansions [60]. Secondly,
the base pair excision pathway is involved, since heterozygosity for a hypomorphic Polp

mutation reduces the expansion frequency [61].

3. Similarities and differences between CGGdut and
CGGnih Kl models

The two CGG KI mouse models show similarities as well as some differences [55, 62].
Both models show several fold increase in levels of Fmrl mRNA and a reduction in brain
levels of FMRP that is inversely related to CGG repeat length. However, they differ in
that the reduction in FMRP in the CGG, Kl mouse (20-30%) is typically much less than
that reported in the CGG_, KI (>50%). Ubiquitin positive intranuclear inclusions are
found in both models, but are more common in neurons and astrocytes in the CGG,
KI model [41]. Inclusions in CGG, Kl mice are widespread in the brain, including the
hippocampus, cortex, cerebellum, olfactory bulb, superior and inferior colliculi and
hypothalamus [52]. Purkinje cell loss is seen in postmortem tissue from FXTAS brains,
as well as in the CGG_, KI mouse, but has not been reported in the CGG,, KI mouse
[55]. Behaviorally, there is evidence for memory impairment in both models [63, 64],
but the CGG,, KI mouse shows increased anxiety [65] while the CGG , Kl mouse
shows lower anxiety [64]. Both models show modest intergenerational repeat instability.
Neither model, however, reliably shows large expansions in the length of the CGG repeat
tract seen with maternal transmission in FXS, and no methylation or silencing of Fmrl/
expression has been reported in either model. It has been suggested that this difference
between humans and mice in the frequency of large germline expansions may be due to
differences in the length of the perigametic interval in males of both species (i.e., weeks),
female mice (months) and human females (decades) [59]. The levels of the proteins
involved in generating or preventing expansions during the perigametic interval could
also contribute to these differences [66].

The reasons for differences between the two models in FMRP reduction, Purkinje cell
loss and the frequency of intranuclear inclusions are unclear since both were generated with
CGG repeat sequences that differed only by approximately 20 repeats. However, the cloning
strategy used to make these mouse lines differed in that the CGG , Kl mouse retains a
greater region of the mouse 5 UTR flanking the CGG repeat, including a TAA stop codon
that is not present in the CGG, , KI mouse.The absence of this stop codon in the CGG,
KI may allow, and its absence in the CGGnih KI may block CGG repeat-associated non-ATG
translation (RAN) and the subsequent translation of a novel polyglycine protein that appears
to contribute to CGG repeat toxicity in human cells line and in Drosophila [41].The ability
to compare the pathology between the two mouse models represents an important and

powerful tool for understanding the mechanisms of disease in the PM and in FXTAS.
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4. Ectopic expression of an expanded CGG90 in transgenic mice

In order to determine whether ectopic expression of an expanded CGG90 repeat would
cause neurodegeneration in the cerebellum, transgenic mice (L7-CGG90-Fmrl) were
generated in which expression was spatially restricted to cerebellar Purkinje neurons
using the L7 promoter [67]. In these mice, the CGG90 repeat was upstream of either
Fmrl or EGFP cDNA (L7-CGG90-Fmrl, L7-EGG90-EGFP), with control mice expressing
Fmrl or EGFP but without a CGG90 repeat expansion (L7-Fmrl, L7-EGFP). Significant
Purkinje cell loss was observed in 32-week old L7-CGG90-Fmr| and L7-CGG90-EGFP
mice compared to wildtype (WT) littermates or L7-Fmrl|/L7-EGFP mice (Figure 4).
Ubiquitin-positive intranuclear inclusions were found in Purkinje neurons of both the L7-
CGG90-Fmr!| and L7-CGG90-EGFP lines, but were not found in either WT littermates

Figure 4. Ectopic expression of a CGG90 repeat results in Purkinje cell loss. (A) Cerebellum of control
mice without a CGG90 repeat (i.e., L7Fmrl) showing normal distribution of Purkinje cells in the Purkinje cell
layer (pcl). (B) Higher magnification of pcl in control mice. (C) Selective Purkinje cell loss in 32 week old mice
expressing a CGG90 repeat under the L7 Purkinje cell-specific promotor i.e., LZCGG90Fmrl). (D) Purkinje
cell loss in shown at higher magnification in L7CGG90Fmr| mice. ml — molecuar layer; pcl — Purkinje cell layer;

gl- granule cell layer. (Adapted from [29])



or the L7-Fmr| or L7-EGFP control lines. Lack of inclusions in control mice, in addition to
their presence in the L7-CGG90-EGFP line, demonstrates an essential role for the CGG
repeat expansion in inclusion formation, and that expressed CGG repeat containing RNA
is sufficient to induce inclusions. These Purkinje neurons stained positive for the 20S core
complex of the protesome, Hsp40, and Rad23B. Interestingly, staining was negative for
Pura, hnRNPA2/B1, Tau, and a-synuclein; all proteins that have been reported in human
intranuclear inclusions in human FXTAS [43]. Motor performance on the rotarod was
also impaired in mice expressing the CGG90 repeat compared to controls, and this
impairment was not age-related, as similar impairment was seen in 20 and 40 week old
mice. These results provide evidence that CGG repeat mRNA expression is sufficient to
cause Purkinje neuron dysfunction and loss similar to that reported in FXTAS [40].

The neuropathological observations to date demonstrate a connection between
formation of intranuclear inclusions and cell death. While it is tempting to speculate
that the formation of inclusions is the cause of cell loss, such a conclusion is contingent
upon understanding what the functional ramifications are when proteins and their
interacting partners are sequestered within an inclusion body. A Drosophila model
ectopically expressing premutation-length CGG repeats showed a neurodegenerative
eye phenotype and Hsp70/ubiquitin-positive inclusions [68]. A subsequent genetic screen
showed that CELFI (CUGBPI), when ectopically expressed, was able to suppress the
neurodegenerative eye phenotype [69]. CELFI was also shown to directly interact with
hnRNPA2/B1, known to be present in inclusions of FXTAS patients [43]. CELFI, better
known for its involvement in myotonic muscular dystrophy type | (DMI) [70-72], is
upregulated overall in the presence of CUG repeats >50, contributing to the mis-regulation
of mMRNA splicing and translation and the muscle atrophy and weakness observed in DMI.
CELFI is therefore predicted to be one potential modifier of CGG repeat-mediated
neurodegeneration. Preliminary findings in mice show modulation of neuropathological
phenotypes previously reported in the L7ZCGG90 transgenic mice when the expression
of CELFI is altered (Zalewski, et al. Abstracts of the Ist Premutation Meeting, Perugia,
Italy, 2013). Such findings support an RNA toxicity mechanism, specifically that the
sequestration of such proteins within an inclusion inhibits their normal function, leading to
dysregulation (at least at the level of RNA processing) in the cell and, over time, cell death.
Galloway, et al performed translational profiling in L7ZCGG90 mice and demonstrated
a significant change in their translational profile. Over five hundred transcripts were
differentially associated with ribosomes. Interestingly, Tardbp mRNA (important in many
other neurodegenerative disorders) has a reduced association with the ribosomes,
resulting in loss of TDP-43 protein expression in Purkinje cells of L7ZCGG90 mice [73].In
two Drosophila models expressing the rCGG repeat, TDP-43 suppresses CGG-mediated
toxicity [73, 74]. However, in postmortem brain material from FXTAS patients TDP-43 is
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localized within the nucleus without any aggregation, similar as in controls. In fibroblast
lines from PM carriers, FXTAS patients and controls no differences in TDP-43 RNA or
protein expression could be observed [74].

5. Fmrl Over-expressing mice

Levels of FMRI mRNA bearing an expanded CGG are elevated several fold in premutation
carriers and in FXTAS patients, supporting the hypothesis that pathology is the result of
FMRI mRNA toxicity. However, the possibility exists that toxicity could be due to either
the CGG repeat itself, elevated FMRI mRNA independent of the repeat expansion, or both.
In a Drosophila model of FXTAS, high expression levels of a CGG60 repeat causes formation
of ubiquitin-positive inclusions and neurodegeneration in the retina in a dosage-and repeat
length-dependent manner, while moderate expression of the repeat allele results in little
pathology.These findings support the notion that overall abundance of a CGG repeat molecule
may be important for generating a pathological phenotype [68].To investigate the potential
deleterious effects produced by over-expression of FMRI mRNA with a normal CGG repeat
length, transgenic mice that over-express FMRI mRNA bearing a normal length CGG29
repeat have been generated [75].The CGG29 transgenic mouse was obtained by pronuclear
injection of a construct containing the human FMR/ ¢cDNA with 29 CGG repeats under
control of a SV40/T7 promoter.This model results in a 20-100 fold increase in FMRI mRNA
in all tissues studied (e.g., liver; cerebral cortex and cerebellum). However, these animals
did not show significant differences from WT mice in general activity or anxiety-related
behaviors in open-field tests. These results suggest it is expression of the expanded CGG
repeat that is primarily responsible for pathology, and not over-expression of Fmr/ mRNA
per se. Other transgenic mice over-expressing FMRI mRNA have been made using a yeast
artificial chromosome (YAC) containing the full-length human FMRI gene.These YAC mice
show a 2-3 fold increase in expression of FMRI mRNA and a 10-15 fold increase in FMRP
compared with control littermates [76, 77]. When crossed with a knock-out (KO) mouse
model of FXS that lacks FMRP, some of the pathological features of FXS were reversed.
Importantly there were no changes in overall brain morphology at the light microscopic
level due to over-expression of mMRNA or protein. However, over expression in otherwise
WT mice (i.e., not KO mice) also resulted in some abnormal behaviors, including decreased
activity, increased anxiety-like behavior and enhanced startle response.Although the authors
attributed these behavioral effects to over-expression of FMRP, the high levels of Fmrl mRNA
could also have contributed to the behavioral effects [77].

6. YAC transgenic mouse models of the PM
Yeast artificial chromosome (YAC) transgenic mouse lines have also been generated in

order to study CGG repeat instability [78]. These mice were generated using a CGG92



allele isolated from an adult male premutation carrier,a CGG repeat length that would be
expected to show expansion to the full mutation when transmitted through the female
germ line in humans. The CGG92 region, including several hundred base pairs of flanking
sequence, was cloned into a YAC and purified YAC DNA was injected into FVB/N mouse
oocytes and then transplanted into foster mothers. A line of offspring (i.e., line TG296)
carrying a CGG90 repeat were then identified. Although not yet well characterized,
these YAC mice show modest intergenerational CGG repeat instability, expansion and
contraction of |-3 trinucleotides across generations. There was no influence of parental

sex, or age on transmission of the repeat.

7. Inducible mouse models

Continued development of new mouse models to study the PM and FXTAS has resulted in
generation of doxycycline (dox)-inducible transgenic mouse lines with overexpression of
RNA containing an expanded CGG90 repeat [79, 80]. Ubiquitous overexpression of RNA
containing an expanded CGG90 repeat using an hnRNP-rtTA driver resulted in dysfunction
of the liver and eventually death of the mice within five days after dox induction. The
livers of these mice showed increased steatosis, mitochondrial dysfunction and apoptosis.
Due to the early death of these mice no neuropathology could be observed. Subsequent
studies were designed using a brain specific prion protein (PrP)-rtTA driver [79]. In these
mice the RNA containing an expanded CGG repeat was expressed throughout the brain,
with the strongest expression in cerebellum, hippocampus and striatum. Ubiquitin- and
FMRpolyG-positive intranuclear inclusions were found after eight weeks of dox-induction
and these inclusions increased in number and size over time.After stopping expression of
the RNA containing an expanded CGG repeat at an early stage it could be demonstrated
that inclusion formation was reversible. Turning off transgene expression at a later time
point could only halt disease pathogenesis. Furthermore, deficits in the compensatory
eye movements of mice were observed after20 weeks of dox treatment. This functional
phenotype could be halted by stopping expression of the RNA containing an expanded
CGG repeat after 12 weeks of dox treatment. These results indicate that the functional
phenotype can be halted and neuropathology reversed if expression of the expanded
CGG repeat is stopped. It also suggests that an early therapeutic intervention might be
beneficial for FXTAS patients.

Brain and cellular pathology in mouse models

The description of brain pathology associated with PM and FXTAS is limited by
the availability of tissue for analysis. As a result virtually all that is known about such
pathology has come from studies of postmortem tissue from PM carriers who developed

FXTAS, and from findings in animal models. To date, studies on brain pathology seen in
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PM carriers without FXTAS have not been published, including if and when intranuclear

inclusions and cell loss (e.g., Purkinje neurons) may be occurring.

I. Intranuclear inclusions

The hallmark histopathology in FXTAS includes the presence of ubiquitin-positive
inclusions in neurons and astrocytes that is widespread throughout the brain. As a
further parallel between human FXTAS and the CGG Kl mice, both show the presence
of ubiquitin-positive intranuclear inclusions in many regions of the brain [54, 81, 82].
The CGG, KI develops intranuclear inclusions in neurons in many brain regions,
including cerebral cortex, olfactory nucleus, parafascicular thalamic nucleus, medial
mammillary nucleus and colliculus inferior, cerebellum, amygdala and pontine nucleus
cortex, hippocampus, hypothalamus and in granule cells of the cerebellum (Figure 3)
[52, 62]. Inclusions in the dentate gyrus of the hippocampus are evident as early as 12
weeks of age [63]. The number of inclusions in glia, including astrocytes and Bergmann
glia, and their distribution in brain are more limited, and not as numerous as found in
postmortem FXTAS brain tissue [82, 83]. In addition, the size of the inclusions correlates
significantly with the age of CGG, KI mice, with smaller inclusions found in younger
mice. Interestingly, the gradual increase in the size of the inclusions and the percentage
of ubiquitin-positive neurons appears to parallel the progressive development of the
neurological phenotype of FXTAS in humans [I1]. In addition, brain regions showing the
presence of intranuclear inclusions correlate with the clinical features in symptomatic
FXTAS patients [81]. Importantly, inclusions are not limited to the nervous system, and
are found in both human FXTAS and in the CGG, Kl mouse in a variety of other tissues,
including pancreas, thyroid, adrenal gland, gastrointestinal, pituitary gland, pineal gland,
heart, and mitral valve. Inclusions were also found in the testes, epididymis, and kidney
of FXTAS cases, but not in the KI mice [84]. Therefore, FXTAS should be considered
a multiorgan disease. Systematic analysis of these inclusions in postmortem FXTAS brain
and transfected COS7 cells shows the presence of more than 20 proteins including
ubiquitin, molecular chaperone Hsp40, 20S proteasome complex, DNA repair-ubiquitin-
associated HR23B factor and SAM-68, DGCRS8, and DROSHA [43, 45, 46]. The presence
of most these proteins is confirmed in the mouse models for FXTAS [43, 49, 52, 79,
85-87]. The inclusions also contain FMRI mRNA, but surprisingly not FMRP [43, 88].
Similar studies on the protein composition of inclusions found in CGG mouse models
have not been carried out, but it is already apparent that there are some similarities
between the inclusions in FXTAS and mouse models, including the presence of ubiquitin,
SAM68, DGCRS, lamin A/C, as well as several differences [43, 49, 52, 55, 85, 89]. Pura
has been detected in intranuclear inclusions in a Drosophila model of the premutation

and overexpression can suppress CGG repeat-mediated neurodegeneration. However,



pura has not yet been detected in inclusions in murine models and evidence for its
presence in human inclusions is inconclusive [43, 89]. Similarly, h\nRNP-A2/BI are found
in the intranuclear inclusions in FXTAS [43], but little or none has been found in CGG
KI mice [67].Additional research on composition of intranuclear inclusions in FXTAS and

mouse models would clearly be of value.

2. Cell loss

An important neuropathological finding in human FXTAS is the presence of Purkinje
cell degeneration [40]. This has also been observed in the CGG_, KI mouse, and in mice
expressing an ectopic CGG90 repeat expansions limited to cerebellar Purkinje neurons
as shown in Figure 4 [55, 67]. However, the generalized brain atrophy, including enlarged
ventricles, that has been reported in some FXTAS patients has not been systematically
examined in any of the existing mouse models. Such studies need to be carried out using
structural MRI imaging and quantitative stereology of neurons in brain regions known to

be affect in FXTAS, to establish whether similar pathology also occurs in mouse models.

3. White matter disease

FXTAS is also characterized by white matter disease, including loss of glial cells, enlarged
astrocytes, spongiosis and pallor in subcortical and cerebellar white matter, including in
the middle cerebellar peduncle (MCP) [40, 83, 90]. Additional pathology in FXTAS is seen
on T2-weight MRI images that show hyperintensities in white matter tracts, including the
MCP [91].Tractography studies using diffusion weighted MRI imaging (DTI) has provided
additional evidence for degeneration in major white matter fibers tracts in FXTAS,
including the MCP, superior cerebellar peduncle and corpus callosum, that was not found
in premutation carriers without FXTAS [90]. As yet, these important findings have not
been systematically examined in mouse models of the PM or FXTAS, and there are no
published reports of white matter pathology or degeneration of major fiber tracts in

animal models.

4. Dendrite and dendritic spine morphology

Studies of Golgi stained neurons have also revealed ultrastructural changes in dendrites
and dendritic spines in both CGG, and CGG_, Kl mice [64, 92]. The CGG, Kl mouse
shows fewer dendritic branches proximal to the soma, reduced total dendritic length and
longer dendritic spines on basilar, but not on apical dendrites in pyramidal neurons in
primary visual cortex. Neither total dendritic spine density, nor the density for specific
dendritic spine subtypes (i.e., stubby, mushroom, filipodial) differed between WT and KI
mice. Dendrite and dendritic spine morphology has also been examined in CGG_ Kl

mice in several brain regions, including the medial prefrontal cortex, hippocampus and
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basal lateral amygdala. In all three brain regions the branching complexity of apical and
basilar dendrites was significantly lower and spines were longer in Kl mice compared to
WT, consistent with findings in the CGG,  KI mouse. However, in the CGG_, Kl mouse
dendritic spine density was generally increased in all three brain regions in contrast to
the CGG, Kl mouse that did not show changes in spine density. It is interesting to note
that longer dendritic spines found in the cortex of CGG KI mice have also been reported
in Golgi studies of postmortem tissue in FXS [93,94] and in Fmr| KO mice [95, 96], while
the reduction in dendritic branching complexity in CGG Kl mice was not found in the
Fmrl KO mouse [95].To our knowledge dendritic branching and spine morphology have

not been examined in postmortem tissues from carriers of the PM or FXTAS patients.

5. Lamin A/C disruption

Expression of expanded CGG-RNA also results in the widespread disruption of lamin
A/C proteins with associated abnormalities in nuclear envelope morphology in cellular
models [97, 98]. In frontal cortex sections and isolated nuclei from FXTAS brain, lamin
A/C is present in intranuclear inclusions [43]. Lamins A/C are intermediate filament
proteins that line the inner nuclear membrane where they help maintain the shape and
mechanical integrity of the nucleus [99]. They are generated from a single LMNA gene
by alternative splicing and mutations have been linked to a variety of neurodegenerative
diseases. Cells deficient in lamin A/C show decreased survival and defective response to
DNA damage [100].

These observations suggest that FXTAS may result in a functional laminopathy. This
is consistent with recent findings that demonstrate that laminopathy diseases, including
restrictive dermopathy (RD) and Hutchinson Gilford progeria syndrome (HGPS), result
in increased levels of reactive oxygen species and accumulation of DNA damage [I101].
Moreover, several proteins involved in telomere maintenance [102-104] are present in
the intranuclear inclusions characteristic of FXTAS (e.g. lamin A/C, Ku80, yH2AX) [43] and
could account for shorter telomere length demonstrated in patients with FXTAS [105, 106].
Shorter telomere length could also contribute to the reduce life-expectancy associated
with longer CGG repeat lengths in FXTAS patients [82, 83]. While disruption of nuclear
lamin a/c architecture has been reported in mouse embryonic fibroblasts from CGG, Kl

mice, studies in mice examining Ku80 and yH2AX have not been carried out [97].

6. Mitochondrial dysfunction

Several symptoms reported in FXTAS share some commonalities with mitochondrial
respiratory chain enzyme deficiencies (MRCDs), including gait ataxia, white matter
disease, peripheral neuropathology, muscular weakness and neuropsychiatric disorders
[107]. Mitochondrial dysfunction occurs in PM and FXTAS and has been examined in



cultured skin fibroblasts and in frozen frontal cortex from postmortem brain tissue
samples from premutation carriers with or without FXTAS [107]. Decreased NAD- and
FAD-linked oxygen uptake rates have been found in premutation carriers compared to
controls. In addition there is reduced expression of the mitochondrial proteins MnSOD,
an antioxidant enzyme, and nitration of ATPB, a putative marker for nitrative/oxidative
stress is elevated approximately 2-fold in PM and FXTAS compared to controls,
indicating mitochondrial dysfunction. Mitochondrial dysfunction has also been found in
cultured hippocampal neurons isolated from CGG, Kl mice as early as 4 days-in-vitro
(DIV) [108]. Density and mobility were assessed by time-lapse imaging of mitochondria
labeled with Mitotracker Red CMXRos, and oxygen consumption was estimated by
measuring the rate of change of dissolved O, in the medium surrounding the cultured
hippocampal neurons using a Seahorse Bioscience extracellular flux analyzer. CGG,
KI mice showed reduced density of mitochondria in proximal neurites (i.e., within
25 pm of soma), and as well as significantly reduced mobility compared to WT mice.
Neurons from CGG, Kl mice also showed high basal oxygen consumption rates
and evidence for increased protein leakage and higher ATP production. The authors
suggested that these abnormalities in mitochondrial distribution and bioenergetics may
contribute to previous reports of lower viability and reduced dendritic branching of
cultured hippocampal neurons [109] as well as to reduced dendritic branching and
altered spine morphology in CGG KI mouse neocortex [64, 92]. A recent study with
the dox inducible mouse model suggests that ubiquitous overexpression of RNA
containing an expanded CGG leads to steatosis in liver [80]. Steatosis is an indication
for mitochondrial dysfunction. Indeed, in livers from animals with expanded repeat
expression, RNA expression levels of GPXI| are downregulated and expression
of Cytochrome C is upregulated. GPXI, a glutathione oxidase, inhibits cytochrome
C release from mitochondria. Cytochrome C initiates apoptosis through caspase-3
activation [ 10]. Semi-quantitative immunostainings of liver sections showed elevated
levels of activated caspase 3.This suggests that induced expression of RNA containing
an expanded CGG repeat leads to toxicity by affecting ROS signaling [80]. It is important
to consider the possibility that mitochondrial disease may contribute to the risk for PM
carriers to become symptomatic or to develop FXTAS, and this potential link should be

explored in future studies in mouse models.

Molecular findings

I. Fmrl mRNA and FMRP

Both the CGG,  Kland the CGG_, Kl mice have proven to be very useful models to study
the molecular aspects of the expanded CGG repeat.The brains of these two mouse lines

show small (10-30%) to moderate (i.e., >50%) reductions in FMRP, respectively, despite
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the fact that 2-3 fold elevated levels of Fmrl mRNA are found [54, 81, |11, 112]. These
results parallel to a great extent what is found in some human PM carriers and in FXTAS
patients as outlined in table | [53]. However, in contrast to what was reported for
the linear correlation between FMRI mRNA levels and the repeat size in human FXTAS
patients [1 3], the increase in Fmrl mRNA levels in mice was not clearly correlated with
the length of the repeat in the CGG, , mouse [I 14]. It is important to note that data from
the human patients were not from brain samples, but from blood samples or lymphoblasts.
Entezam, et al. were able to show a direct relationship between CGG-CCG repeat size
and Fmrl mRNA levels in the brains of the CGG_, Kl mice, although the number of mice
studied for the different repeat sizes was limited [55]. The cellular mechanism underlying
the increase in Fmrl mRNA levels is unknown, but could be due to a feedback mechanism
resulting from reduced levels of FMRP. Mechanisms underlying reduced FMRP include
impeded migration of the 40S ribosomal complex along the expanded CGG tract, as well
as the use of an alternative internal ribosome entry site (IRES) for initiation of translation.
An IRES has been identified in the 5’-UTR of FMR] mRNA [115]

2. Fmrl splice variants & FMRP isoforms

The FMRI gene has |7 exons with alternative splice sites on exons 12, 14, 15 and
|7 that result in the expression of multiple FMRP isoforms [I16-118]. The splicing
pattern of these isoforms is of interest as, in some isoforms, the truncation or absence
of functional domains would suggest a change in FMRP functional properties including
its selection of protein partners and mRNA targets and its cellular localization. For
instance, the N-terminus of FMRP harbors a nuclear localization signal and FMRI mRNA
binding activity is driven by two KH domains encoded by exons 8-12 and an RGG box
domain in exons [4-15 [119]. Additionally, a nuclear export signal is localized to exon
14 and serine phosphorylation sites shown to be involved in translational regulatory
activity of FMRP as well as methylation sites are also localized to exon 15.The transcript
levels of these isoforms were found to be developmentally regulated in the brain of
the WT C57BL/6 mouse strain [I17], the same strain used to construct the CGG
Kl mouse model [52]. Isoform distributions were similar across || different brain
regions with the exception of the hippocampus and the olfactory bulb. Although to
date no information is available on isoform distribution in the CGGdut KI mouse, the
polyadenylation state of Fmr/ transcripts, which can be informative for the stability and
the translational efficiency of the mRNA, has been investigated in these mice.The CGG,
Kl mouse exhibits an increased population of short poly(A) mRNAs, usually indicative
of inefficiently translated transcripts, compared to WT [120]. It would be interesting
to know whether particular mRNA isoforms are thus more efficiently translated than
others in the CGG, Kl background.



3. Expression profiling

Dysfunction of the GABAergic system has been reported in CGG, Kl mice [I21].
Specifically, over-expression of genes for several GABA, receptor subunits (e.g., al,3,4;
B2;y2) and proteins involved in GABA metabolism (gadl, gat2, gat 4) has been observed
in cerebellum, but not cortex, of CGGdut KI mice, which could be related to the motor
phenotype observed in FXTAS [27, 122]. Interestingly, in Fmrl KO mice expression was
increased for some of these same genes (e.g., gadl, gatl, gat4), but the reasons for this
difference are unclear.Microarray analysis in cerebellum of transgenic mice that overexpress
human FMR| with a normal range CGG29 repeat has also been carried out, but there were
no clear changes in the GABAergic system compared to controls. Among GABA related
genes, only up-regulation of the GABA, receptor-associated protein-like 2 (Gabarapl2)
gene was observed [75]. These results provide additional support that pathology in CGG
Kl mice, at least in the GABA system, is due to expansion of CGG repeats rather than
increased mRNA levels, since in these transgenic mice the FMRI mRNA levels were
increased 20-100 times compared with those of WT littermates. However, other changes
were seen in the transcriptome of these mice that could be a consequence of FMRI
mRNA over abundance. Interestingly, the two most altered genes in the transcriptome
were transthyretin (Trt), and serpina3, putative biomarkers for Alzheimer disease [123,
124]. Serpina3, a serine protease inhibitor that is released during inflammatory responses,
was up-regulated and may reflect the increased prevalence of autoimmune disease (e.g.,
lupus, multiple sclerosis, fibromyalgia, thyroid disease) in females with the FMRI PM [125].
Transthyretin, a transport protein for retinol and thyroxine (T4) thought to contribute
to thyroid hormone homeostasis, was down-regulated [126], while speculative, reduced
transcription could be related to hypothyroidism reported in some FXTAS patients [3].In
addition, two microRNAs, mir-181a-1 and let-7 appeared up-regulated in these mice [127].
Up-regulation of Let-7 miRNA has also been reported in a Drosophila model of FXTAS
[128].This is important because several miRNAs have been found up-regulated in human
PM carriers [129], although they differed from those observed in mice that overexpress
FMR1 mRNA bearing a normal length CGG29 repeat [75].

Electrophysiological findings
I. GABA/Glutamate imbalance and abnormal synaptic

network activity
The origin of pathology in FXS and in some PM carriers, with or without FXTAS mutations
is the presence of a CGG repeat expansion on FMRI, raising the possibility that some of
the same molecular pathways could be affected in both disorders, and those associated
with glutamatergic signaling in particular [I, 130-132]. This is in spite of differences in

the causal molecular underpinnings in the disorders, and specifically the lack of FMRP
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expression in FXS versus the overexpression of FMRI mRNA in the PM and FXTAS. In fact,
the dysregulation in excitatory and inhibitory neurotransmission in the CNS of FXS KO
mice has been the subject of active investigation during the last decade, and evidence has
recently surfaced that suggests a similar dysregulation in the CGG Kl mice [1, 130, I131].

Hippocampal CGG, Kl neurons in vitro show a developmental defect in connectivity and
impaired dendritic growth observed at 7 and 2| days DIV.There is also a loss of cell viability,
also suggestive of a neurodegenerative component to the PM [109]. Interestingly, in the
same neurons, the expression of the vesicular GABA and glutamate transporters VGAT and
VGLURI, respectively, is reduced at 2| DIV, but not at 7 DIV.These alterations are associated
with a 4- to 8-fold increase in Fmrl mRNA and an approximately 50% decrease in FMRP.

Abnormal patterns of electrical activity are also seen in vitro in hippocampal neurons
from CGG, Kl mice, including enhanced clustered burst firing. Specifically, hippocampal
neurons cultured from CGG, Kl mice display clustered burst (CB) electrical spiking
activity and abnormal patterns of spontaneous synchronous Ca?* oscillations under
basal culture conditions [133]. The principal mechanisms contributing to these neuronal
network defects in basal electrical activity appear to be associated with a gain of
function in type | mGluRs and/or a loss of function in GABA, receptor signaling. This
conclusion is supported by data indicating that: (1) type | mGIuR receptor agonist DHPG,
but neither NMDA and AMPA receptor agonists, increased CB firing patterns in WT
neurons with increased spike rate and mean burst duration similar to those observed
in PM hippocampal neurons; (2) selective mGIluR /5 antagonists (CPCCOEt and MPEP)
abrogated abnormal electrical activity in PM neurons; (3) PM astrocytes have impaired
glutamate uptake [108, 134]; (4) WT cultures exposed to the astrocyte Glu transport
competitive antagonist TBOA produced electrical firing patterns indistinguishable from
those of CGG, Kl neurons; (5) GABA, receptor block with picrotoxin generated CB
firing behavior observed in CGG, neurons; and (6) the allosteric GABA, receptor
enhancer allopregnanolone essentially restored WT electrical spiking patterns.

These functional deficits are directly pertinent to the altered patterns of neuronal
complexity reported earlier using the same in vitro CGG,, KI model [109]. Neuronal
network activity is essential for normal neuronal migration, dendritic growth, and synaptic
plasticity, processes mediated by spatially and temporally orchestrated intracellular
Ca?" signals. Therefore, the abnormal CB electrical activity and abnormal patterns of
spontaneous Ca”* oscillations observed in hippocampal neurons from CGG, Kl mice are

likely to contribute, at least in part, to impaired dendritic growth and synaptic architecture.

2. Hippocampal synaptic plasticity
Deficits in processing spatial and temporal information have been reported in PM

carriers and in patients with FXTAS, suggesting hippocampal-associated pathology. In



order to fully characterize the CGG Kl mouse and to provide clues to which brain
regions that may mediate these cognitive deficits (e.g., hippocampus), in vitro studies of
synaptic plasticity in acute hippocampal slices isolated from CGG, , KI mice and WT mice
have been carried out. Specifically long-term potentiation of synaptic transmission (LTP)
and long-term synaptic depression (LTD) in CGG,  and WT mice have been examined.
The results demonstrated that the magnitude of LTP was significantly lower in CGG
Kl mice compared to WT mice, indicating impaired synaptic plasticity. Similarly, LTD,
whether induced by low-frequency electrical stimulation (I Hz) or bath application of
the mGIuR1/5 agonist DHPG, was also limited in CGG Kl mice versus WT mice. These
findings implicate loss of neuroplasticity in the hippocampus in the spatial and temporal
cognitive deficits associated with CGG repeat expansions and the neurological pathology
in FXTAS [135]. In contrast, enhanced LTD has been reported in the CGG_, Kl mouse
model [136]. LTD at CA3-CAIl hippocampal synapses induced by bath application of
the group | mGIuR agonist DHPG was enhanced relative to that seen in WT litter mates.
Fmrl mRNA production was increased, FMRP translational efficiency in response to
DHPG was impaired, and basal FMRP levels were moderately reduced. The authors note
that Fmr| knockout mice completely lacking FMRP also show enhanced LTD, suggesting
that the enhanced LTD in the CGG_, Kl mouse may be due, at least in part, to lower levels
of FMRP.The differing results for LTD between the CGG, and CGG_, Kl mouse models
may therefore be the result of small versus moderate reductions in FMRP, respectively,

indicating different cellular mechanisms for the differing results.

Developmental aspects in PM and FXTAS

FXTAS was originally described as a late-onset neurodegenerative disorder typically
appearing in PM carriers in the 5® or 6% decade of life. However, it is clear from both
human [137, 138] and mouse studies [63] that the consequences of the expanded CGG
repeat can be seen in PM carriers much earlier in development, indicating that the disease
process likely begins much earlier in life, and possibly as early as during gestation [139].
Specifically, some children with the PM have been reported to show cognitive deficits
and behavioral problems, including symptoms of autism spectrum disorder (ASD) and
attention-deficit hyperactivity disorder (ADHD) [137, 138].Young (<12 week old) CGG,_
and CGG_, Kl mice show impaired processing of spatial information [63] and abnormal
locomotor activity and anxiety in the elevated Plus-maze [64].

The possibility that the PM may affect early brain development is supported by findings in
the CGG, Kl mouse where abnormal migration and differentiation of neuronal precursors
during development of the embryonic cortical plate has been found [139]. In this study
precursor cells and embryonic neurons were labeled in utero on embryonic day 14 (El4)

by intracerebral injections of a retrovirus encoding eGFP.The entire cell body, cytoplasm
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and processes of infected cells and their progeny are labeled with the eGFP reporter.The
morphology of eGFP-labeled radial glial cells and immature neurons was not different
between Kl and WT neurons when examined on El7. However, there was evidence for
altered differentiation of embryonic neural progenitor cells in the developing neocortex.
Radial glial cells in the ventricular zone (VZ) express the transcription factor Paxé (i.e.,
Pax6*), divide at the ventricular surface and give rise to intermediate neuronal progenitor
cells that express the transcription factor Tbr2 (Tbr2*) [140, 141]. The CGG, Kl mice
had a greater number of Paxé* cells in the VZ and fewer Tbr2" cells in the SVZ than in WT
mice, suggesting that delayed differentiation of the Paxé cells in the CGG, Kl mice may
have produced a shift towards more Pax6* and fewer Tbr2* cells. Importantly, the shift in
cell distribution could not be attributed to increased proliferation of Pax6™ cells, decreased
proliferation of Tbr2*, or increased cell death among Tbr2* cells. These data suggest that
the Fmrl CGG repeat allele impacts the developing brain during gestation, much earlier

than previously realized, and point to a neurodevelopmental component in FXTAS.

Neurobehavioral correlates

Key features of FXTAS patients are late-onset ataxia and memory impairments. Similar
phenotypes have been found for CGG KI mice. Motor performance on the rotarod
declines with age in CGG, Kl mice [65]. In addition, sensory-motor coordination is
impaired in adult CGG, KI animals when they are required to traverse a horizontal
ladder (i.e., ladder rung task). Both male and female CGG_ , KI mice showed impairments
that were positively correlated with CGG repeat size [142]. Poor performance in
the rotarod and ladder rung test may reflect the ataxia seen in FXTAS.Adult female CGG
Kl mice are also impaired in learning a skilled forelimb motor task in which they are
trained to reach through a narrow opening in a Plexiglas box order to grasp and obtain
a small food reward positioned just outside the box. Again, performance was worse with
longer CGG repeat lengths [143]. Similar experiments have not yet been carried out in
adult male mice. To date studies in CGG Kl mice have not reported intention tremors,
a key neurological feature in FXTAS.The reason for this is unclear, but may be related to
the quadrapedal organization of the rodent motor system.

Spatial learning and memory in the Morris water maze is impaired in CGG, Kl mice
at 52 weeks of age, but not in 20 weeks indicating a progressive nature of the deficit [65].
Additional spatial deficits in CGG,, KI mice are seen in the “metric” spatial processing
test that involves processing precise angles and distances that separate objects in space,
without regard to the identity of the objects [144]. In this test mice are allowed to
explore two identical objects separated in space by a fix distance for |5 min (e.g., study
phase), showing very little further exploration at the end of this time. Mice are removed

from the apparatus, the distance between the objects changed (e.g., moved closer



together), and the mice are allowed to re-explore the objects for 5 min (e.g., test phase).
During the test phase WT mice showed increased object exploration indicating that
they detected a change in the distance between objects, while CGG, Kl mice failed to
re-explore the objects. Deficits in this task were seen as early as 12 weeks of age when
small but easily detectable intranuclear inclusions are present in neurons in the dentate
gyrus of the hippocampus but not in parietal cortex [63]. Lesion studies have implicated
the dentate gyrus and CA3 hippocampus in processing of metric spatial information, a
form of spatial pattern separation [145]. This suggests that histopathology (e.g., presence
of intranuclear inclusions, altered dendritic and spine morphology) in the dentate gyrus
and CA3 subregion of the hippocampus in CGG KI mice may contribute to this spatial
processing deficit. Although the role of intranuclear inclusions to pathology in FXTAS is
unclear, the presence of intranuclear inclusions in different brain regions at different ages
appears to follow a similar time course as the emergence of behavioral dysfunction in
the CGG KI mouse, suggesting there might be a relationship between spatial deficits and
inclusion formation [52, 146, 147]. Additional behavioral pathology found in the CGG__
Kl mouse model of the PM and FXTAS includes mild hyperactivity, decreased anxiety in
elevated plus maze, and impaired shock avoidance learning [64].

Finally, the recently reported inducible mouse model show high RNA expression and
neuropathology in lobule X of the cerebellum and two laterally located flocculi, together
the vestibulo-cerebellum. In two independent behavioral tests linked to this region,
the optokinetic reflex (OKR), and the vestibulo-ocular reflex (VOR), a behavioral deficit
was found in mice treated with dox for twenty weeks.After 8 weeks of dox induction and

12 weeks of wash-out this eye movement phenotype could be halted [79].

Evidence for current disease models

I. RNA toxicity

Studies in mouse models have been particularly useful in identifying molecular mechanisms
in the PM and FXTAS.An RNA “toxic gain of function” mechanism has been proposed in
which elevated FMRI mRNA transcripts bearing an expanded CGG repeat are cytotoxic.
Toxicity appears to be the result of the expanded CGG repeat per se, and not to over-
expression of FMRI or overexpression of an CGGI | repeat [79, 80].This is supported by
the fact that ectopic expression of a CGG repeat expansion in the PM range is sufficient
to induce formation of intranuclear inclusions, reduce cell viability, trigger neuronal death
(e.g., Purkinje cell loss) and produce behavioral deficits [67, 98, 1 48], while over-expression
of Fmrl mRNA with a CGG repeat expansion does not appear to be toxic [75]. Similar
RNA toxicity has been suggested to underlie the pathology in several repeat diseases,

including the myotonoic muscular dystrophies. In this model sequestration of important
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proteins through their interactions with expanded repeats prevents the proteins from
carrying out their normal functions.As shown in Figure 2A, a similar protein sequestration
mechanism has been proposed to underlie disease processes in the PM and in FXTAS [2,
27, 68, 149]. Based on studies in human and animal (e.g., mouse, fly) tissues, a number of
candidate RNA binding proteins have been identified, including DGCR8 and DROSHA
[85], SAM68 [49], pura [150, I51], hnRNPA2/BI and CUGBPI [69].

2. Sequestration of DROSHA/DGCR8 & miRNAs

While the evidence is strong for the binding of proteins to CGG expansions and
sequestration of proteins within ubiquitin-positive inclusions, the consequences of
sequestration for cell function remain to be described. However, a recent study has linked
sequestration of proteins associated with microRNA (miRNA) processing with the disease
process in FXTAS [85]. Specifically, the double stranded RNA-binding protein DGCR8
binds preferentially to CGG repeats of pathogenic length (i.e., >CGG repeat length >60).
As depicted in Figure 2A, this leads to partial sequestration of DGCR8 and its binding
partner DROSHA to expanded CGG repeats within CGG RNA aggregates. DGCR8 and
DROSHA are important for processing pre-miRNAs into mature miRNAs by the DICER
enzyme. Dgcr8 deficiency in heterozygous Dgcr8+/- mice results in reduced synaptic
potentiation in layer 5 pyramidal neurons in the medial prefrontal cortex of mice [152],
and large deletions in the 22ql | locus, that include Dgcr8, result in altered dendritic spine
morphology, reduced dendritic branching complexity, and impaired working memory
[153]. Similarly, loss of DICER in mice results in progressive neuronal degeneration
[154], reduced dendritic branching and increased dendritic spine length [155], ataxia and
reduced brain size following deletion from striatal neurons [156]. These results suggested
a model in which double-stranded CGG RNA forms hairpins [131] that mimic the RNA
structure of pri-miRNAs recognized by DGCR8 [85]. DGCRS8 and its partner DROSHA
bind to the expanded CGG repeat element and are therefore sequestered, reducing the
production of mature miRNAs causing neuronal dysfunction and death [85]. This possibility
is supported by the observation that the expression of mature miRNAs was decreased in
postmortem brain samples from patients with FXTAS. In addition, in vitro over-expression
of DGCR8 restored normal dendritic growth and branching, and alleviated cell death of

cultured neurons expressing a toxic 60 CGG repeat [85].

3. Repeat associated non-AUG (RAN) translation

An additional mechanism of toxicity is shown in Figure 2B. In this model toxicity is
triggered by CGG repeat associated non-AUG initiated (RAN) translation [41]. This is
based on evidence that trinucleotide repeats can be translated into protein even if they

do not reside in an AUG-initiated open reading frame (ORF) [157], and such translation



can occur in all three possible ORF’s of a transcript generating multiple potentially toxic
products from a single repeat [158]. In the case of FXTAS it has been proposed that RAN
translation initiated in the 5’-UTR of FMRI mRNA results in the production of a cytotoxic
polyglycine-containing protein named FMRpolyG [41]. This is supported by results from
human FXTAS and animal model studies. Specifically, the presence of the FMRpolyG was
confirmed by western blot in cerebellar lysates of postmortem FXTAS brains. FMRpolyG
staining was specific for FXTAS, and was not found in control brains, brain sections
from spinocerebellar ataxia 3 patients or in Alzheimers brain tissue. FMRpolyG-positive
intranuclear inclusions were also found in brain, kidney, adrenal gland, heart, thyroid,
and pituitary of postmortem material from a patient with FXTAS [34, 41, 42] and in
ovarian stromal cells of a PM carrier with FXPOI [34]. In the inducible mouse model,
containing the human 5’UTR, FMRpolyG-positive inclusions were observed after 8 weeks
of dox induction [79]. In primary hippocampal neurons derived from this mouse model
FMRpolyG-positive intranuclear inclusions were observed after 2 weeks of dox induction
(Buijsen, et al. Abstracts of the 2nd Premutation Meeting, Sitges, Spain, 2015 and chapter 6).
Interestingly clear differences were observed between the CGG, Kland CGG_, KI mouse
models, with co-localization of FMRpolyG- and ubiquitin-positive intranuclear inclusions
in the cortex and hypothalamus of the CGG_ , KI mouse, but not in the CGG_, KI mouse.
The CGG_, KI mouse has a TAA stop codon 18 base pairs upstream of the polyglycine
frame. This stop codon is not present in the CGG, Kl mouse. These data suggest that
some of the differing pathology between the two mouse models could be explained
by differences in the ability to generate the toxic polyglycine peptide. The mechanisms
underlying RAN translation are as yet unknown, but the presence of the polyglycine
peptide (i.e., FMRpolyG) in FXTAS and the CGG Kl mouse models led to the proposal
by Todd, et al that a scanning 43S ribosomal pre-initiation complex stalls at the CGG
repeat, resulting in use of alternative non-AUG start sites for translation in the +1| reading
frame (i.e., GGC, polyGlycine) and the production of the FMRpolyG protein. Sellier,
et al. demonstrated that an ACG sequence embedded in a potential Kozac consensus
sequence located upstream of the CGG repeat is responsible for RAN translation even
without a CGG repeat (Sellier, et al., manuscript in preparation). Interestingly the data
did not show translation product from the +0 (i.e., CGG, polyarginine) reading frame, but
some, albeit less efficient, translation in the +2 reading frame was observed (i.e., GCG,
polyalanine) [41]. It is has been shown in Drosophila and cell models that RAN translation
of FMRpolyG underlies the genetic interaction between protein quality control pathways
and CGG-repeat-mediated toxicity. Driving expression of FMRpolyG leads to impairment
of ubiquitin proteasome system (UPS) function, while prevention of RAN translation
attenuated UPS impairment. This study suggest that therapeutic interventions that either

block RAN translation or enhance UPS activity are likely to have beneficial effects in
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FXTAS [159]. Recently, Yang, et al. developed small chemical compounds that bind to
the hairpin structure of the CGG RNA and selectively inhibited RAN translation without
affecting translation of the downstream open reading frame [160]. These compounds also
prevent the binding of RNA binding proteins to the expanded CGG repeat and rescues
FXTAS-related splicing deficits [161, 162]. In primary hippocampal neurons generated
from EI8 inducible embryos used in [80], formation of intranuclear FMRpolyG- and
ubiquitin-positive intranuclear inclusions can be inhibited by using compound la (Buijsen,
et al. Abstracts of the 2nd Premutation Meeting, Sitges, Spain, 2015 and chapter 6). Studies

in mice with these small molecules have not been carried out so far.

CONCLUSIONS

While uniquely human components of disease cannot be fully captured in animal models,
mouse models of FXTAS have provided useful research tools to test hypotheses about
the molecular underpinnings of the disorder, and to develop effective treatments.
Generation of expanded CGG knock-in mice have provided insight into the natural history
of the disorder, the molecular correlates, pathology in brain and other organ systems, as
well as an understanding of the neurobehavioral deficits caused by expanded CGG repeat
expression.These KI mice allow studies for the evaluation of novel therapeutic strategies,
either pharmacological or gene-targeted, to halt or reverse disease processes and to
improve neurological outcome. Ongoing development of new mouse lines, including
conditional and inducible mice, should further increase our knowledge to understand
the pathology of repeat disorders such as FXTAS. There are many open questions to
be answered that will continue to rely on mouse models, including the mechanism of
repeat instability, why mRNA levels are elevated, the role of reduced FMRP in pathology,
whether intranuclear inclusions are toxic or protective, and how protein sequestration
and repeat associated non-AUG (RAN) translation contribute to the disease process in
patients with FXTAS.
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FMRpolyG-positive inclusions in CNS and non-CNS organs
of a PM carrier with FXTAS

Fragile X-associated Tremor/Ataxia syndrome (FXTAS), a late-onset monogenetic
neurodegenerative disorder, is caused by a CGG-repeat expansion (55-200) in the 5’
UTR of the fragile-X mental retardation | (FMRI) gene on the X-chromosome [I]. The
prevalence of the FMRI premutation (PM) is about 1:855 in males and 1:291 in females
[2]. Approximately 45.5% of male and 16.5% of female PM carriers older than 50 years
will develop signs of FXTAS [3]. In addition to the core features of tremor and gait ataxia,
unexplained medical co-morbidities have been reported, including thyroid disease, cardiac
arrhythmias, hypertension, migraine, impotence, and neuropathy [4]. PM carriers have
increased levels of FMRI mRNA (2 to 8 fold in leucocytes) and normal to slightly reduced
FMRI protein (FMRP) levels [5]. The current hypothesis is that FXTAS is caused by an
RNA gain-of-function mechanism. Ubiquitin-positive intranuclear inclusions, are found in
both brain and non-central nervous system (CNS) organs of patients with FXTAS [6, 7].
So far, it is not clear whether these inclusions are protective or toxic. Recently, it has been
hypothesized that repeat-associated non-AUG (RAN) translation plays a role in disease
process and inclusion formation. Todd, et al. [8] demonstrated that through initiation
at a near-ATG codon located in the 5’UTR of the FMRI gene a polyGlycine-containing
protein, FMRpolyG, is expressed. This protein accumulates in ubiquitin-positive inclusions
in Drosophila, cell culture, mouse disease models and brain from FXTAS patients.
Toinvestigate the link between FMRpolyG expression and the co-morbid medical problems
associated with the PM we have developed two novel mouse monoclonal antibodies against
polyGlycine;8FM and 9FM (for epitopes and specificity see online Additional file |:Figure S1),
and performed immunostaining in CNS as well as in non-CNS organs of FXTAS patient J.L.
(case 6 in [7]; other cases not available). To establish antibody specificity, we performed
immunostaining with both antibodies on brain sections from FXTAS patient J.L., healthy
non-demented controls (n = 3) and a patient with Parkinson disease, Alzheimer disease, or
CIFTD. In hippocampus and cerebellum from FXTAS patient J.L. we identified FMRpolyG-
positive inclusions with both 8FM (1:10) and 9FM (I:10) antibody (Figure la-b, online
Additional file 2: Figure S2a-b),as was described previously [8]. None of the controls showed
FMRpolyG-positive inclusions (data not shown). Next, we studied the immunolocalization
of FMRpolyG protein in heart, kidney, adrenal gland and thyroid in patient J.L. with 8FM
(1:10) and 9FM (1:10), compared to post mortem non-CNS somatic organ tissues from 3
healthy controls. We also examined tissues for FMRP (mouse T1A; 1:200) expression and
ubiquitin-positive inclusions (DAKO, ZO458; 1:200). Consistent with our previous report [7],
ubiquitin-positive intranuclear inclusions were identified along with a normal distribution of
FMRP (data not shown). Intranuclear FMRpolyG-positive inclusions could be detected in all

organs examined (Figure Ic-h, online Additional file 2: Figure S2c-h). No control tissues
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Figure |. 9FM FMRpolyG-positive intranuclear inclusions in hippocampus, cerebellum and non-CNS
tissues of a FXTAS patient. FMRpolyG-positive (9FM) intranuclear inclusions in (a) hippocampus,
(b) cerebellum, (c) glomeruli and (d) distal tubule of the kidney, (e) zona glomerulosa and (f) zona
reticularis of adrenal gland, (g) cardiomyocytes and (h) thyroid. All sections were immunostained with
9FM antibody and counterstained with hematoxylin. Scale bars represent 50 um.
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Figure 2. Colocalization of FMRpolyG (8FM) and
ubiquitin in intranuclear inclusions in hippocampus,
cerebellum and of non-CNS tissues of a FXTAS
patient. Staining for ubiquitin (green), FMRpolyG
(8FM;red) and DAPI (blue). Colocalization of ubiquitin
and FMRpolyG (yellow) is seen in (a) hippocampus,
(b) cerebellum, (c) kidney, d) adrenal gland,
(e) cardiomyocytes, and (f) thyroid; (g) quantification
of inclusions containing ubiquitin and/or FMRpolyG

(n=100). Scale bars represent 10 pm.
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showed any FMRpolyG-positive inclusions (data not shown). Colocalization of ubiquitin-
and FMRpolyG-positive inclusions was visualized and quantified by immunofluorescent
double staining using antibodies against ubiquitin and FMRpolyG (8FM) (Figure 2a-f).
For hippocampus, cerebellum and the non-CNS organs most inclusions are positive for
both FMRpolyG and ubiquitin, although some rare inclusions positive for only one of the
proteins could also be detected (Figure 2g, n = 100 inclusions). In conclusion, using two
novel antibodies the present report not only confirms the existence of FMRpolyG-positive
aggregates in CNS tissue from a FXTAS individual but also demonstrates for the first time
the presence of FMRpolyG-positive intranuclear inclusions in post mortem non-CNS
material of a PM carrier with FXTAS. Furthermore, colocalization of FMRpolyG and ubiquitin
is found in the vast majority of inclusions. The presence of FMRpolyG-positive intranuclear
inclusions in heart, kidney, adrenal gland and thyroid is consistent with the unexplained
medical co-morbidities reported in some patients with FXTAS, including thyroid disease,
cardiac arrhythmias, hypertension, migraine,impotence, and neuropathy.VVe hypothesize that
the underlying pathological mechanisms of the medical co-morbidities in systemic tissues
share common features (protein toxic gain-of-function) with CNS pathology of patients with
FXTAS. Our report suggests that in addition to elevated levels of FMRI mRNA containing an
expanded CGG repeat, and ubiquitin-positive inclusions, FMRpolyG expression might also
play a role in a toxic gain-of-function mechanism in medical co-morbidities in FXTAS (RNA
versus FMRpolyG toxic gain-of-function). Interestingly, a very recent report suggests that
RAN translation products in COFTD/ALS, toxic dipeptide repeat proteins (poly-(glycine-
arginine) and poly-(proline-arginine)), are toxic in Drosophila [9]. Further research is needed
to understand how FMRpolyG may elicit toxicity in both CNS and non-CNS organs and
its precise role in co-morbidities in PM carriers. Importantly, if FMRpolyG production is
important for cellular toxicity this will open new avenues for therapeutic intervention studies

for FXTAS by developing drugs that block this aberrant translation.

Supplemental data

Supplemental data is available online.
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ABSTRACT

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative
disorder affecting carriers of premutation forms of the FMRI gene, resulting in
a progressive development of tremor, ataxia and neuropsychological problems. The
disease is caused by an expanded CGG repeat in the FMRI gene, leading to an RNA
gain-of-function toxicity mechanism. In order to study the pathogenesis of FXTAS, new
inducible transgenic mouse models have been developed that expresses either | |CGGs
or 90CGGs at the RNA level under control of a Tet-On promoter. When bred to an
hnRNP-rtTA driver line, doxycycline (dox) induced expression of the transgene could be
found in almost all tissues. Dox exposure resulted in loss of weight and death within 5
days for the 90CGG RNA expressing mice. Inmunohistochemical examination of tissues
of these mice revealed steatosis and apoptosis in the liver. Decreased expression of
GPXI and increased expression of cytochrome C is found. These effects were not seen
in mice expressing a normal sized | |CGG repeat. In conclusion, we were able to show
in vivo that expression of an expanded CGG-repeat rather than overexpression of a
normal CGG-repeat causes pathology. In addition, we have shown that expanded CGG
RNA expression can cause mitochondrial dysfunction by regulating expression levels of
several markers. Although FTXAS patients do not display liver abnormalities, our findings
contribute to understanding of the molecular mechanisms underlying toxicity of CGG
repeat RNA expression in an animal model. In addition, the dox inducible mouse lines

offer new opportunities to study therapeutic interventions for FXTAS.



INTRODUCTION

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative
disorder affecting carriers of the Fragile X premutation forms of the FMR/ gene located
on the X-chromosome [I]. The chances of developing FXTAS increase dramatically with
age, with approximately 30% of male and 8-11% of female PM carriers over the age of 50
years [2]. Premutation alleles of the FMR/ gene contain 55-200 CGG repeats in the 5’UTR
compared to less than 54 for most individuals in the general population. FXTAS results
in progressive development of tremor, ataxia and neuropsychological problems, including
anxiety, memory impairment and dementia. Medical co-morbidities may include thyroid
disease, fibromyalgia, gastro-intestinal symptoms, hypertension, migraine, auto-immune
disease, impotence and neuropathy [3, 4]. The prevalence of premutation carriers in the
general population is approximately | in 200 females and | in 400 males [5, 6]. Premutation
carriers irrespective of showing signs of FXTAS, have been shown to have up to eight-fold
elevated FMRI mRNA levels in peripheral blood leukocytes, despite close to normal or
slightly lowered FMRP protein levels [7]. Neurohistological examination of brains of both
male and female premutation carriers who displayed the neurological phenotype revealed
the presence of eosinophilic,intranuclear inclusions in neurons and astrocytes,and Purkinje
cell dropout [8, 9]. The inclusions were seen in various regions throughout the brain.The
intranuclear inclusions stain positively with antibodies against several proteins, including
ubiquitin, molecular chaperones, components of the proteasome, Samé8 and Drosha
[10-12]. Based on the toxic RNA gain-of-function model proposed for FXTAS, it was
predicted that FMRI mRNA would be present within the intranuclear inclusions. Indeed,
FMRI mRNA could be detected in inclusions from post-mortem human FXTAS brain
tissue, although FMRP has not been localized in the inclusions [13]. Recently, an additional
mechanism of toxicity that is triggered by CGG repeat associated non-AUG initiated
(RAN) translation has been proposed to underlie pathology in FXTAS [14].This is based
on evidence that trinucleotide repeats can be translated into protein even if they do not
reside in an AUG-initiated open reading frame (ORF), and such translation can occur in all
three possible ORF’s of a transcript generating multiple potentially toxic products from
a single repeat. In the case of FXTAS it has been proposed that RAN translation initiated
in the 5’-UTR of FMRI mRNA results in the production of a cytotoxic polyglycine- and
polyalanine-containing protein named FMRpolyG and FMRpolyA, respectively. Indeed, the
presence of FMRpolyG could be demonstrated in brain tissue from patients with FXTAS
and the expanded CGG knock-in (KI) mouse models. The mechanisms underlying RAN
translation are as yet unknown.

The development of mouse models of FXTAS has facilitated studies on the underlying
cellular and molecular bases of this neurodegenerative disease. Knock-in mouse lines

have been generated with either an expanded human CGG98 or CGGI I8 repeat, which
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exhibit most of the symptoms observed in humans with FXTAS, including ubiquitin-
positive intranuclear neuronal inclusions, elevated levels of Fmrl mRNA and reduced Fmrp
expression [15-18]. In addition, neuropsychological and cognitive deficits, including poor
motor function, impaired memory, progressive spatial processing deficits and evidence
of increased anxiety could be demonstrated using various behavioral tests [19-23]. Such
studies have provided critical information about the molecular events that occur with
the onset and progression of the disorder, including new insights into the role of RNA
toxicity in the pathophysiology of FXTAS and the relationship between the number of
CGG repeats and disease progression.

However, the pathological consequences of the intranuclear inclusions as well as the
exact mechanisms involved in the RNA gain-of-function toxicity model remain to be
elucidated. Therefore we developed a new inducible transgenic mouse model with RNA
overexpression of a normal length | 1CGG repeat or an expanded 90CGG repeat in
order to study their effects in vivo. Our model is a Tet-On system using the hnRNP-rtTA
driver to regulate expression of the CGG repeat RNA (i.e., either | ICGG or 90CGG) in
almost all tissues of the bigenic mice by adding doxycycline (dox) to the drinking water
or to the food. In this study we show that overexpression of a 90CGG repeat, but not
an | |CGG repeat, at the RNA level can induce toxicity in vivo. Expression of expanded
90CGG RNA induced dysfunction of the liver and eventually death of the animals. We
found increased steatosis, apoptosis and disrupted expression of several enzymes involved

in the processing of reactive oxygen species (ROS).

RESULTS

A new dox inducible mouse model to study the role of
expanded CGG repeat RNA

Although a leading hypothesis for the cause of FXTAS is a toxic RNA gain-of-function
mechanism, it has not been clear whether overexpression of a CGG-repeat containing
RNA per se is sufficient to cause toxicity in vivo, even when the repeat size is within
the normal size range, or whether toxicity depends on the presence of an expanded
CGG repeat. Therefore, we generated new dox inducible mouse lines in which a normal
sized (i.e., for mouse) | |CGG or an expanded 90CGG repeat was over-expressed, and
examined the mice for pathology (Figure 1A).We never observed any repeat instability
when breeding the TRE-nCGG-eGFP mice (data not shown). The repeat size remained
equal during all breedings, with an estimated 90CGGs for the expanded transgene,
corresponding to a 630 bp band by agarose gel electrophoresis (Figure 1B).

We first generated mouse lines bearing a TRE-nCGG-eGFP transgene. We cross-
bred this line with an existing hnRNP-rtTA mouse line that expresses a reverse

tetracycline-controlled transactivator protein (rtTA) that is activated when mice are
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Figure |. New inducible transgenic mouse model. (A) The Tet-On system was used to generate bigenic
mice expressing a | ICGG or a 90CGG repeat at the RNA level in all tissues. Expression of rtTA is
controlled by the hnRNP promoter on a transgene. Upon dox administration rtTA will be activated and
can bind the Tet Responsive Element (TRE) on another transgene, this induces expression of the nCGG
repeat at the RNA level and eGFP at the protein level. (B) Genotyping PCR showing the repeat size of 2x
I'l and 2x 90 CGGs at approximately 390 bp and 630 bp, respectively. (C) 90CGG expressing mice lose
weight when compared to | 1CGG expressing mice or bigenic mice (TRE-90CGG-eGFP/hnRNP-rtTA)
without dox treatment. The straight line with circles shows the weight of mice not treated with dox
(n=7), the dotted line with squares shows the weight of | |CGG expressing mice after 2 mg/ml dox-water
treatment (n=7), and the striped line with triangles show the weight of 90CGG expressing mice after 2
mg/ml dox-water treatment (n=6). Error bars are +/- SE; * = p < 0.05
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treated with dox in drinking water or food.[24] Bigenic offspring with the expanded
CGG RNA (TRE-90CGG-eGFP/hnRNP-rtTA) treated with dox in their drinking water
(2mg/ml) or food (I mg/kg) starting at three weeks of age, began to lose weight after 2
days of dox treatment.Therefore we stopped dox treatment after 4 days since the mice
died after five days of treatment (Figure 1C).In contrast, TRE-1 | CGG-eGFP/hnRNP-
rtTA mice did not show this weight loss, steadily gained weight, and remained viable.
In addition, monogenic mice with only the hnRNP-rtTA or only the TRE-90CGG-eGFP
transgene treated with dox, and untreated bigenic TRE-90CGG-eGFP/hnRNP-rtTA
mice did not show any weight loss or loss of viability (Figure 1C; data not shown).
These results suggest that the weight loss and subsequent deaths observed in TRE-
90CGG-eGFP/hnRNP-rtTA are caused by expression of the 90CGG transgene and are
not due to dox treatment or overexpression of mRNA per se (without a CGG repeat
expansion). Indeed, we were able to treat TRE-1 1 CGG-eGFP/hnRNP-rtTA mice with
a higher dose of dox-water (4mg/ml) or for as long as 25 days without evidence of

weight loss (data not shown).

Expression of expanded CGG repeat RNA is toxic in vivo
Dox treatment of bigenic TRE-nCGG-eGFP/hnRNP-rtTA mice resulted in eGFP
expression in all tissues examined (Figure 2). Immunological staining revealed eGFP
expression in heart, lung, intestine, liver, kidney, spleen, and brain. The level of transgene
expression was compared in different tissues. Quantitative RT-PCR showed that the level
of nCGG-eGFP RNA expression was higher in liver when compared to lung, kindey
and brain. In liver, the overexpression of 99CGG RNA was 600 *+ 80 times higher when
compared to endogenous Fmrl RNA levels.

No eGFP expression was found after dox treatment of monogenic TRE-nCGG-eGFP
mice (data not shown).Also, no eGFP expression was seen in bigenic TRE-nCGG-eGFP/
hnRNP-rtTA mice not treated with dox (Figure 2, 3B and 3C), indicating that our
Tet-On system does not show any leakage of expression.

We compared the expression levels of CGG RNA and eGFP protein of the TRE-
I | CGG-eGFP/hnRNP-rtTA and TRE-90CGG-eGFP/hnRNP-rtTA mice after 4 days of
dox treatment (2 mg/ml in drinking water). No significant differences were found in the
expression levels of | ICGG and 90CGG RNA (Figure 3A; data not shown). In addition,
there were no significant differences in eGFP protein levels between | | CGG and 90CGP
expressing mice as determined by Quantitative Western blot (Figure 3B,C; data not
shown). Because there were no differences in expression of 90CGG RNA in mice treated
with doxycycline in water when compared to mice treated with doxycycline in their food

(data not shown), the two dox exposed groups were combined into one group.
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Figure 2. eGFP expression in different tissues. Representative photomicrographs (40x) of
immunohistochemical staining with GFP antibody on heart (A,B,C), lung (D,E,F), intestine (G,H,l), liver
(J,K,L), kidney (M, N, O), spleen (P,Q,R), and brain (S, T,U) from no dox control mice (A,D,G,},M,R,S),
TRE-11CCG-eGFP mice (B,E,H,K,N,Q,T), and TRE-90CGG-eGFP mice (C,F,I,L,O,R,U).
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Figure 3.Comparable eGFP RNA and protein expression in the liver of | | CGG and 90CGG mice after 4
days dox treatment. (A) Quantitative RT-PCR on RNA isolated from livers of no dox control mice (white
bars; n=7), TRE-1 | CGG-eGFP/hnRNP-rtTA mice treated 4 days with dox (grey bars; n=7), and TRE-
90CGG-eGFP/hnRNP-rtTA mice after 4 days dox treatment (black bars; n=6). 90CGG-eGFP levels are
not significantly different from | 1CGG-eGFP (p=0.7) (B) Representative Western blot for eGFP on liver
homogenates of no dox control mice and | ICGG or 90CGG expressing mice after 4 days dox treatment
with GAPDH as a loading control. (C) Quantification of eGFP protein expression after Western blot on
liver homogenates from no dox control mice (white bars; n=4), TRE-1 | CGG-eGFP/hnRNP-rtTA mice
treated 4 days with dafter 4 days dox treatment (grey bars; n=8), and TRE-90CGG-eGFP/hnRNP-rtTA
mice after 4 days dox treatment (black bars; n=7). 90CGG-eGFP levels do not significantly differ from the
I 1 CGG-eGFP levels (p=0.3). Error bars are +/- SE.

The brains of all mice were evaluated for the presence of ubiquitin positive intranuclear
inclusions, the major hallmark of FXTAS. Although the brains of dox treated bigenic TRE-
90CGG-eGFP/hnRNP-rtTA mice did show expression of eGFP and thus the expanded
CGG RNA (Figure 2C), we did not find any ubiquitin positive inclusions. Also all the
other organs that did (over)express the expanded CGG RNA did not form any ubiquitin
positive inclusions (data not shown).Apparently, the dox treatment of only four days was

not long enough to induce the formation of the inclusions.

Expression of expanded repeat RNA causes mitochondrial
dysfunction in the liver

When sacrificing the mice it was evident that the liver was affected by the dox induced
expression of the 90CGG RNA. The livers in the TRE-90CGG-eGFP/hnRNP-rtTA

mice treated with dox were pale and pink in color, compared to the dark reddish-



brown color of a normal, healthy liver (Figure 4A,B).All control mice, including TRE-
I |CGG-eGFP/hnRNP-rtTA or monogenic mice treated with dox, showed livers with
normal appearance.We performed routine histological examination of a large number
of tissues, including the brain, liver, kidney, spleen, heart, lung and the intestinal tract.
The only pathology found was in the liver, with all other tissues appearing normal.
Closer examination of the liver using various histological stainings revealed mild
steatosis limited to the livers of the TRE-90CGG-eGFP/hnRNP-rtTA mice treated with
dox (Figure 4D,E,F).

The presence of steatosis of the liver is suggestive of mitochondrial dysfunction,
which can in turn lead to apoptosis [25]. Furthermore, evidence has been found for
mitochondrial dysfunction and abnormalities in several neurodegenerative diseases,
including FXTAS, and in cultured primary neurons from the exCGG-KI mouse
model [26, 27]. Thus, we hypothesized that mitochondrial dysfunction might underlie
the abnormalities we found in the livers of mice that expressed the 90CGG RNA and
consequent early demice of these mice.

RNA expression levels of several markers for mitochondrial stress were tested
using qRT-PCR. Expression of SOD2, NPUFS4, and ATPBIl was normal (supplemental
data). We did find altered RNA expression levels in the livers for CYP2EI, SODI, and
Catalase, both in TRE-11CGG-GFP/hnRNP-rtTA and TRE-90CGG-GFP/hnRNP-rtTA
mice treated with dox when compared with untreated control mice (supplemental
data). Since these effects were found in mice expressing both | |CGG RNA and 90CGG
RNA, these changes are likely to be caused by the doxycycline treatment and not to
expression of the transgene.

However, two other markers, cytochrome C and GPX1, only showed significant effects
in the dox treated TRE-90CGG-EGFP/hnRNP-rtTA mice, but not in the dox treated TRE-
I |CGG-GFP/hnRNP-rtTA mice and also not in dox treated monogenic TRE-99CGG-
eGFP mice. GPXI is a glutathione oxidase, functions in the detoxification of hydrogen
peroxide, and is one of the most important antioxidant enzymes. It prevents apoptosis
by caspase 3 through inhibition of cytochrome C.[28] We found that expression of
GPXI is significantly downregulated to 45 + 8 % (p<0.05) in liver of mice expressing
90CGG RNA compared with untreated mice (Figure 4C). GPX1 RNA levels in the liver
of I |CGG RNA expressing mice was normal at 98 + 16 % of untreated mouse livers
(p=0.9). In addition, we found that cytochrome C, which is part of the same pathway, is
significantly upregulated in the same 90CGG expressing livers to 155 £ |7 % (p<0.05)
when compared with untreated mouse livers. The |1CGG expressing livers showed
normal levels 81.1 + 8% of cytochrome C (p=0.3)(Figure 4C).

Since the pathway with GPXI and cytochrome C can affect apoptosis through

caspase 3 activation, we performed an immunostaining for cleaved caspase 3 in the liver.
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Figure 4. Mitochondrial dysfunction in the liver of 90CGG expressing mice. The color of 90CGG

expressing livers is pink and pale (A) compared to the dark reddish-brown color of the liver of control
mice (B). Quantitative RT-PCR on RNA isolated from liver of no dox control mice (white bars; n=7),
TRE-1 CGG-eGFP/hnRNP-rttA mice treated 4 days with dox (grey bars; n=7), and TRE-90CGGeGFP/
hnRNP-rtTA mice treated 4 days with dox (black bars; n=6) for oxidative stress markers GPXI and
cytochrome C (C); Error bars are +/- SE; * = p<0.05; ** = p< 0.01. Representative photomicrographs
(40x) of haematoxylin and eosin (HE) staining (D,E,F) and cleaved caspase 3 (casp3) immunostaining
(G,H,I) on the livers of no dox controls mice and | | or 90CGG expressing mice.

Indeed, we could demonstrate semi-quantitatively elevated levels of activated caspase
3 in the livers of 90CGG expressing mice, when compared with | |CGG expressing or
untreated mice (Figure 4 G,H,l). Both control groups of TRE-1 1 CGG-GFP/hnRNP-rtTA
mice with dox and untreated mice show the same, low levels of cleaved caspase 3.Taken
together, the data indicate that in vivo expression of expanded CGG RNA leads to toxicity
in the liver by affecting ROS signaling and thus inducing steatosis and apoptosis.



DISCUSSION

We have successfully generated a new inducible mouse model for FXTAS expressing CGG

RNA under control of the Tet-On promoter. Our transgenic mice combined with the hnRNP-

rtTA driver mouse show expression upon doxycycline administration in all tissues examined.

The system shows no evidence of leaky transcription and allows for the study of the effects
of expanded CGG RNA expression compared with similar levels of control size CGG RNA
expression. It has been shown before that over-expression of an expanded CGG repeat is
toxic in Drosophila[29, 30], but using this murine model we showedin vivo in a vertebrate
model that toxicity depends on over-expression of an expanded CGG repeat and is not seen
with over-expression of RNA with a normal sized CGG repeat. Findings in this new mouse
model also show that expression of 90CGG RNA leads to mitochondrial dysfunction in the
liver, ultimately resulting in liver pathology and death.

Previously, it has been shown in vitro by Hoem, et al. [3|] that there is a threshold for CGG
repeat length to induce pathology in neuroblastoma-derived SK cells that is not due simply to
the amount of RNA transcribed. In the present study we confirm that pathology and toxicity
is not caused by a molarity effect from over-expression of large amounts of CGG-containing
RNA in the absence of a large CGG repeat expansion. Because pathology was only found
with 90CGG RNA and not | ICGG RNA in vivo, there must be an in vivo threshold for CGG
repeat toxicity between || and 90 CGG repeats, although the size of this threshold remains
to be determined. These findings are also consistent with the in vitro cell culture studies by
others [11, 12, 31] that show effects of CGG repeat expansions on viability and inclusion
formation that are dependent on the size of the repeat. This suggests that the pathological
processes involved in FXTAS differ from other repeat associated disease such as myotonic
dystrophy where overexpression of a normal-sized repeat RNA can induce pathology as well
[32].The use of the Tet-On system allows us not only to control the expression of the nCGG
RNA by adding dox, but it also gives us good controls to check for side-effects of transgene
integration sites. Since no abnormalities were found in bigenic TRE-90CGG-eGFP/hnRNP-
rtTA mice not treated with dox, we can rule out that the effects found in the mice that
were exposed to dox, are caused by the transgene integration site. Since it is expected that
if the site of transgene insertion would affect mitochondrial function in the liver, we would
also see the effects in mice not treated with dox. Since we do not observe any pathology
in mice not treated with dox, this allows us to specifically study the effects of the transgene
and not its site of integration. Furthermore, since also the monogenic mice treated with dox
and the bigenic TRE-1 1 CGG-eGFP/hnRNP-rtTA control mice treated with dox, do not show
an aberrant expression of gpx|, cytochrome C, or activated caspase 3 in the liver, we can also
rule out the effects of dox on these markers.Therefore, we can rule out several side effects
and pinpoint the effects to the expression of expanded CGG RNA, making our model very
valid for studying the Fmr| premutation and FXTAS.
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The deleterious effects of expanded CGG RNA expression on the normal functioning
of the liver was not expected, since human FXTAS patients are not known to display liver
damage or dysfunction. Also no inclusions have been observed in the livers of FXTAS
patients or mouse models [3]. This observation can be explained by the fact that in
this artificial system the CGG repeat RNA is overexpressed 600 times in liver when
compared with endogenous Fmrl mRNA levels. And also since CGG RNA expression
levels are highest in liver compared to other tissues, this can explain the unexpected
deleterious effect on this organ. In addition, the fact that the liver was selectively affected
rather than other organs may be explained by the fact that the liver is the first organ to
clear dox from the body and the liver is one of the organs with the highest content of
gpxl, and alterations in its regulation can contribute to several pathologies related to
oxidative stress [33]. Hepatic mitochondria are recognized as a major source of oxidative
stress, which in turn can regulate vital liver functions and disease pathogenesis. Both in
alcoholic and in non-alcoholic steatosis of the liver there is a major role for the depletion
of glutathion in mitochondrial dysfunction. Thus, although FXTAS patients do not display
liver dysfunction, the bigenic TRE-90CGG-eGFP/hnRNP-rtTA mouse model enables in
vivo studies to investigate the toxic effect of RNA containing an expanded CGG repeat
outside the Fmrl message.

Due to the liver problems bigenic TRE-90CGG-eGFP/hnRNP-rtTA mice we were
not able to treat the mice long enough with dox in order to induce the formation of
ubiquitin positive inclusions and pathology in the brain. Still, inclusion formation and brain
pathology would be interesting to study using this inducible model (i.e., TRE-90CGG-
eGFP) combined with different rtTA driver lines that specifically expresses in the brain.
Currently, these studies are ongoing in our lab using PrP, pcpL7, and CamKlla drivers.
On the other hand, many inclusions have also been observed outside the CNS both in
FXTAS patients and in the exCGG-KI mouse model [3]. Therefore, inclusions formation
in other tissues besides the brain will be interesting to study. Nevertheless, in this model
the study of inclusion formation seems not to be possible since the expression of the
expanded CGG RNA can never be long enough and other pathogenic triggers result
in such dramatic cellular dysfunctioning that the mice die. This dysfunctioning seems to
be caused by the free RNA with the expanded CGG repeat, rather than RNA that is
accumulated in inclusions.

Recently, RAN translation was identified as a potential pathogenic trigger for
FXTAS. In case of RAN translation. The exact mechanisms underlying RAN translation
and its contribution to the pathogenesis of FXTAS are still unkown, but it would be
very interesting to determine if RAN tranlation would play a role in the mitochondrial
dysfunction described in this study. Unfortunately,no (commercial) antibodies are available

to us yet, to perform these experiments.Evidence for mitochondrial dysfunction has been



described in studies using cultured neurons from the exCGG-KI mouse [27], and also in
studies in fibroblasts and post-mortem brain materials from premutation carriers with
and without FXTAS [26, 34].Therefore we reasoned that the steatosis we observed in the
mice expressing 90CGG RNA might also be related to defective mitochondrial signaling.
After testing a range of markers for mitochondrial function, we found that several
were affected by dox treatment in both | |CGG RNA expressing mice as well as in the
90CGG RNA expressing mice. This was not entirely unexpected because the antibiotic
dox is processed and metabolized by the liver and it is known that tetracyclines affect
mitochonderial function [35]. Nevertheless, we did find the mitochondrial enzymes GPXI
and cytochrome C to be differently expressed, specifically in the liver of the 90CGG
expressing mice, without any effect in the | |CGG RNA expressing mice. Unfortunately,
we were not able to show if this is also the case in the brain, since we are not able to
treat the mice long enough with doxycycline to induce inclusion formation in the brain.
Future experiments with other rtTA driver lines should shed a light on the question
of whether these same mitochondrial markers are also affected in brains expressing
expanded CGG RNA for a longer period, as might be expected from the present
results. In fact, considerable evidence links GPXI to neurodegenerative disease including
Alzheimer, Parkinson and Huntington. GPXI is localized in glial cells and its expression
regulates vulnerability for neurotoxins. Increased vulnerability to toxins may be important
because of the possibility that exposure to environmental toxins, general anesthetics and
chemotherapeutic agents, may contribute to the risk for premutation carriers to develop
FXTAS [36, 37].This suggests that mitochondrial dysfunction, and possibly GPXI, may be
a common pathological process in neurodegenerative diseases, including FXTAS. Further
studies on altered GPXI and cytochrome C expression related to CGG repeats could
offer a new perspective on the development of new biomarkers for FXTAS and future

therapeutic intervention studies.

MATERIAL AND METHODS

Constructs and mice

The pCMV-RL plasmid (Promega) was modified to express eGFP (enhanced green
fluorescent protein) with an FMRI 5 UTR under the control of the tetracycline
responsive promoter element (TRE). Utilizing oligonucleotide poly-linkers the CMV
promoter in pRL-CMV was replaced with the TRE promoter from the pTRE2 vector
(Clontech). Immediately downstream of the TRE promoter, FMRI 5’UTRs containing 11,
and 90 CGG repeats were cloned upstream of the chimeric intron in pRL-CMV.The eGFP
reporter from the eGFPn-| vector (Clontech) was cloned downstream of the chimeric
intron followed by a SV40 poly A signal. The resulting plasmids are TRE-1 1 CGG-eGFP,
and TRE-90CGG-eGFP.The FMRI 5’ UTR containing 90 CGG repeats was cloned from
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the parent plasmid CMV-FMRI-FL between Bipl and Nhel restriction sites (all restriction
enzymes from New England Biolabs Inc.).The FMRI 5 UTR containing | | CGG repeats
was amplified by PCR from mouse genomic DNA, followed by a Blpl-Xhol restriction
enzyme digestion, and cloned into TRE-90CGG-eGFP.Transgenic mice were generated by
injecting linearized contstruct into oocytes of Janvier .c57blé mice. For each construct
we had several founders.We used the founders that gave optimal expression, combined
with good breeding results. For the TRE-90CGG-eGFP construct we had two different
founders, that both die when bred with hnRNP-rtTA driver mice and treated with dox.
TRE-nCGG-eGFP mice were crossed with the hnRNP-rtTA driver line [24] and
bigenic mice were treated with dox directly after weaning at an age of 3 weeks. In
the initial experiments we treated mice with dox either in food or drinking water, we
have not observed any differences between mice treated with dox water or dox food (Bio
Services). Dox was stable in food pellets and had a concentration of | g/kg. Dox drinking
water contained 2 mg/ml doxycycline hyclate (Sigma) in 5% sucrose (Sigma) and was
refreshed every 2-3 days. All animal experiments were conducted with the permission of

the local animal welfare committee (DEC).

Genotyping

For genotyping toe clips were incubated overnight at 55°C in TDB (50 mM KCI, 10
mM Tris-HCI pH9, 0.1% Triton X-100 and 0.15 pg proteinase K). After heat inactivation
samples were spun down and | pl was used for a PCR. The TRE transgene was
amplified using forward primer 5-GCTTAGATCTCTCGAGTTTAC-3’ and reverse
primer 5-ATGGAGGTCAAAACAGCGTG-3’ . The rtTA transgene was amplified
using forward primer 5-CAGCAGGCAGCATATCAAGGT-3’ and reverse primer
5’-GCCGTGGGCCACTTTACAC-3.

RNA and protein isolation

Livers were homogenized in 500 ul HEPES buffer (10 mM HEPES, 300 mM KCI, 3
mMMgCI2, 0.1mM CacCl2, 0.45 % Triton, 0.05% Tween-20; pH 7.6) containing Complete
protease inhibitor (Roche), 3 mM DTT and 40 units RNAse OUT (Invitrogen). RNA was
isolated from 100 pl of homogenate using RNA Bee according to the manufacturer’s
instructions. For protein isolation, the remaining homogenate was spun down 15000g at
4°C for |5 minutes. The supernatant was collected and the protein concentration was
measured using the BCA kit (Pierce).

Quantitative RT PCR

Reverse transcriptase was performed in | pg of RNA using iScript cDNA synthesis kit
(Biorad) according to manufacturer’s instructions. RNA was treated with DNase before



cDNA synthesis. Q-PCR using SYBR Green (KAPA Biosystems) was performed on 0.1
pl RT product. Cycling conditions were an initial denaturation of 3 minutes at 95°C,
followed 40 cycles of 5 seconds 95°C and 30 seconds 60°C. As a reference gene actin
was used and statistical analysis was performed with a t-test. See supplemental data for

primer sequences.

Western blotting

30 pg of total protein homogenate was loaded to Criterion XT precast gels (4-12%
bis-tris) (Biorad) and run in MOPS buffer (0.05M Mops, 0.05M Tris, 3.5 mM SDS, ImM
EDTA, pH 7.7). The gel was electroblotted to a nitrocellulose membrane in TG buffer
(0.192M glycine, 0.025M Tris, 20% methanol). After blocking in PBS-Tween, the membrane
was incubated overnight with rabbit anti-GFP (1:100.000 Abcam) and mouse anti-GAPDH
(1:200.000 (Chemicon) antibodies.The secondary antibodies were goat-anti-rabbit IRDye
800cVWV and donkey-anti-mouse IRDye 680LT (both 1:10.000; Li-cor). The membrane was

scanned with an Odyssey Infrared Imager.

Immunohistochemistry

Tissues were fixed overnight in 4% paraformaldehyde and embedded in paraffin according to
standard protocols. Sections (7um) were deparaffinised followed by antigen retrieval using
microwave treatment in 0.0 | M sodium citrate. Endogenous peroxidase activity was blocked
and immunostaining was performed overnight at 4°C using mouse anti-GFP (1:2000 Roche)
or rabbit anti-cleaved Caspase 3 (1:100 Cell Signaling Technology) antibodies. Antigen-
antibody complexes were visualized by incubation with DAB substrate (DAKO) after
incubation with Brightvision poly-HRP-linker (Immunologic). Slides were counterstained

with haematoxylin and mounted with Entellan (Merck Milipore International).

SUPPLEMENTAL DATA

Supplemental data is available online.
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ABSTRACT

Fragile X-associated tremor/ataxia Syndrome (FXTAS) is a late-onset neurodegenerative
disorder affecting carriers of the fragile X-premutation who have an expanded CGG repeat
in the 5’-UTR of the FMRI gene. FXTAS is characterized by progressive development of
intention tremor, ataxia, parkinsonism and neuropsychological problems. The disease is
thought to be caused by a toxic RNA gain-of-function mechanism and the major hallmark
of the disease is ubiquitin positive intranuclear inclusions in neurons and astrocytes. We
have developed a new transgenic mouse model in which we can induce expression of an
expanded repeat in the brain upon doxycycline (dox) exposure (i.e., Tet-On mice). This
Tet-On model makes use of the PrP-rtTA driver and allows us to study disease progression
and possibilities of reversibility. In these mice, 8 weeks of dox exposure was sufficient to
induce the formation of ubiquitin-positive intranuclear inclusions, which also stain positive
for the RAN translation product FMRpolyG. Formation of these inclusions is reversible
after stopping expression of the expanded CGG RNA at an early developmental stage.
Furthermore, we observed a deficit in the compensatory eye movements of mice with
inclusions, a functional phenotype that could be reduced by stopping expression of the
expanded CGG RNA early in the disease development.Taken together, this study shows
for the first time the potential of disease reversibility and suggests that early intervention

might be beneficial for FXTAS patients.



INTRODUCTION

Fragile X-associated tremor/ataxia Syndrome (FXTAS) is a late onset neurodegenerative
disorder causing tremor, ataxia, brain atrophy, cognitive loss, dementia, and in some
individuals, early death. The disorder develops in individuals, referred to as fragile
X-premutation carriers, who have an expansion of 55-200 CGG repeats in the 5’-UTR of
the FMRI gene [1]. The prevalence of premutation carriers in the general population is
high, and is estimated 1:291 for females and 1:855 for males [2].The chances of developing
FXTAS increase dramatically with age, with approximately 45.5% of male and 16.5% of
female premutation carriers over the age of 50 developing FXTAS [3].The major hallmark
of FXTAS neuropathology is the presence of intranuclear inclusions that stain for ubiquitin
in neurons and astrocytes throughout the brain [4]. Premutation carriers with or without
FXTAS show elevated levels of FMRI mRNA and normal to slightly reduced levels of
FMRP protein [5]. This finding has led to the proposal that FXTAS is caused by a toxic
RNA gain-of-function mechanism, in which mutant RNA containing the expanded CGG
repeat would be pathogenic [6]. An additional mechanism of toxicity that is triggered by
(expanded) CGG repeats involves repeat associated non-AUG (RAN) translation of the
CGG repeat and has been proposed to play a role in FXTAS [7]. Mutant RNA bearing a
CGG repeat expansion can be translated into protein without using a traditional AUG
start codon, and such translation may occur in all three reading frames (i.e., CGG, GGC
or GCQG) leading to multiple toxic entities from a single repeat expansion. For the CGG
repeat in FXTAS it has been proposed [8] that RAN translation initiates in the 5’-UTR
of the FMRI gene and results in the production of a polyglycine (FMRpolyG) and also a
polyalanine (FMRpolyA) protein. The presence of FMRpolyG was demonstrated in cell
culture, Drosophila and mouse models, and brain and other tissues from FXTAS patients
while FMRpolyA could only be detected in transfected cells [8, 9].

Previously, we and others have generated knock-in mouse models with expanded
CGG repeats that have greatly facilitated the study of FXTAS disease progression [I0,
I'1]. In our knock-in mouse model the murine 8CGG repeat has been replaced repeat
by homologous recombination in ES cells with a human expanded 98CGG [I12]. This
model recapitulates many of the features seen in human FXTAS: not only increased
expression of Fmrl mRNA, decreased levels of FMRP, and intranuclear aggregates in
neurons and astrocytes, but also poor motor function, impaired memory, and progressive
spatial processing deficits [13]. Recently, we reported initial findings in our new Tet-On
doxycycline-inducible mouse model for FXTAS [14]. In this model expression of either
a control size CGG repeat (I |CGGs) or a pathogenic expanded repeat (90CGGs) can
be activated using the Tet-On system. In this initial study we reported toxic effects of
expression of the expanded repeat under control of the ubiquitous hnRNP-rtTA driver.

We showed that RNA containing an expanded CGG repeat is pathogenic in the liver,
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whereas RNA containing a control sized repeat is not. After 5 days of doxycycline (dox)
exposure, the expression of expanded repeat RNA resulted in mitochondrial dysfunction
in the liver and early death, hampering the possibility to study the long-term effects of
expanded CGG repeat expression in brain. Importantly, the observed effects were due to

the ectopically expressed expanded repeat, out of the context of the Fmr/ gene.

RESULTS
Inducible expression of expanded CGG RNA in the brain

Recently, we have shown that induced expression of an expanded 90CGG RNA produces
mitochondrial stress and apoptosis in the liver in a Tet-On mouse model for FXTAS [14].
Here, we used the same strategy to create bigenic transgenic mice in which exposure to
dox induces expression of either a control size | |CGG or an expanded 90CGG repeat
RNA fused to an enhanced GFP (eGFP) reporter in brain. These mice were created
by crossing our new PrP-rtTA “driver” mouse line with “target” mouse lines carrying
a tetracycline response element (TRE) linked to either a | ICGG (TRE-11CGG-eGFP)
or 90CGG (TRE-90CGG-eGFP) repeat expansion and an eGFP reporter (Figure 1A).
We opted for the prion protein or PrP promoter, since it drives expression confined to
the central nervous system (both neurons and glia cells). We expected that the use of
this driver line would avert the liver failure we observed when using the more ubiquitous
driver line hnRNP-rtTA[14]. Indeed, the double transgenic TRE-nCGG-eGFP/PrP-rtTA
mice could be treated with dox in their drinking water for as long as 28 weeks without
signs of overt toxicity. Dox treatment resulted in eGFP expression throughout the
brain as expected, but with the strongest expression in cerebellum, hippocampus and
striatum (Figure 2). We could detect eGFP expression in the brain within two days
after the start of dox treatment. Thus dox can quickly and efficiently cross the blood-
brain-barrier to activate transgene expression in brain tissue. Lack of eGFP expression
in single transgenic TRE-nCGG-eGFP mice treated with dox and double transgenic TRE-
nCGG-eGFP/PrP-rtTA mice without dox provides clear evidence that the Tet-On system
did not show leaky expression (Supplemental Figure 1).We also found that 90CGG
RNA levels were slightly lower than | 1CGG RNA levels (Figure 1B), which could be
explained by the different integration site of the transgenes, since an untargeted approach
was used to generate the mouse lines 90CGG RNA in brain homogenates was about
two times overexpressed when compared with endogenous Fmr/ levels (Supplemental
Material, Figure S2).Since these RNA levels were in whole brain homogenates and the
expression pattern is a mosaic of expressing and non-expressing cells present, the effect

of overexpression per expressing cell would be much more dramatic.
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Figure |.Dox induced expression of nCGG-eGFP in brain. (A) The Tet-On system was used to generate
bigenic mice expressing an | |CGG or 90CGG repeat at the RNA level. Expression of rtTA is controlled
by the PrP promoter on a separate transgene. Upon dox administration rtTA will be activated and can
bind the Tet Response Element (TRE) on another transgene, which induces expression of the nCGG
repeat at the RNA level and eGFP at the protein level. Since the transgene contains the 5’UTR of
the FMRI gene, in addition a polypeptide formed from the repeat by RAN translation. (B) Quantitative
RT-PCR on RNA isolated from brain of dox treated (16-28 weeks) bigenic TRE-nCGG-eGFP/PrP-rtTA
mice. 90CGG RNA levels are lower than | |CGG RNA levels in whole brain homogenates (N=8). Error
bars represent SEM.

Expanded CGG RNA expression leads to inclusion
formation

The major hallmark of FXTAS is the presence of ubiquitin-positive intranuclear inclusions
throughout the brain. Thus, after inducing transgene expression in the brains of bigenic
mice by dox exposure through drinking water (4mg/ml), we studied the distribution
and morphology of ubiquitin-positive inclusions. Initially, we started our histological
analysis after 8 weeks dox treatment. In all areas of the brains of TRE-90CGG-eGFP/
PrP-rtTA mice that showed eGFP expression, and thus the expanded 90CGG RNA,
we detected ubiquitin-positive intranuclear inclusions (Figure 3). As expected most
intranuclear inclusions were found in those brain regions expressing high levels of eGFP,
including lobule X of the cerebellum, hippocampus, and striatum. In hippocampus, round/
spherical inclusions were found, with the largest in CA3 area (Figure 3A). In contrast,
in the granular layer of lobule X of the cerebellum inclusions showed a cat-eye shape
(Figure 3E-H). Despite differences in shape the inclusions were always intranuclear and
only one per nucleus was observed. Ubiquitin-positive inclusions were never observed in
mice expressing | |CGG RNA, not even after as long as 28 weeks of dox induction, nor in

bigenic mice not treated with dox (Supplemental Material, Figure 3A).The level of
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Figure 2. eGFP expression in brain after dox induction of bigenic TRE-nCGG-eGFP/PrP-rtTA mice.
Immunohistochemical staining of paraffin section of brain from dox induced nCGG-eGFP-expressing
mice in (A) hippocampus (10x), (B) mainly in CA3 area (40x); (C) cerebellum (40x), (D) mainly in lobule
X (100x); and (E) striatum (10x), (F) striatum (40x).

RNA expression was lower for 90CGG RNA than for | |CGG RNA, suggesting that the
formation of inclusions is dependent on the presence of expanded CGG RNA and is not
caused by overexpression of CGG RNA per se.

The formation of inclusions was followed over time by treating the bigenic TRE-
90CGG-eGFP/PrP-rtTA mice for different time periods with dox. The percentage of
neurons with an inclusion was quantified by analysis of 500 nuclei in the granular cell
layer of cerebellar lobule X. In this area of the brain the expression of eGFP was most
pronounced and showed the least variation. Also the first ubiquitin positive inclusions
were observed in this part of the brain after 6 weeks of dox exposure. After 8 weeks

of dox treatment 27% (with a S.E.M. of 7 %) of the nuclei showed an ubiquitin-positive



Figure 3. Ubiquitin and FMRpolyG positive intranuclear inclusions in different brain areas after dox
induction of bigenic TRE-90CGG-egFP/PrP-rtTA mice. (A) Ubiquitin positive intranuclear inclusions in
CA3 of hippocampus. (B) FMRpolyG positive intranuclear inclusions in CA3 of hippocampus. (C) Ubiquitin
positive intranuclear inclusions in striatum. (D) FMRpolyG positive intranuclear inclusions in striatum.
(E) Ubiquitin positive intranuclear inclusions in the granular cell layer of lobule X after 8 weeks of dox
induction. (F) FMRpolG positive intranuclear inclusions in the granular cell layer of lobule X after 8 weeks
of dox induction. (G) Ubiquitin positive intranuclear inclusions in the granular cell layer of lobule X after
20 weeks of dox induction. (H) FMRpolyG positive intranuclear inclusions in the granular cell layer of
lobule X after 20 weeks of dox induction. All images 100x magnification.
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inclusion, with a significant increase over time to 70% (with a S.E.M. of 3 %) after 28 weeks
of dox treatment (Figure 4A). In addition, not only the number of inclusions increased,
but also the size increased with longer dox exposure times. Specifically, size increased
from 0.79 (with a S.E.M. of 0.07) pm at 8 weeks treatment to .91 (with a S.E.M. of 0.21)
um at 28 weeks of dox induction (Figure 4B).Thus, prolonged expression of expanded

CGG RNA results in higher number of and larger-sized inclusions.
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Figure 4. Quantification of ubiquitin positive intranuclear inclusions in cerebellar lobule X of TRE-
90CGG-eGFP/PrP-rtTA mice. (A) The percentage of nuclei containing a ubiquitin positive inclusions
after different dox treatment periods. (B) The size of the ubiquitin positive inclusions after different
dox treatment periods. Purple bars represent results from dox treated mice, orange bars represent
results obtained from mice with an additional wash-out after dox induction. N = 5-7 mice per group.
Significance was determined using a 2-tailed t test with 95% confidence interval, with * = p < 0.05;
*#=p <0.0l;%*% =P <0.00l; N=5-7 mice per group. Error bars represent SEM.

Poly-Glycin and other components of the inclusions

Recently,a new type of translation has been described for several repeat associated diseases,
including FXTAS [8]. This repeat associated non-AUG (RAN) translation is thought to be
induced by the presence of an expanded repeat in some RNAs. The repeat expansion is
thought to stall scanning of the mRNA by the 40S ribosomal subunit, resulting in the use
of an alternate downstream non-AUG start site. This in turn could cause a frameshift
and translation of polypeptides associated with the CGG repeat expansion. As a result,
different polypeptides could theoretically be produced from RAN translation of the CGG
repeat (polyArg, polyGly and polyAla), depending on the reading frame (i.e.,, CGG, GGC
or GGC). For FXTAS such translation has been reported to result in production of poly-
glycine (FMRpolyG) and poly-alanine (FMRpolyA) peptides [8].We have used two different



antibodies to detect FMRpolyG, 8FM and 9FM.The 8FM is specific for the sequence directly
upstream of the polyG tract, and 9FM is specific for the sequence directly downstream of
the polyG tract [9]. Thus both antibodies are specific for polyG translated from the GGC
tract in Fmrl mRNA. Both the 90CGG and | ICGG repeat transgenes in our dox-inducible
mice are of human origin and they also contain some human flanking sequence that include
the sequence used as the epitope for these antibodies.Therefore, we explored the presence
of FMRpolyG in the brain of the inducible mice. FMRpolyG-positive inclusions were present
in those brain regions of 90CGG mice that express high levels of eGFP, whereas | | CGG mice
were totally devoid of FMRpolyG-positive inclusions (Figure 3; Supplemental Material,
Figure S3B). The FMRpolyG-positive inclusions could be detected with both 8FM and
9FM antibodies. Since both antibodies achieved similar results we continued our studies
using only the 8FM (Supplemental Material, Figure S4).All brains that were studied for
the presence of ubiquitin-positive inclusions were also analyzed for the presence of FMRpolyG.
The distribution of the FMRpolyG inclusions was similar to the ubiquitin inclusions. Co-
localization studies of ubiquitin and FMRpolyG using double immunofluorescence staining
demonstrated a complete colocalizationinallinclusions atall time points examined (Figure 5).
We never observed inclusions that stained positive only for ubiquitin or only for FMRpolyG.
In addition, to further characterize the nature of the intranuclear inclusions we studied
the localization of proteins previously shown to be components of these inclusions [12,
15]. We confirmed the presence of the 20S core complex of the proteasome, Hsp40, and
Rad23B (Figure 5). Like FMRpolyG, these components almost always show colocalization

with ubiquitin.

Reversibility of inclusion formation

The main advantage of the Tet-On system is the ability to shut down transgene expression
by removing dox from the drinking water, thus allowing us to study the possibilities of
halting and/or reversing disease progression. Since we have demonstrated that these
inducible mice are a good model to study FXTAS disease progression, we next studied
the effect of a wash-out period with normal drinking water after initial dox induction.
Importantly, within 48 hours of removing dox from the drinking water we found a rapid
decrease of CGG repeat RNA expression, and no significant levels of eGFP in brain tissue
could be detected (Supplemental Material, Fig S5).

Wash-out periods of 12 weeks were combined with different dox induction periods
of 8, 12, and 16 weeks. For quantification of the number of ubiquitin-positive inclusions
before and after washout we again choose the granular cell layer of cerebellar lobule X.As
illustrated in Figure 4, |2 weeks of washout after both 12 and |6 weeks of dox treatment
did not result in a significant reduction of the number (Figure 4A) or size (Figure 4B) of

ubiquitin-positive inclusions in cerebellar lobule X. Nevertheless, we also did not observe
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Figure 5. Colocalization of ubiquitin (green) with other components (red) in intranuclear inclusions in
the granular cell layer of lobule X of the cerebellum after dox induced 90CGG RNA expression. Ubiquitin
(B, F, ), N) colocalizes (D, H, L, P) in intranuclear inclusions with FMRpolyG (A), Hsp40 (E), Rad23B (I),
and 20S subunit of the proteasome (M).All images 630x magnification.

an increase in number or size.Thus, upon stopping expanded CGG repeat RNA expression
at these time points appears to prevent further progression of neuropathology. However,
12 weeks washout after 8 weeks of dox induction resulted in a significant reduction in
the number (P < 0.05) and size (P < 0.05) of inclusions that were still present. Also,
after wash-out the co-localization of ubiquitin and FMRpolyG in the remaining inclusions
remained at 100% and no single ubiquitin- or FMRpolyG-positive inclusions were observed.
Not only the colocalization of FMRpolyG and ubiquitin didn’t change after wash-out,
but also the colocalization of ubiquitin with the 20S proteasome, Hsp40, and Radb23B
remained unchanged (data not shown).Thus, we were able to demonstrate reversibility of

neuropathology using antibodies against different markers for inclusions.



Development of deficits in compensatory eye movements

is halted by dox wash-out

Based on the high expression of mutant RNA in the granular cell layer of lobule X after
dox treatment one could predict functional deficits and potential functional reversibility in
a behavioral test related to this brain region. Lobule X constitutes, together with the two
laterally located flocculi, the vestibulo-cerebellum.Although we quantified the inclusions in
lobule X, we also found eGFP expression and inclusions in each flocculus.A well-established
behavioral test known to be dependent on the flocculus is the optokinetic reflex (OKR).
The OKR is a motor reflex driven by full-field visual stimulation that, together with
the vestibulo-ocular reflex (VOR), aims to reduce retinal slip, (i.e., the movement of visual
input across the retina), to ensure clear vision. We tested the effect of the inclusions
on this motor behavior in head-fixed mice by presenting a sinusoidally rotating visual
stimulus (amplitude 5°, frequency range 0.1-1.0 Hz) while recording their eye movements
(Figure 6B,C).Behavioral effects were analyzed by determining the gain of eye movements,
which represents the size of the eye movements relative to the stimulation. Eight weeks
of dox induction did not result in a behavioral deficit, as OKR gain was not affected in
90CGG mice (90CGG vs. | ICGG, P = 0.286, repeated measures ANOVA with Tukey’s
posthoc test) (Figure 6B). However, prolonged exposure to dox for 20 weeks did result
in a behavioral deficit, in that the gain of the OKR in 90CGG mice was lower, compared
to that of control mice (P < 0.001) and that of mice exposure to dox for only 8 weeks
(P =0.001).As the presence of the inclusions is at least partially reversible in lobule X after
8 weeks of dox induction and 12 weeks of washout, (Figure 4, 6A), one could hypothesize
that progression of the behavioral deficits in the OKR, could be attenuated too.This was
indeed true, because discontinuing the dox induction after 8 weeks of exposure resulted in
a better performance at 20 weeks (vs. 20 weeks dox of induction, P < 0.001), which was no
longer significantly different from that of control mice (vs. | ICGG with 20 weeks of dox
induction, p = 0.993).When we tested OKR gains evoked by visual stimulation with fixed
velocity (8°/s, frequencies 0.05 — 1.6 Hz), instead of fixed amplitude, the same differences
were found (Supplemental Material, Figure S6), strengthening our conclusion that
dox exposure correlates with cerebellum-dependent functional deficits.

As described above, the OKR is used in conjunction with the VOR, a reflex based
on vestibular input from the semi-circular canals to generate the visually-enhanced
reflex, or VWVOR. The VVOR functions to stabilize an image on the retina when moving
through an environment. To verify if the deficits in OKR are compensated by changes in
the processing of vestibular input, we also tested the VOR and VVOR in the same mice
(Fig 6B, Supplemental Material, Figure S6B). The VOR, evoked by head rotation
in the dark, can be influenced by, but does not require, the cerebellum. In line with that

the differences in VOR gain were, compared to those in OKR gain, in the same general
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direction but less pronounced (Supplemental Material, Figure S6B). In VVOR gain,
similar to OKR, we observed a significantly lower gain in mice with irreversible inclusions
after prolonged, 20 week dox exposure (90CGG vs. | ICGG, P = 0.002; 20 weeks vs. 8
weeks of dox in 90CGG, P = 0.020). Here too, this deficit could be prevented by stopping
dox exposure after 8 weeks (20 weeks dox vs. wash-out in 90CGG, P = 0.004).

To conclude, the presence of irreversible inclusions in the vestibulo-cerebellum
correlates with deficits in compensatory eye movements, which depends on its proper
functioning. Reversing inclusion number and size by ceasing dox induction after 8 weeks
of exposure minimized disease progress in that the compensatory eye movements did

not further deteriorate.
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DISCUSSION

Several animal models have contributed to understanding of the molecular mechanisms
underlying FXTAS and have characterized the disease process. However, previous mouse
models did not make it possible to address questions concerning the possible reversibility
of FXTAS or to elucidate critical periods in the natural history of the disease [I3]. In
order to address such questions, we describe the successful development and initial
characterization of an inducible mouse model for the fragile X-premutation and FXTAS.
In this model, an expanded CGG RNA is expressed under control of a Tet-On promoter
activated by the addition of dox to drinking water [14]. This inducible model shows no
evidence of expression in the absence of dox (i.e., no leakage of expression) and allows
us to control the timing of CGG RNA expression during development. Consequently,
we were able not only to examine disease progression in these mice, but also provide
evidence for the potential for halting disease progression and reversal of neuropathology
and specific functional deficits. Specifically, the number and size of inclusions formed in
these mice by induced expression of expanded CGG RNA was reversible when mice
were exposed to dox starting from 3 weeks of age and taken off dox after 8 weeks
of exposure. However, reversibility could only be demonstrated after 8 weeks of dox
treatment and not after longer treatment periods of 12 and 16 weeks.The present study
shows that the in vivo formation of the inclusions is dependent on expression of an RNA
bearing an expanded CGG repeat rather than on overexpression of CGG RNA per se.

Finally, the aberrant behavior of these mice in an eye-reflex test did not deteriorate

Figure 6. Deficits in the compensatory eye movements correlate with the presence of inclusions. To
determine the functional consequences of expanded CGG repeat-induced inclusions, we tested, in head-
fixed awake mice, the compensatory eye movements that are known to depend on an intact vestibulo-
cerebellum. (A) The percentage of nuclei in the granular cell layer of cerebellar lobule X containing an
inclusion for mice used in the analysis of compensatory eye movements. (B) Sinusoidal rotation of the visual
field evoked the optokinetic reflex (OKR), a cerebellum-dependent reflex that minimizes retinal slip. OKR
gain, the ratio of eye to stimulus velocity, over a range of frequencies was compared between mice with
and without (ir)reversible inclusions. Whereas gains 90CCG mice after 8 weeks of dox induction (purple)
were not significantly lower than those in controls (black), irreversible inclusions as a result of 20 weeks of
exposure to dox (blue) did cause deficits in eye movement performance compared to controls (yellow). In
contrast, reversing the presence of inclusions by wash-out (8 weeks dox induction followed by 12 weeks
wash-out, orange) prevented the development of performance deficits. (C) In everyday life, the OKR works
in conjunction with the vestibulo-ocular reflex (VOR), to maintain a stable image on the retina. To test
if the deficits in the OKR could also affect more natural behaviors, mice were subjected to sinusoidal
rotation of the turntable in the light, to evoke the visually-enhanced vestibulo-ocular reflex (VVOR). All
the differences present in OKR were reproduced, confirming the link of inclusions with behavioral deficits.
Insets, colors indicate comparisons with p<0.05 (repeated measures ANOVA followed by Tukey’s posthoc).
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further when expression of the expanded CGG RNA was stopped by withdrawal of dox
exposure. Our results therefore, suggest that only an early intervention may be beneficial
for FXTAS patients and premutation carriers.

The major histopathological hallmark of FXTAS is the presence of ubiquitin-positive
intranuclear inclusions in neurons and astrocytes seen in the postmortem brain. We
therefore focused on their presence in the quantitative analyses of this new inducible
mouse model. In the cerebellum, where we focused our quantitative analyses, we found
clear evidence that the number and size of the inclusions increased with longer exposure
to dox. It remains to be seen whether these inclusions are pathological or protective
in the brain. However, we recently reported that dox-induced expression of expanded
CGG RNA can cause mitochondrial damage in the liver, followed by early death of mice
within one week of exposure. These experiments were carried out in bigenic mice
(TRE-90CGG-eGFP/hnRNP-rtTA) in which expression of the expanded CGG RNA
utilized an hnRNP-promoter to drive rtTA expression [14]. Importantly, these bigenic
mice express elevated levels of mutant expanded CGG RNA in liver, but show a total
absence of ubiquitin-positive inclusions. Based on these results, free expanded CGG RNA
appears to be toxic even in the absence of inclusions. This finding does not, however,
exclude the possibility that, in human brain, the formation of intranuclear inclusions and
subsequent sequestration of specific RNA-binding proteins can also interfere with normal
cell functioning, which could then ultimately lead to cell death [4].

The main hypothesis for the cause of FXTAS has been an RNA toxic gain-of-function
mechanism, in which high levels of expression of RNA bearing an expanded CGG repeat
are the primary mechanism of pathology. This hypothesis is consistent with the fact that
the expanded CGG repeat is present in the 5-UTR of the FMRI gene and is therefore
not translated into protein. However, for different repeat-associated disorders, including
FXTAS, frontotemporal dementia (FTD), and amyotrophic lateral sclerosis (ALS), a new
alternative translational mechanism has been described (reviewed in [16]), reopening
the discussion about the mechanism of pathology. Specifically, repeat-associated non-AUG
(RAN) translation of the trinucleotide repeat has been reported, resulting in the presence
of FMRpolyG and FMRpolyA [8].

In this study, we have shown the presence of the RAN translation product FMRpolyG
in the ubiquitin-positive inclusions. The observation that inclusions are pathogenic and
contain the FMRpolyG peptide is consistent with a role for the polypeptide in disease
pathology. Of course, this finding does not rule out a role for Fmr/ RNA toxicity in
the inclusion formation. While the gain-of-function mechanism of pathology therefore
remains possible in FXTAS, it might involve both RNA and protein. For the expanded
hexanucleotide repeat (GGGGCC) involved in ALS and FTD, it has now been shown

in Drosophila that toxicity seems to be caused by certain dipeptide repeats rather than



by the repeat RNA [I7]. Such models are not yet available for FXTAS, but research is
ongoing to establish the roles of the different entities in FXTAS pathology.

The presence of Hsp40, Rad23B and the 20S subunit of the proteasome in the
inclusions again suggests a role for the proteasomal degradation pathway in inclusion
formation, as was found for other FXTAS mouse models [12, 15, I8].The involvement of
the proteasome is two-fold. First, the proteasome is overloaded with the ubiquitinated
proteins present in the inclusions that it should degrade. Second, components of the
proteasome itself is sequestered in the inclusions and therefore cannot optimally perform
its function. The involvement of the proteasome in pathology is not unique for FXTAS,
but is a general process involved in several neurodegenerative diseases with which FXTAS
may share common disease mechanisms

To evaluate the functional consequences of the inclusions in the cerebellum of
the dox-treated bigenic inducible mice, we quantified reflexive eye movements associated
with cerebellar lobule X which showed high levels of expanded CGG RNA expression.
The compensatory eye movements evoked by full-field visual stimulation or head rotation
are known as the OKR and VVOR, respectively. These eye movements are controlled by
the vestibulo-cerebellum, the region of the brain in which most inclusions were observed.
The prominent presence of irreversible inclusions after 20 weeks of dox-exposure could
be linked to motor performance deficits, in that the gain of the OKR and VVOR was lower
in these mice. In fact, the compensatory eye movements in mice treated for 8 weeks with
dox already appear to be affected.Although this difference was not statistically significant in
the overall group comparison, the differences were statistically significant when individual
groups were compared for each reflex (OKR:P = 0.0013;VVOR:P = 0.0002).This suggests
that the phenotype worsens over time in these inducible mice, with an accompanying
increase in the number and size of inclusions, whereas transgene RNA expression levels
remain the same over time.These ocular reflexes nicely models the progressive character
of FXTAS disease development and suggests that the inclusions coincide with disease
symptoms in specific brain regions. Ending the exposure to dox after 8 weeks effectively
reversed the disease progress in terms of inclusions, and prevented the progressive
deterioration of the OKR and VVOR gains. The finding that the development of more
severe motor performance deficits could be prevented by halting the expression of
the expanded repeat, emphasizes the potential benefit of early intervention.

Regardless of whether FXTAS is caused by RNA directly or by translation of a toxic
protein, the results of this study demonstrate that it is possible to halt or even reverse
disease progression if expression of the RNA carrying the expanded CGG repeat is
stopped. Translating the time course of disease from a transgenic mouse to the human
situation is difficult, but what becomes clear from present research is that therapeutic

intervention in FXTAS patients and premutation carriers is possible.After longer intervals
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we observed that stopping expanded CGG RNA expression stops further disease
progression, earlier in the process even reversibility of pathology is possible.

The early time point at which we found reversibility suggests that it might be needed
to treat asymptomatic premutation carriers, which raises the ethical question of whom to
treatand when to start.Therefore research will also need to focus on identifying biomarkers
to predict which premutation carriers are most likely to develop FXTAS. However, later
intervention might also be promising to prevent further disease progression. Therefore,
for all FXTAS patients it is important to investigate if interfering with the expanded CGG
RNA expression is possible. Although it may be a long time before effective therapeutic
interventions for FXTAS are available for clinical use, the results of these experiments
— reversibility of disease pathogenesis - represent a “proof of principle” that effective
treatments are possible. This is a very important step in recognizing the options, and
opens new avenues for further research for other repeat related diseases involving gain-

of-function mechanisms caused by RAN translation or RNA.

MATERIAL AND METHODS

Mouse lines, dox treatment, and genotyping

TRE-1 CGG-eGFP and TRE-90CGG-eGFP mouse strains and genotyping were as described
previously [14] in C57BL/6JRj (from Janvier labs) background. The TRE-90CGG-eGFP
mouse strain has been bred for several generations and never any instability of the repeat
size was observed. In this study, PrP-rtTA was used as the driver to induce expression.
The PrP-rtTA transgene were cloned by inserting rtTA2S-MS (kind gift from H.Bujard) into
the MoPrP.Xho vector using the Xhol restriction sites. Transgenic mice were generated
by injecting linearized constructs into oocytes of C57BL/6JRj (from Janvier labs)mice. We
had six founders and used the one with highest expression level and broadest expression
pattern. PrP-rtTA mice were cross bred with TRE-nCGG-eGFP mice to obtain bigenic mice.
Genotyping of the mice was done as described previously [14]. Dox treatment of bigenic
mice started directly after weaning at an age of 3-4 weeks. Dox (Sigma) was added to
the drinking water in a concentration of 4 mg/ml supplemented with 5% sucrose. Drinking
water was kept from the light and refreshed every 2-3 days. Mice were treated with dox for
8,12, 16,22, or 28 weeks. If a wash-out period was added after dox induction, mice received
standard drinking water during the 12 weeks after their dox-treatment. All experiments

were conducted with the permission of the local animal welfare committee (DEC).

RNA isolation and quantitative RT-PCR
RNA isolation was done as described previously [14]. Briefly, brains were homogenized
in HEPES buffer pH 7.6 containing 0.45% Triton-X100, 0.05% Tween-20 and protease

inhibitors. RNA was isolated using RNA Bee according to manufacturer’s instructions.



Quantitative RT-PCR was performed on cDNA synthesized with iScript (Biorad) according
to the manufacturer’s instructions, using KAPA SYBR Green (KAPA Biosystems) on
a Biorad CFX machine.

Immunohistochemistry and immunofluorescence

Tissues were fixed overnight in 4% paraformaldehyde and embedded in paraffin according
to standard protocols. Sections (6um) were deparaffinized followed by antigen retrieval
using microwave treatment in 0.0/M sodium citrate. Endogenous peroxidase activity
was blocked and immunostaining was performed overnight at 4°C using mouse anti-GFP
(Roche 1814460; 1:1000), rabbit anti-ubiquitin (Dako Z0458; 1:250), or mouse-anti
FMRpolyG (8FM[9]; I:10) antibodies. Antigen-antibody complexes were visualized by
incubation with DAB substrate (Dako) after incubation with Brightvision poly-HRP-linker
(Immunologic). Slides were counterstained with haematoxylin and mounted with Entellan.

Inclusions were quantified by counting 500 nuclei of the granular cell layer of lobule
X of the cerebellum and by counting the number of ubiquitin positive inclusions at
a 100x magnification. The size of the inclusions was determined using an Olympus BX40
microscope at a 100x magnification and cellSens Dimension software. Researchers were
blinded for genotype and treatment. If lobule X was not present in paraffin sections,
mice were excluded resulting in the use of 5-7 mice for each group. This number was
were used based on previous research[12, 19], both male and female, littermates were
randomly distributed over the different groups.

For (double) immunofluorescence, slides were blocked for autofluorescence with
Sudan Black in 70% ethanol. Primary antibodies include rabbit-anti ubiquitin (DAKO
Z0458; 1:50), mouse-anti ubiquitin (Cytoskeleton AUBO-S; 1:200), mouse-anti FMRpolyG
(1:10) [9], rabbit-anti Hsp40 (Stressgen SPA-400; 1:100), rabbit-anti Rad23B (1:100) [15],
or rabbit-anti 20S subunit of the proteasome (1:100) [12]. Secondary antibodies include
anti-rabbit Fab Alexa 488 (Life technologies A11070; 1:100) and anti-mouse Cy3 (Jackson
Immuno research 715-165-150; 1:100). Nuclei were visualized with Hoechst. Analysis was

done with a Leica confocal microscope and LAS AF software.

Compensatory eye movements

Male mice, aged 7 or |9 weeks, were surgically prepared for chronic, head-restrained
recordings of compensatory eye movements as described previously [20, 21]. Based
on this previous research 9-13 mice per group were used, littermates were randomly
divided over the different groups. In short, under isoflurane anesthesia (initiation at
4%, maintenance at ~1.5%,with O2) a construct was attached to the skul in parallel
to the intracranial midline using Optibond primer and adhesive (Kerr) and Charisma

(Haeraeus Kulzer). The construct consisted of a brass holder with magnet (Neodymium,

SVLXd ¥O4 1T3AOKW ISNOW FT19IDNANI NV NI SLIDI43A YOLOW ANV ADOTOHLVdOYNIAN 40 ALITIFISYIATY H

87



SVLXd YO4 13AOW ISNOW FT1dIDNANI NV NI SLIDI43A YOLOW ANV ADOTOHLVdOYNIAN 40 ALITIFISYIATY H

88

4x4x2 mm, MTG Europe) inside.After a recovery period (< 3 days) mice were head-fixed
to a metal bar using the magnet embedded in the pedestal, a complementary magnet
in the bar and a securing screw. The body of the mouse was placed in a custom-made
cylindrical restrainer and the head centered in the middle of a turntable. A cylindrical
screen (diameter 63 c¢cm) with a random-dotted pattern (each element 2°) surrounded
the turntable (diameter 60 cm) on which the mouse was placed. The optokinetic reflex
(OKR) and vestibulo-ocular reflex in the dark (VOR) and in the light (VWOR) were
elicited by sinusoidal rotation of either the drum (OKR) or the table (VOR and VVOR),
respectively. Eye movement performance was tested by rotating the drum or table at
0.1-1.0 Hz with 5° amplitude (fixed), or the drum at 0.05-1.6 Hz at 8°/s peak velocity
(fixed). Each frequency — amplitude combination was tested twice with 8-20 repeated
cycles and results were averaged. To illuminate the eye during the recordings we used
two table-fixed infrared emitters (maximum output 600mWV, dispersion angle 7°, peak
wavelength 880 nm), and a third emitter mounted to the camera aligned horizontally with
the camera’s optical axis. This third emitter produced the tracked corneal reflection (CR).
The pupil position, after subtraction of the corneal reflecting position, was recorded using
eye-tracking software (ETL-200, ISCAN systems, Burlington, NA, USA). Calibrations were
performed as described previously [22]. Gain and phase values of the eye movements

were calculated using a custom-made Matlab routine (Matlab, MathWorks Inc).

Statistics

Statistical significance of the Q-RT-PCR results was analyzed using a student’s T test.
The quantification and size determination of the inclusions, results were statistically
analyzed with a univariate analysis of variance and a subsequent Tukey posthoc. For
the analysis of the compensatory eye-movements gain and phase results plotted against
frequency or time were statistically analyzed using repeated-measures ANOVA followed

by Tukey’s posthoc test.
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ABSTRACT

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a neurodegenerative disorder
caused by expanded CGG repeats in the 5’UTR of FMR/.Two mechanisms are proposed
to cause FXTAS: RNA gain-of-function where CGG RNA sequesters specific proteins,
and Repeat Associated Non-AUG (RAN) translation of CGG repeats into a polyglycine-
containing protein, FMRpolyG. Here, we developed transgenic mice expressing CGG
repeats RNA with or without FMRpolyG. Importantly, expression of FMRpolyG is
pathogenic, while the sole expression of CGG RNA is not. Toxicity of FMRpolyG is
mediated by its carboxy-terminus in primary neuronal cultures and Drosophila models.
FMRpolyG interacts with the nuclear lamina protein, LAP28B and disorganizes the nuclear
lamina architecture in neurons differentiated from FXTAS iPS cells. Finally, expression of
LAP2B rescues neuronal death induced by FMRpolyG. Overall, novel mouse, fly and human
IPS cell models of FXTAS demonstrate that RAN translation of FMRpolyG disrupts the

neuronal nuclear lamina architecture and drives pathogenesis in FXTAS.



INTRODUCTION

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is a neurodegenerative disorder
caused by an expansion, called premutation, of 55 to 200 CGG repeats in the 5’untranslated
region of the Fragile X Mental Retardation | (FMRI) gene located on the X chromosome
[1]- The prevalence carrier of the CGG premutation is approximately | of ~200 females
and ~450 males, but due to incomplete penetrance, it is estimated that | in 3,000 men
older than 50 years will develop FXTAS [2-4]. The clinical features of FXTAS include
progressive intention tremor and gait ataxia, frequently accompanied by progressive
cognitive decline, parkinsonism, peripheral neuropathy and autonomic dysfunctions [5].
Principal neuropathologies of FXTAS include mild brain atrophy and white matter lesions
with the presence of ubiquitin-positive nuclear neuronal and astrocytic inclusions [6, 7].
In contrast to Fragile X syndrome, where expanded full mutation alleles (>200 CGG
repeats) result in hypermethylation and silencing of the FMRI gene, FXTAS carriers of
premutation expanded alleles (55-200 CGG repeats) present increased levels of FMR/
mRNA and near normal expression of the protein encoded by FMRI, FMRP [8-10].

Because FXTAS is not observed in Fragile X patients with completely hypermethylated
and consequentely fully silenced FMRI alleles, a pathogenic mechanism based on
expression of mutant FMRI mRNAs containing expanded CGG repeats have been
proposed [ | I].In support of this hypothesis, multiple studies have demonstrated adverse
consequences of expressing RNA containing expanded CGG repeats in cell, fly and
mouse models [12-18]. However, how FMRI mRNA containing expanded CGG repeats
is pathogenic is unclear. A first proposed model is that FXTAS results from a toxic RNA
gain-of-function mechanism, in which mutant RNA containing expanded CGG repeats
would be pathogenic by sequestrating specific RNA binding proteins, ultimately resulting
in neuronal cell dysfunctions [19-23]. A second and more recent proposed mechanism
is that FXTAS is caused by Repeat-Associated Non-AUG (RAN) translation of the
expanded CGG repeats into polyalanine and polyglycine containing proteins, named
FMRpolyA and FMRpolyG [24]. Laura Ranum and colleagues originally demonstrated that
expanded CAG repeats can be translated in all three frames in the absence of any AUG
initiation codon) [25]. Subsequently, RAN translation was described and proposed as
a causative mechanism in various inherited microsatellite neurodegenerative disorders
(reviewed in [26], including FXTAS [24]. However, the mechanism and pathological
consequences of translating expanded CGG repeats are not fully understood. Specifically,
which pathological mechanism (RNA gain-of-function or RAN translation) drives FXTAS
pathogenesis is a crucial question.

Here we find that RAN translation of expanded CGG repeats occurs predominantly
in the glycine frame through initiation at a non-canonical ACG codon located upstream

of the expanded CGG repeats. Translation occurs mostly with CGG expansion over 70
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CGG repeats, resulting in accumulation of FMRpolyG.To define which mechanism drives
pathogenicity in FXTAS we developed two novel mouse models, one that expresses
both CGG RNA and FMRpolyG and a second one expressing CGG RNA in isolation.
Importantly, transgenic mice expressing both CGG RNA repeats and the polyglycine
protein (FMRpolyG mouse), but not mice expressing only the mutant RNA containing
expanded CGG repeats (CGG RNA mouse) exhibit inclusion formation, motor
phenotypes, and reduced lifespan. Next, we determined that the C-terminal region of
the protein contributes to cell death in mammalian neuronal cultures and decreased
viability in Drosophila, while the polyglycine stretch promotes protein aggregation. The
C-terminus of FMRpolyG protein interacts with LAP2B, a protein essential to anchoring
lamin proteins to the inner nuclear membrane. Expression of FMRpolyG alters LAP28
localization, resulting in disorganization of the nuclear lamina architecture, a finding that
is also observed in iPS-cell derived neurons from FXTAS patients. Importantly, over-
expression of LAP2B rescues neuronal cell death induced by expression of FMRpolyG.
Overall, these results suggest that expression of FMRpolyG, which disrupts nuclear lamina,

is a key pathogenic event in FXTAS.

RESULTS

Translation of expanded CGG repeats initiates
at an upstream near-cognate codon
To confirm a previous observation of translation of expanded CGG repeats in absence
of a canonical AUG start codon in Drosophila [24], we cloned hundred CGG repeats
embedded within the natural human 5’UTR of FMR/ fused to GFP in absence of any
ATG and in all three possible frames. These frames were named according to the
polypeptide potentially encoded by the expanded CGG repeats, namely glycine, alanine
and arginine. Cell transfection and immunoblotting against GFP confirm previous data
[24], and demonstrates that the 5’UTR of FMRI with expanded CGG repeats allows
translation of a GFP protein with a ~12 kDa N-terminal extension corresponding to
the expanded CGG repeats translated into the glycine frame. In contrast, we observed
little translation in the alanine or arginine frames (Figure IA). Interestingly, we also
observed no translation when the 5’UTR of FMR/| was deleted and the expanded CGG
repeats were directly fused to the GFP (Figure I A). Identical results were observed by
imaging GFP fluorescence (Supplemental figure 1A).As a further control, treatment
with Lysostaphin, a polyglycine endopeptidase, confirmed that expanded CGG repeats
are translated into a polyglycine-containing protein with no detectable frame shifting
(Supplemental figure 1B).

Next, we immunoprecipitated this polyglycine-containing protein and determined its

sequence by proteomic analysis. LC-MS/MS spectra revealed initiation to an ACG near-



cognate codon located 32 nucleotides upstream of the CGG expansion (Figure 1B).
Of interest, proteomic analysis also revealed that the initial amino acid of FMRpolyG is
a methionine suggesting that ACG is decoded by an initiator Met-tRNA despite imperfect
match. Presence of an initiation codon located within the 5’UTR of FMR/ and upstream
of the CGG repeats is consistent with absence of expression of FMRpolyG upon deletion
of the 5’UTR of FMRI (Figure 1A).Also, this ACG near-cognate codon is embedded in
a potential Kozac consensus sequence with a purine and a guanine in -3 and +4 positions,
and is conserved among multiple species (Supplemental figure 1C).To confirm that
translation of endogenous FMRpolyG initiates upstream of the expanded CGG repeats in
individuals with FXTAS, we developed monoclonal mouse antibodies against the ten amino
acids encoded by the sequence upstream of the repeats and that constitute the putative
N-terminal part of FMRpolyG (Supplemental figure D). Inmunofluorescence assays
revealed presence of FMRpolyG, which was detected as single nuclear inclusions that co-
localize with ubiquitin in brain sections of FXTAS patients (Figure |1 C and Supplemental
figure 1E). As control, immunofluorescence labeling was negative in brain sections of
age-matched control individuals (Supplemental figure | E).We confirmed these results
by immunoblotting and found that according to the size of the CGG expansion, the
FMRpolyG protein was detected as a 10 to |4 kDa protein in the insoluble fraction
of brain lysate of FXTAS individuals (Figure ID).As a control, FMRpolyG protein was
absent from the insoluble fraction of brain samples of age-matched control individuals
(Figure 1D).The poor quality of the immunoblotting is probably due to the aggregation
of this glycine-rich protein.We also developed monoclonal mouse antibodies against the
C-terminal part of the FMRpolyG protein (Supplemental figure 1D), and confirmed
expression of FMRpolyG in brain sections of FXTAS patients but not in age-matched
control individuals (Supplemental figure IF). These results are consistent with
previous immunohistochemistry analyses [24, 27].

To confirm a specific role for the sequence located upstream to the CGG repeats in
FMRpolyG translation, we performed various deletions of the 5’UTR of FMR/ and tested
expression of FMRpolyG-GFP by immunoblotting. Two deletions reduced translation of
the 5’UTR of FMRI (Figure | E).As these deletions include the ACG near-cognate codon,
we suspected presence of an upstream ORF (UORF) in the 5’UTR of FMRI. Upstream
ORFs are short open reading frames initiating at AUG or near cognate codons (GUG,
CUG, UUG,ACG, etc.) in poor Kozac consensus sequence contexts. Translation of uORFs
can regulate, generally negatively, the translation of downstream ORFs (review in [28]).
To test this hypothesis, we cloned various lengths of expanded CGG repeats within the
human 5’UTR of FMR/ fused in the glycine frame with GFP and confirmed that translation
occurred with expanded CGG repeats as well as with short stretches of CGG repeats

(20 to 30) found in control individuals, or even without any CGG repeats (Figure IF).In
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contrast, fusion in the glycine frame with a smaller flag tag (8 amino acids, ~1 kDa), resulted
in detectable expression of flag-tagged FMRpolyG only when expanded repeats where
above 50 CGG repeats (Figure |F).This is characteristic of short upstream ORFs that are
generally translated into small and most often undetectable peptides (<5 kDa), but which
are detected when fused with large tags, resulting in stable and detectable proteins [29].
Of technical interest, due to instability of the expanded CGG repeats during the cloning
process some plasmids present minor products with expanded or contracted number of
repeats that appear as higher or lower bands of minor intensity in Figure IF.

To test the presence of a putative upstream ORF in FMR/, we then fused its 5’UTR
with a flag tag in the glycine frame, but also fused a GFP tag in the native frame of the
downstream FMRP ORF (Figure 1G).This construct would potentially expresses either
the FMRpolyG flag-tagged uORF or the downstream GFP-tagged FMRP ORF. FMRpolyG
and FMRP ORFs are in different frames with the last 20 amino acids of FMRpolyG naturally
overlapping the N-terminal part of FMRP. Thus, translation of the FMRpolyG uORF may
potentially impair ribosomal re-initiation to the downstream FMRP ORF Consistent

Figure |. Expanded CGG repeats are translated into polyglycine through initiation at a non-canonical
ACG codon

(A) Western blotting analysis with anti GFP antibody of Hela cells transfected with expanded CGG
repeats embedded or not in the 5’UTR of FMRI and fused in all three possible frames with the GFP.
(B) LC-MS/MS spectra of the N-terminal part of immunoprecipitated protein translated from expanded
CGG embedded in the 5’UTR of FMRI. (C) Immunofluorescence using antibodies against the N-terminal
part of FMRpolyG (red, 8FM antibody) and ubiquitin (green) on brain section (hippocampal area) of a
FXTAS patient. Scale bars, 10 ym. Nuclei were counterstained with DAPI. (D) Western blotting analysis
with anti FMRpolyG N-terminus antibody (8FM) of insoluble fraction of brain lysate of FXTAS and age-
matched individuals. Number of expanded CGG is indicated as # CGG. (E) Upper panel, schemes of the
serial deletion constructs of the 5’UTR of FMR/. Middle panel, western blotting analysis with anti GFP
antibody of Hela cells transfected with mutants of the 5’UTR of FMRI| with expanded CGG repeats
fused to the GFP in the glycine frame. Lower panel, quantification of FMRpolyG-GFP expression reported
to GAPDH. (F) Upper panel, western blotting analyzes with either anti GFP or anti flag antibody of Hela
cells transfected with various length of expanded CGG repeats embedded in the 5’UTR of FMRI and
fused in the glycine frame with either GFP or flag tag. Lower panel, quantification of FMRpolyG-GFP and
FMRpolyG-Flag levels reported to control GAPDH. (G) Left upper panel, western blotting analyzes with
anti GFP and anti flag antibodies of Hela cells transfected with mutants of the 5’UTR of FMR/ containing
expanded CGG repeats fused to the flag tag in the glycine frame, while the downstream FMRP ORF is
fused to the GFP. Left lower panel, quantification of FMRpolyG-flag and FMRP-GFP levels reported to
GAPDH. Right panel, schemes of the 5’UTR of FMRI constructs with ACG mutations. FMRpolyG uORF
is flag-tagged, while FMRP ORF is GFP-tagged. (H) Nucleotide sequence of the human 5’UTR of FMRI
with 20 CGG repeats. Amino acid sequence of FMRI uORF translated into FMRpolyG is indicated in red
with a red arrow highlighting the ACG translation start. Amino acid sequence of the beginning of the
downstream FMRP ORF is indicated in green.
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with this hypothesis, deletion of the 5’UTR sequence containing the ACG near-cognate
initiation codon abolished expression of the flag-tagged FMRpolyG uOREF, but enhanced
translation of the downstream GFP-tagged FMRP ORF in mammalian cells (Figure 1G).In
contrast, mutation of the ACG near-cognate codon into a cognate AUG initiation codon
enhanced translation of the flag-tagged FMRpolyG uOREF, but abolished expression of the
downstream GFP-tagged FMRP ORF (Figure | G). Overall, these results suggest that the
5’'UTR of human FMRI may contain an upstream OREF initiating to a near-cognate ACG
codon that overlaps with the downstream FMRP ORF and inhibits its translation. This
UuOREF is predicted to encode for a small 6 to 7 kDa polypeptide in control individuals
with 20 to 30 CGG repeats, while in FXTAS individuals, expansion of CGG repeats
extends this upstream ORF into a detectable small protein ranging from ~10 kDa with

70 CGG repeats to ~15 kDa with 150 CGG repeats (sequence presented in Figure | H).

Translation of expanded CGG repeats into FMRpolyG

is pathogenic in mice

The presence of both CGG RNA aggregates, which can titrate out RNA binding proteins,
and FMRpolyG—positive inclusions in individuals with FXTAS questions which pathogenic
mechanism is required for neuronal degeneration in this disease.To differentiate between
these two hypotheses, we developed two transgenic mouse models.The first one contains
the full human 5’UTR of FMR| with expanded 99 CGG repeats that shall express both
CGG RNA and FMRpolyG protein, while the second mouse model also expresses 99 CGG
repeats but the non-canonical ACG initiation codon and surrounding 5’UTR sequence is
deleted, such that it only expresses the CGG RNA (Figure 2A). Both constructs are
driven by the strong chimeric ubiquitous CAG promoter, and inserted by homologous
recombination within the neutral Rosa2é6 mouse locus to avoid any bias due to random
insertion of the transgenes.We controlled by southern blot and PCR the correct insertion
of the transgenes into the Rosa2é locus, the absence of concatamerization at the locus
and the presence of 99 CGG repeats, which were stably transmitted with no obvious
contraction or expansion, at least in the few generations (~8) of this study. To control
expression of the transgenes, three upstream SV40-polyadeneylation sites bordered
by loxP sites limit transcription of the expanded CGG repeats. Hence, expression and
potential pathogenicity of the expanded CGG repeats is permitted only in offspring of the
transgenic CGG mice crossed with mice expressing Cre recombinase.

Deletion of the loxP cassette using a ubiquitously and embryonically expressed Cre
recombinase [30] led to high expression of RNA with expanded CGG repeats throughout
the brain, heart and liver, with lower expression in skeletal muscle, kidneys and other
organs (Figure 2B).Transgene RNA expression was similar between mice with the full or
mutant FMR| 5’UTR (Figure 2B). However, we found only rare CGG RNA foci in brain



sections of full or mutant FMR/ 5’UTR transgenic mice at any age analyzed (Supplemental
figures 2A and 2B).This is consistent with the rare occurrence of CGG RNA aggregates
in other transgenic mice model expressing expanded CGG repeats [23].

Concerning the FMRpolyG protein, imunohistochemistry assays using an antibody
directed against the N-terminus of FMRpolyG demonstrated expression and accumulation
of nuclear aggregates of FMRpolyG in brain sections from the full 5’UTR FMR/ transgenic
mice, but not in the mutant 5’UTR mice (Figure 2C).Similar results were obtained with an
antibody targeting the C-terminus of FMRpolyG (Supplemental figure 2C).As observed
in brain samples of individuals with FXTAS, aggregates of FMRpolyG co-localized with
ubiquitinated inclusions (Figure 2D). Nuclear aggregates of FMRpolyG accumulated over
time, with the largest burden of inclusions occurring within the hypothalamus, mirroring
transgene MRNA expression (Supplemental figures 2C and 2D).These results suggest
that accumulation of FMRpolyG into nuclear inclusions precedes formation of CGG RNA
foci in mice over the time frame of our study (Supplemental figure 2B).These results
also confirm that translation of FMRpolyG requires the FMR| 5’UTR sequence containing
the ACG-near cognate codon located upstream of the CGG repeat.

To determine the consequences of FMRpolyG production in vivo in mice, we conducted
a series of behavioral and locomotor assays on both mouse lines. Mice with the full 5’UTR
of FMR develop obesity at 6 months of age.Therefore, behavioral tests were performed at
3 months of age when weight is identical between full and mutant FMR/ 5’UTR transgenic
mice. Importantly, we observed that only mice with the full 5’UTR sequence of FMRI
and expressing the FMRpolyG protein present locomotor deficiency (Supplemental
video | and 2), with increased falling from rotarod (Figure 2E), decreased ability of
traction from the hind limbs (Figure 2F), decreased grip strength (Figure 2G) and
decreased number of rears in open field observation (Figure 2H).At six months of age,
mice with the full 5’UTR of FMR/ loss mobility and develop obesity, while mice with the
mutant 5’UTR that express only the CGG RNA remain normal (Figure 2I).At 9 months
of age, we found a mild but significant loss of Purkinje cells in mice with the full 5’UTR of
FMR| compared to control or mutant FMR/ 5’UTR mice (Figure 2})). Finally, the survival
curve indicates that expression of FMRpolyG is deleterious since none of the mice with
the full 5’UTR of FMRI survive past 10 months, while mutant FMR/ 5’UTR mice exhibit
normal longevity and are indistinguishable from control mice (Figure 2K).

These phenotypes are likely of neuronal origin as offspring of full 5’UTR transgenic
mice crossed with Nestin-cre mice, which express the Cre recombinase in precursors
of neurons and glia cells around E10.5 [31] (Supplemental figure 2E), show neuronal
restricted expression of the expanded CGG RNA (Supplemental figure 2F), nuclear
inclusions of FMRpolyG (Supplemental figure 2G), but also develop motor alterations
(Supplemental figure 2H), obesity (Supplemental figure 2I) and reduced longevity
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(Supplemental figure 2J). Overall, these results indicate that translation of expanded
CGG repeats into FMRpolyG is pathogenic, while expression of mutant RNA with
expanded CGG repeats in isolation is insufficient to elicit phenotypes in mice over the

time course (15 months) of this study.

The C-terminal region of FMRpolyG drives toxicity

Since expression of the FMRpolyG protein correlates with pathogenicity in mouse, we
next investigated the timing of FMRpolyG aggregates and CGG RNA foci formation
in primary cultures of embryonic cortical mouse neurons transfected with 99 CGG
repeats embedded within the natural human 5’UTR of FMR/ fused to GFP in the glycine
frame. Confocal imaging of the GFP at different time point indicated that FMRpolyG first
accumulates in the cytoplasm where it quickly forms aggregates that migrated within
the cell nucleus (Figure 3A). RNA FISH assays indicated formation of nuclear RNA foci
containing the expanded CGG repeats RNA 48 hours post-transfection (Supplemental

Figure 2. Expression of FMRpolyG is pathogenic to mice

(A) Schemes of the mouse transgene constructs. The human full-length or deleted 5’UTR of FMRI are
represented as red boxes, GFP ORF as green boxes, loxP sites as blue boxes, while promoters, polyadenylation
sequences and start and stop of translation are indicated by arrow or black lines. (B) Quantitative RT-PCR
analysis of transgenes expression relative to the Rp[pO mRNA in different brain areas and tissues of 6 months
old control (n=3) or bigenic CMV-cre / full-length (n=3) or deleted (n=3) FMRI 5’'UTR transgenic mice.
(€) Immunohistochemistry using an antibody directed against FMRpolyG N-terminus (8FM) of cerebellum
and hippocampus areas of 6 months old bigenic CMV-cre / full-length or deleted FMRI 5’UTR transgenic
mice. Scale bars, |0 ym. Sections were counterstained with Nissl staining. (D) Immunofluorescence using
antibodies against FMRpolyG N-terminus (green, 8FM antibody) and ubiquitin (red) on cerebellum areas
of 6 months old bigenic CMV-cre / full-length or deleted FMR/ 5’UTR transgenic mice. Scale bars, 10 um.
Nuclei were counterstained with DAPI. (E) Rotarod test. Time before falling from a rotating rod of 3
months old control (n=8) or bigenic CMV-cre / full-length (n=9) or deleted (n=9) FMR/ 5’'UTR transgenic
male mice. (F) String test. Time to gain hindlimb traction for forelimb-hanging 3 months old control (n=8)
or bigenic CMV-cre / full-length (n=9) or deleted (n=9) FMRI 5’'UTR transgenic male mice. (G) Grip test.
Maximal force relative to mouse body weight exerted to releases 3 months old control (n=8) or bigenic
CMV-cre / full-length (n=9) or deleted (n=9) FMRI 5’'UTR transgenic male mice holding a grid with their

forepaws. (H) Open field. Numbers of rears during 5 minutes observation in open field of 3 months old

control (n=8) or bigenic CMV-cre / full-length (n=9) or deleted (n=9) FMRI 5’UTR transgenic male mice.

(I) Body weight of 2,4 and 6 months old control (n=6) or bigenic CMV-cre / full-length (n=6) or deleted
(n=6) FMRI 5’UTR transgenic male mice. (J) Left panel, immunofluorescence labeling of calbinding (red)
of cerebellum sections of 9 months old bigenic CMV-cre / full-length or deleted FMR/ 5’'UTR transgenic
mice. Scale bars, 10 pm. Nuclei were counterstained with DAPI. Right panel, quantification of purkinje cells
(n=100) in cerebellum sections of 9 months old bigenic CMV-cre / full-length (n=3) or deleted FMRI 5’UTR
(n=3) transgenic mice. (K) Kaplan-Meier survival curve of control male and female mice (n=15) or bigenic
CMV-cre / full-length (n=15) or deleted (n=15) FMRI 5’UTR male and female transgenic mice. Error bars
indicate s.e.m. Student T-test , ** indicates p<0.01 and * indicates p<0.05.
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figure 3A). However, we noted that transfection of expanded CGG repeats embedded
in the 5’UTR of FMR/ resulted in formation of only rare RNA foci compared to previous
reports [22, 23]. We hypothesized that these differences may originate from differences
in the backbones containing the expanded CGG repeats and, indeed, transfection of
a construct expressing expanded CGG repeats in absence of any FMR/ natural sequence
resulted in formation of a higher number of RNA foci (Supplemental figure 3A).
Furthermore, RT-PCR performed on nuclear and cytoplasmic fractions indicated that
most of RNAs containing expanded CGG repeats embedded within the 5’UTR of FMRI
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were exported from the nucleus to the cytoplasm (Supplemental figure 3B). In
contrast, expanded CGG repeats RNA without any FMRI| sequence is mainly retained
within cell nuclei (Supplemental figure 3B).These results highlight the bias induced by
chimeric constructs artificially enhancing nuclear retention of RNA, but also indicate that,
in their natural FMR| sequence context, most of the CGG-containing RNAs are exported
and available for translation into the FMRpolyG protein.These results are consistent with
a previous study demonstrating cytoplasmic localization of endogenous FMRI mRNAs
with expanded CGG repeats in blood cells of individuals with FXTAS [10].

To investigate the mechanisms by which FMRpolyG protein elicits neuronal
cell dysfunction and death, we first isolated soluble and insoluble fractions from
neuronal cells transfected with FMRpolyG-GFP. FMRpolyG progressively accumulates
in the insoluble fraction, which is consistent with its propensity to form aggregates
(Supplemental figure 3C). Next, we searched the sequence driving aggregation of
FMRpolyG. FMRpolyG is composed of a short N-terminus, a central glycine stretch
which length corresponds to the number of expanded CGG repeats and a C-terminus
of 42 amino acids with no predicted structure or homology. We cloned mutants of
FMRpolyG expressing either its N-terminus with the glycine repeats or its C-terminus
in isolation. As a control, expression of the full FMRpolyG protein in primary cultures
of EI8 mouse cortical neurons leads to nuclear aggregates associated with cell death
(Figure 3B). Expression of the polyglycine stretch in isolation, separate from FMRpolyG
C-terminus, was sufficient to elicit aggregation. However, these aggregates were not

associated with an increase in neuronal cell death above control non-transfected or

Figure 3. The C-terminal part of FMRpolyG is toxic

(A) Immunofluorescence using antibodies against FMRpolyG N-terminal part (8FM antibody, green)
and nuclear lamina (Lmnbl, red) in primary cultures of EI8 mouse cortical neurons transfected for
the indicated time period with expanded CGG repeats embedded within the 5’UTR of FMR/ and fused
to the GFP in the glycine frame. Scale bars, |0 um. Nuclei were counterstained with DAPI. (B) Left panel,
representative images of primary cultures of EI8 mouse cortical neurons transfected with deletion
mutants of the 5’UTR of FMRI with expanded CGG repeats and fused to the GFP in the glycine frame.
Scale bars, 10 pm. Nuclei were counterstained with DAPI. Right panel, schemes of the mutant constructs
of the 5’UTR of FMRI fused to the GFP in the glycine frame. Lower panel, quantification of neuronal
cell death (trypan blue) of GFP-positive (n=100 cells, 3 independent transfections) EI8 mouse cortical
neurons. (C) Cell viability (TO-PRO-3 assay) of N2A mouse neuronal cultures (n=3) transfected with
deletion mutants of the 5’UTR of FMR/ containing expanded CGG repeats and fused to the GFP in
the glycine frame. Error bars indicate s.e.m. Student T-test, *** indicates p<0.001. (D) Progeny eclosion
ratio of Drosophila expressing FMRpolyG full-length or deleted of its C-terminus compared to control
driver line (Actin5C-Gal4/+). Error bars indicate s.e.m. Student T-test, *** indicates p< 0.001. (E) Kaplan-
Meier survival curve of Drosophila expressing FMRpolyG full-length or deleted of its C-terminus compared
to control driver line (Tub5-GAL4/+).
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GFP-expressing neurons. In contrast, expression of GFP fused to the last 42 amino acids
constituting the C-terminus of FMRpolyG caused neuronal cell death without forming
nuclear aggregates (Figure 3B). We confirmed these results in a second cell model.
Transfection of neuronal Neuro2A cells demonstrated that expression of polyglycine in
isolation was not toxic, while expression of the C-terminal part of FMRpolyG induced
cell death (Figure 3C).

To overcome potential bias due to cell transfection, we further investigated the
contribution of its C-terminus to FMRpolyG toxicity in a model organism.We developed
two Drosophila transgenic lines expressing either the full FMRpolyG protein or polyglycine
in isolation under a UAS promoter. Toxicity was assessed by two separate assays. First,
UAS FMRpolyG-GFP and UAS polyG-GFP flies, both expressed under an ATG initiator
codon, were crossed with an Act5¢-Gal4 driver line, which leads to ubiquitous expression
of the transgene during development. Total progeny carrying either the transgenes
or a balancer chromosome were then quantified over 3 independent crosses. In flies
expressing the full FMRpolyG including the C terminus, there was significant reduction
in progeny eclosion. However, in flies expressing only polyglycine, progeny eclosion rates
were not significantly different from control flies expressing the balancer chromosome
alone (Figure 3D).As a second measure, we crossed these same transgenic fly lines to
a Tubulin-Gal4 Geneswitch driver, which allowed us to activate expression after flies had
matured into adults. Adult transgenic flies reared off of drug exhibited no differences in
viability compared to control flies. In contrast, when transgenic flies were moved to food
containing RU-486, activating ubiquitous transgene expression, there was a decrease
in viability over time for both polyglycine and FMRpolyG expressing flies (Figure 3E).
Interestingly,flies expressing the full FMRpolyG transgene had a reduced viability compared
to Drosophila expressing the polyglycine stretch alone (Figure 3E). Both transgenes
exhibited similar induced CGG repeats RNA expression by RT-qPCR (Supplemental
figure 3D). Overall, these results confirm that expression of FMRpolyG is pathogenic,
with the polyglycine stretch driving aggregation and its C-terminus enhancing toxicity in

neurons and in model organisms.

FMRpolyG recruits LAP2 and alters the nuclear lamina

Next, we reasoned that if the C-terminal region of FMRpolyG was contributing to toxicity
this might be through interaction with other proteins. To identify FMRpolyG binding
proteins, we performed a tandem tag purification of HA-flag-tagged FMRpolyG transfected
into Neuro2A cells followed by nano-LC-MS/MS analysis of associated proteins. This
approach identified various FMRpolyG-associated proteins (Supplemental table 1),
among which two of the most prominent were Lap2a and Lap2B (Figure 4A). Lamina
associated polypeptide 2 (LAP) alpha and beta are two isoforms of the LAP2 protein that



differ in their C-termini, which originate from alternative splicing of the TMPO pre-mRNA.
LAP2a is diffusely localized in the nucleus, while LAP2B carries a transmembrane domain
in its C-terminus that anchors it to the inner nuclear membrane with the Lamin Bl
and B2 proteins [32, 33]. Consequently, alteration of LAP2B results in disorganization of
the nuclear lamina architecture [34, 35]. Since alteration of the nuclear lamina has been
observed in FXTAS [14, 19, 36], we pursued the study of LAP2 further.

Co-immunoprecipitation studies confirmed the association of the LAP2 proteins
with HA-Flag-tagged FMRpolyG (Figure 4B).The interaction with LAP2B required the
C-terminus of FMRpolyG as the polyglycine stretch alone did not co-immunprecipitate
LAP2B (Figure 4C). Conversely, a construct expressing only the C-terminal part of
FMRpolyG did interact with LAP2B (Figure 4C). Transfection in primary cultures of
cortical neurons from mouse embryo indicated that FMRpolyG recruited endogenous
Lap2B in nuclear aggregates, while constructs containing only the polyglycine stretch
of FMRpolyG did not alter Lap2B localization (Figure 4D). This alteration in Lap2B
localization was associated with disorganization of the nuclear lamina as evidenced by
Lamin Bl labeling (Supplemental figure 4A).As a control, expression of the polyglycine
in isolation did not affect nuclear lamina organization (Supplemental figure 4A).

Since these results were obtained in transfected cells,we next investigated the nuclear
lamina in neuronal cells expressing endogenous levels of FMRpolyG.To accomplish this,
we developed human induced pluripotent stem cells (iPS) derived from fibroblasts from
two age-matched controls and three different FXTAS patients with expansion of 84, 90
and 99 CGG repeats. Fibroblasts were successfully reprogrammed using retroviruses
expressing Oct4, Sox2, Nanog and Lin28 [37]. In addition to karyotype analyses, which
were normal for all cell lines, retroviral silencing as well as stemness and pluripotency
were confirmed by classic RT-qPCR and teratoma assays (data not shown). Of interest,
expanded CGG repeats were stable with no contraction or expansion in iPS clones
compared to fibroblasts. Since FXTAS affect various brain regions, including the
cortex, iPS from control and FXTAS individuals were differentiated into homogenous
populations of telencephalic neurons using a protocol based, first, on the production
of neural precursors by treatment with SMAD inhibitors and, next, by differentiation
of these precursors by removal of growth factors (FGF2 and EGF) and treatment with
survival factors (BDNF and GDNF) for 45 days [38, 39]. Number of CGG repeats was
stable during differentiation, and we observed no gross alterations or delay in neuronal
differentiation of FXTAS iPS compared to control iPS cells (Supplemental figure 4B).
As observed previously [40], expression of FMR| mRNA was two to three fold increased
in neurons derived from FXTAS iPS compared to controls (Supplemental figure 4C).
This is consistent with the increased levels of FMRI mRNA observed in carriers of
a CGG premutation [8-10].
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Immunofluorescence using antibodies against either the N- or the C-terminal part
of the FMRpolyG protein detected accumulation of nuclear aggregates of FMRpolyG in
FXTAS neurons after differentiation, but not in control differentiated neurons (Figure 4E).
FMRpolyG aggregates accumulated over time post-differentiation, with 5 to 10% of
neurons exhibiting small FMRpolyG aggregates at 20 days of differentiation, while 20 to
30% of neurons present FMRpolyG nuclear aggregates after 40 days of differentiation
(Figure 4E). In contrast, RNA foci of expanded CGG repeats were rare and observed in
less than 5% of FXTAS neurons at 40 days of differentiation (Supplemental figure 4D),
suggesting that like in transgenic mice, formation of FMRpolyG aggregates precedes the
accumulation of CGG RNA foci.

Importantly, nuclear aggregates of endogenous FMRpolyG recruited endogenous
LAP2B (Figure 4E). Aggregation of FMRpolyG correlated with disruption of the nuclear
lamina structure as shown by alteration of the Lamin Bl labeling (Supplemental
figures 4E and 4F). In contrast, control iPS derived neurons exhibited normal LAP283
and Lamin Bl localization (Figure 4E and Supplemental figure 4E). We next
confirmed these results in brain sections of FXTAS patients. Immunofluorescence assays
demonstrated that LAP2B co-localized with FMRpolyG in FXTAS but not in age-matched
control individuals (Figure 4F). Furthermore and as reported previously with Lamin A
[19], the localization of Lamin Bl was altered in brain sections of FXTAS compared to
control age-matched individuals (Supplemental figure 4G).These results indicate that
LAP2B localization is altered in FXTAS cell models and individuals.

Figure 4. FMRpolyG interacts with LAP2B and alters nuclear lamina architecture

(A) Silver staining of proteins captured through consecutive anti-Flag and anti-HA affinity purification steps
from N2A neuronal cells transfected with Flag-HA-tagged FMRpolyG. (B) Western blotting analysis with
anti LAP2 proteins of tandem-tag purified proteins from N2A cells expressing Flag-HA-tagged FMRpolyG.
(C) Western blotting analysis with anti HA or anti GFP antibody of HA-tagged immunoprecipitated
proteins from N2A cells transfected with HA-LAP2B and deletion mutants of the 5’UTR of FMR/[ with
expanded CGG repeats fused to the GFP in the glycine frame. (D) Left panel, immunofluorescence
using antibodies against FMRpolyG N-terminal part (8FM antibody, green) and Lap2 (red) in primary
cultures of EI18 mouse cortical neurons transfected with expanded CGG repeats embedded within the
full-length or C-terminus deleted 5’UTR of FMR/ fused to the GFP in the glycine frame. Right panel,
quantification of nuclear aggregates of Lap2B in FMRpolyG-positive EI8 mouse cortical neurons (n=100
neurons, 3 independent transfections). (E) Upper panel,immunofluorescence using antibodies against the
N-terminal part of FMRpolyG (green, 8FM antibody) and Lap2 (red) on neuronal cultures differentiated
40 days from iPS cells of FXTAs patients or control individuals. Lower panel, quantification of LAP2B
nuclear aggregates in neurons from IPSC of FXTAS and control individuals (n=100 neurons, 3 independent
cultures). (F) Immunofluorescence using antibodies against the N-terminal part of FMRpolyG (green,
8FM antibody) and Lap2 (red) on brain sections (hippocampal area) of FXTAS patients or age-matched
controls. For all images, scale bars, 10 pm. Nuclei were counterstained with DAPI

SVLXd NI DINIDOHLVA SI S1V3ad3d 99D dIANVdX3 40 NOILVISNVYILNVY H

107



SVLX4 NI DINIDOHLVd SI S1V3IdId 99D dIANVdX3 40 NOILVISNVILNVYY H

108

Overexpression of LAP2 rescues neuronal cell death
caused by FMRpolyG

If binding of FMRpolyG to Lap2B is a key pathogenic event in FXTAS, then resupplying
excess Lap2B should suppress FMRpolyG-induced toxicity. To address this question, we co-
expressed LAP2B or an empty vector control with FMRpolyG in mouse neuronal cultures.
LAP2B co-expression was sufficient to rescue the cell death induced by FMRpolyG co-
expression (Figure 5A). Consistent with LAP2B binding to the C-terminal part of the
FMRpolyG protein, expression of LAP28 also rescued cell death caused by expression of
the FMRpolyG C-terminus in isolation (Figure 5A).As controls, LAP2B had no effect on
neuronal survival in control GFP-transfected cells or neurons expressing the polyglycine
fragment in isolation. These results indicate that the interaction FMRpolyG with LAP28 is
a key pathogenic event in FXTAS. Furthermore, these data also provide a mechanism by
which FMRpolyG can elicit toxicity (Figure 5B), and an explanation for the previously
observed nuclear lamina disorganization in FXTAS [14, 19, 36].

DISCUSSION

Previous pioneering studies have demonstrated that FXTAS is caused by expression of
mutant RNAs containing expanded CGG repeats [|2-18]. However, whether expanded
CGG repeats are pathogenic through an RNA gain-of-function mechanism or through
RNA translation into a toxic protein was unclear. Using novel mouse models expressing
or not FMRpolyG, our study now demonstrates a direct role for FMRpolyG in CGG
repeat associated toxicity. In contrast, expression of expanded CGG repeats as RNA in
isolation is not sufficient to induce pathogenicity. This study confirms into a mammalian
system previous results obtained in Drosophila [24] and establishes that FMRpolyG
synthesis is required for formation of ubiquitin-positive inclusions in mouse. Moreover, we
found that FMRpolyG disrupts nuclear lamina architecture through binding to the LAP23
protein. In some aspect this is strikingly reminiscent to Amyotrophic Lateral Sclerosis
and FrontoTemporal Dementia (ALS-FTD) in which expanded GGGGCC repeats in
the C9ORF72 gene [41, 42] are RAN translated into pathogenic di-peptide containing
proteins [43-45] that disrupt nucleocytoplasmic transport proteins [46-49].

This work also extends a prior study indicating that translation of FMRpolyG initiates
upstream to the CGG repeats in the 5’UTR of FMRI [24] by identifying a non-canonical
ACG codon as the predominant site of translation initiation. Moreover, we provide mass-
spectroscopy data that the N-terminal amino acid of FMRpolyG is a methionine in mammalian
cells. Finally, our data suggest that expanded CGG repeats belong to a potential small
OREF translated upstream to the main FMRP ORF. Ribosome profiling and bioinformatics
analyses reveal that upstream ORF (UORF) are commons in mammalian mRNAs and can

initiate at non-canonical codons [50-53]. Mutations in uORF are known to cause human
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Figure 5. LAP2B rescues neuronal cell death induced by FMRpolyG

(A) Cell viability (TO-PRO-3 assay) of neuronal N2A cells transfected (n=5) with deletion mutants of
FMRpolyG and with or without a plasmid expressing LAP2B. Error bars indicate s.e.m. Student T-test, ***
indicates p<0.001. (B) Tentative model of pathogenicity in FXTAS. Expanded CGG repeats are translated
into a polyglycine containing protein through initiation to a non-canonical ACG codon located upstream
to the CGG repeats. In FXTAS, higher expression of FMRI mRNA as well as increased translation of
the expanded CGG repeats result in accumulation of FMRpolyG in nuclear aggregates that sequester

the LAP2B protein and alter the nuclear lamina architecture.
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diseases, but mostly if not exclusively, by altering the expression of their downstream ORF
(reviewed in [54]). In contrast, we propose here that FXTAS is characterized by a mutation
extending the length of a uORF resulting in expression of a toxic polyglycine-containing
protein, FMRpolyG. This model is reminiscent of expansion of tri-nucleotides repeats in
OREF resulting in expression of pathogenic polyglutamine or polyalanine-containing proteins.

This model may provide some molecular basis to the threshold of severity and incomplete
penetrance observed in FXTAS. Indeed, while the prevalence of carriers of a premutation,
which is defined as an expansion between 55 and 200 CGG repeats, ranges from 1:130 and
1:256 for females and 1:250 and 1:813 for males according to ethnic groups and countries
(review in [4], it is estimated that only | in 3,000 men older than 50 years will develop
FXTAS. This less than expected frequency is explained by an incomplete penetrance but
also by most of FXTAS cases occurring in the range of ~70 to ~150 CGG repeats, with rare
FXTAS cases below 70 CGG repeats where most (80%) of premutation alleles are found
[4, 55]. This pathogenic range (70-150) of CGG repeats correlates with percent of nuclear
ubiquitin-positive aggregates both in brain of FXTAS patients [7], as well as in brain of
mouse model of FXTAS [56]. Importantly, our experiments demonstrate that expression of
small-tagged FMRpolyG is hardly detectable below 70 CGG repeats.This is consistent with
the difficulties to detect small proteins below |10 kDa, but also with the increase expression
of mutant CGG RNA in carriers of premutation above 70 CGG repeats [8-10], as well
as with the proposed increase stalling of the ribosome to the CGG hairpin structure,
which would promote translation initiation to near-cognate codons located upstream
to the CGG repeats [24]. Furthermore, previous work demonstrated that translation is
impaired by expansion of CGG above 150 CGG repeats [57, 58]. Thus, we propose that
most of FXTAS cases may be restricted to a more limited premutation range (70 — 150)
of CGG expansion since expression of the toxic FMRpolyG protein is reduced below ~70
and above ~ 150 CGG repeats.This model may explain the lesser incidence of FXTAS cases
observed, compared to the relatively high frequency of CGG premutation.

One of the main conclusions of this work is that mice expressing FMRpolyG develop
a severe phenotype with reduced longevity, while mice expressing only the expanded
CGG repeats RNA are indistinguishable from control mice. While informative on the
pathogenicity of FMRpolyG, these mouse models present also some limitations. First,
we observed only mild neurodegeneration in the full 5’UTR transgenic mice. However,
our behavioural and locomotor investigations were limited to 3 months aged mice since
animals expressing FMRpolyG widely in the brain develop severe obesity and grew
immobile around 6 months of age. Furthermore, no FMRpolyG-expressing mice survived
past 10 months of age, impairing any chance to observe potential neurodegeneration at
later age.Thus and as reported previously [15], analysis of potential Purkinje cell dropout

and ataxia will require specific expression of FMRpolyG in mouse cerebellum.



Comparison of these novel mice with previous models of FXTAS expressing either
mRNA with 90 CGG repeats and FMRpolyG protein [12, 15, 18] or only mRNA with ~1 18
CGG repeats [16,59] is difficult as these pioneering mice express either endogenous level
of transgene due to knock-in of the expanded CGG repeats within the endogenous Fmr|
gene [12, 16], or express the expanded repeats in more restricted regions of the brain
[15, 18] compared to the mouse models developed in the present study. It is noteworthy
that knock-in mice with expanded CGG repeats, but that do not express FMRpolyG due
to presence of a stop codon located upstream of the CGG repeats [ |6, 24], present some
Purkinje cell dropout at 2 years of age but with no ataxia or rotarod deficiency, and a
mild behaviour phenotype with hyperactivity, reduced anxiety and some subtle deficits in
social interaction [16,59].These behaviour alterations are similar to the one observed in
Fmrl knock-out mouse model, which suggest that they might be caused by the reduced
expression of Fmrp observed in this CGG knock-in mouse model [59]. In contrast, the
mild Purkinje cell dropout could be caused by expression of the mutant RNA containing
expanded CGG repeats [16]. Similarly, we cannot exclude that the alterations observed
in the full FMRI 5’UTR transgenic mice is caused by expression of both mutant RNA
with expanded CGG repeats and FMRpolyG protein. In that aspect, it remains to formally
demonstrate that FMRpolyG expressed in isolation is pathogenic. However, an important
distinction not addressed previously is the timing of the pathogenic events in FXTAS
models. Indeed, we observed that at time where FMRpolyG readily accumulates in nuclear
inclusions, RNA foci of expanded CGG repeats are rare or undetectable both in mouse
models and in neurons from human iPS cells derived from individuals with FXTAS.These
data strongly suggest that expression of FMRpolyG precedes accumulation of mutant
RNA into nuclear foci and establish a hierarchy of the pathogenic events in FXTAS.Thus,
CGG RNA foci may be characteristic of an end stage of the disease, while FMRpolyG
may potentially represent a relevant biomarker to follow disease progression, as well as a
most promising therapeutic target [60].

We found that toxicity of FMRpolyG is mediated at least in part through sequestration
of LAP2B protein into nuclear aggregates, leading to disruption of the nuclear lamina
architecture and neuronal cell death. These data provide a molecular mechanism to the
previously reported nuclear lamina disorganization in FXTAS [14, 19, 36]. However, it
is likely that the FMRpolyG protein mediates its toxic effect through more than one
mechanism and/or protein partners. Notably, LAP2B regulates gene expression through
association with various transcription factors as well as to DNA and with the DNA-
binding protein BAFI (Barrier To Autointegration Factor |) protein [61-66]. Thus, it
remains to be determined whether FMRpolyG alters the transcriptional regulatory
activity of LAP2. Also, proteomic analysis indicates that FMRpolyG pulls down various

other proteins, including mitochondrial and proteasome proteins as well as actinin and
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actin related proteins. Some of these proteins are good candidates to contribute to the
mitochondrial and proteasome alterations that have been observed in FXTAS [17, 67-69].
Further investigations are required to test the potential pathological effect of FMRpolyG
on mitochondria, protein degradation mechanisms and cell cytoskeleton in FXTAS.
Finally, this novel pathogenic mechanism where expansion of nucleotide repeats into
a UOREF results in expression of a toxic protein may apply to other diseases, such as Fragile
X-associated Primary Ovarian Insufficiency (FXPOI) caused alike FXTAS by expanded
CGG repeats in the FMRI gene [70]. Similarly, it is striking to note that expanded
GGGGCC repeats, which are located upstream to the C9ORF72 ORF and are the main
genetic cause of ALS-FTD, are in frame with an upstream CTG near-cognate codon in
a good Kozac sequence (gctCTGg) to encode a Glycine Alanine-polypeptide, which is
the most common dipeptide-repeats protein detected in individuals with ALS-FTD [71].

MATERIAL AND METHODS

Human samples

All brain samples were obtained from the FXTAS brain repository at the UC Davis School
of Medicine with the informed consent of individuals and approved by the Institutional
Review Board of the University of California, Davis. Patients have been described
previously (Cases LR, 58-02-WD and 1007-05-HP from [7] and [72]. Fibroblasts of three
FXTAS male individuals with confirmed premutation of 84,90 and 99 CGG repeats were
obtained with the informed consent of individuals and approved by the Institutional

Review Board of the Hospital La Pitié Salpétriere.

Constructs

PCMVé6 containing C-terminally flag-tagged human cDNAs of LAP2B was purchased from
OriGene. Plasmids containing the 5’UTR of human FMRI fused to Flag or GFP tags are
available on Addgene. Mutations of the ACG into ATG or deletions of the 5’UTR of
FMR1 were achieved by oligonucleotide ligations.To insure stability of the expanded CGG
repeats, all CGG plasmids were transformed into STBL3 bacterial strain (Invitrogen) and

growth at room temperature (22°C).

Cell cultures, viability assays, and transfections

Neuro2A or Hela cells were plated in 6 well tissue culture plates in DMEM 1 g/l glucose
with 5% FCS and gentamycin. After 24 hours, cells were transfected with plasmid DNA
using Lipofectamine 2000 (Invitrogen) according to manufacturer instructions. Primary
cortical neurons were prepared from C57Bl/6 mice embryos of day EI8 and grown
on polylysine coated 24-well plates in Neurobasal Medium (NBM) supplemented with
IxB27,0.5 mM L-glutamine and 100 IU/ml penicillin/streptomycin at 37° C with 5% CO2.



Neurons were transfected at day 3 with Lipofectamine 2000 (Invitrogen) in 400 ul NBM.
Medium was replaced after 3h with a I:1 (v:v) mixture of conditioned and fresh NBM. For
cell viability, cells were detached by scraping and resuspended in PBS. TO-PRO-3 iodide
(Fisher scientific, T-3605) was added at 20 nM to each sample and gently mix just prior to
analysis on the FACS and 30 000 cells were counted.

Generation and differentiation of iPSC into neurons

Primary dermal fibroblasts were maintained on gelatin-coated dishes in DMEM | g/l glucose
with antibiotic, antimycotic and 0. mM non-essential amino acids (Invitrogen) and 10%
FBS for 5 passages. On day |, Ix10exp5 fibroblasts were transduced by lentivirus carrying
cDNAs of Oct4, Sox2, Nanog and Lin28 with 8 mg/ml of polybrene (Sigma). On day 2,
medium was replaced with fresh medium and on day 3,infected cells were transferred onto
a 100-mm dish containing Ix10expé feeder cells (passage 3 mitomycin-C treated mouse
embryonic fibroblasts). From day 6 to 9, fibroblast medium was progressively switched to
human induced pluripotent stem cell medium (KO-DMEM, 20% KOSR, 2 mM L-glutamine,
0. mM non-essential amino acids, Penicillin-Streptomycin, 0.1 mMb-mercaptoethanol
supplemented with 10 ng/ml of bFGF (R&D Systems). Human iPSC clones were picked
at week 4 and expanded on matrigel coated 35 mm dishes (BD Biosciences) in mTeSR |
medium (Stemcell Technologies). For embryoid body formation, hiPSC were dissociated
with dispase solution (I mg/ml, Stemcell Technologies), resuspended in | ml of Aggrewell
medium (Stemcell Technologies) containing 2 mM Y27632 (Stemgent), centrifuged in
Aggrewell plates for 3 min at 80g and further incubated at 37°C for 24 h. The next
day, embryoid bodies were transferred in 3 ml of Aggrewell medium.The following days,
medium was progressively switched to KO-DMEM, 20% FBS, 2 mM L-glutamine, 0.1 mM
Non-Essential Amino Acids, penicillin—streptomycin and after 30 days, embryoid bodies
were collected. For karyotype analysis, hiPSC cells were treated with colchicine (Sigma)
for 4 h and cells were shocked with hypotonic KCl 0.075 M solution for 20 min at 37°C.
Cells were fixed in methanol:acetic acid solution (3:1) and conventional cytogenetic was
performed applying RHG banding on metaphase chromosomes. Expression of pluripotent
surface markers of hIPSC was analyzed by FACS using anti-Tra-1-60, anti-Tra-I-81 and
anti-SSEA4 antibodies (Millipore). Expression of 90 validated genes associated with stem
cell pluripotency and differentiation to all three germ layers of hiPSC and corresponding
embryoid bodies were analyzed using the Human Stem Cell Pluripotency Array (Applied
Biosystems) according to manufacturer instructions. For in vivo teratoma formation,
cells from one Matrigel coated 60 mm-dish were collected by dispase treatment and
resuspended in 75 ml of KO-DMEM, mixed with 75 ml of Matrigel (BD Biosciences)
and the hiPSC-Matrigel mixture was injected subcutaneously in 8-week-old NOD/SCID

female mice (Charles River Laboratory, 2 mices injected for each hiPSC clone). After two
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to three months, teratomas were dissected and fixed in formalin, embedded in paraffin
and processed with hematoxylin and eosin staining at the histology laboratory of the
Institute Clinique de la Souris (ICS). For differentiation of human pluripotent cells in
Neuronal Stem cell (NSC), one B6 dish of IPS (60-80 % confluence) was washed with NFS
medium (N2B27 supplemented with FGF2 5 ng/ml (Peprotech,AF-100-18B), hNoggin 260
ng/ml (R&D120-10C), SB431542 8,7 pg/ml (Tocris, 1614) containing ROCK inhibitor 3,5
pg/ml (Y-27632, Calbiochem, 688000) before to cut clumps. Clumps were collected and
incubated overnight at 37°C in B3 UltraLow Attachment Dish (Corning). The next day,
the clumps were transferred to a dish pre-coated with poly-ornithine 0, 1% (Sigma, p4957)
and laminine at | mg/ml (Sigma, L2020) and maintained with medium. After 24 hours, the
medium was changed to NFS medium without rock inhibitor and medium was changed
every two days during 8-10 days. After the appearance of neural rosette, the medium
was replaced with NSC (N2B27 supplemented with FGF2 10 ng/ml, EGF 10 ng/ml (R&D,
263-EG-200RD), hBDNF 20 ng/ml (R&D, 248-BD-025CF). At confluence, cells were
passaged 1:3 in NSC medium. For differentiation of NSC in neurons, confluent cells were
dissociated with trypsin and plated on pre-coated with polyornithine (Sigma) and laminin
(Sigma) in 24-well plate (50000 cells/well) in neuron medium (N2B27 supplemented with
hBDNF 20 ng/ml and laminine 2 pg/ml). Media change was performed every 2 days and
cells were differentiated during 55 days.

Monoclonal antibody production

To generate anti-FMRpolyG monoclonal antibodies, 8 week old female BALB/c mice were
injected intraperitoneally with KLH conjugated peptides (8FM: MEAPLPGGVRQRG or
9FM: GGWASSARSPPLGGGLPALA) with 200ug of poly(I/C) as adjuvant.Three injections
were performed at 2 weeks intervals and four days prior to hybridoma fusion, mice
with positively reacting sera were re-injected. Spleen cells were fused with Sp2/0.Agl4
myeloma cells. Supernatants of hybridoma culture were tested at day 10 by ELISA for
cross-reaction with either 8FM or 9FM peptides. Positive supernatants were then tested
by Immunofluorescence and western blot on FMRpolyG transfected Hela cells. Specific
cultures were cloned twice on soft agar. Specific hybridomas were established and ascites
fluid was prepared by injection of 2x106 hybridoma cells into Freund adjuvant-primed
BALB/c mice. All animal experimental procedures were performed according to the

French and European authority guidelines.

Western blotting
Concerning FMRpolyG-GFP tagged (>30kDa) analysis, 20 ug of proteins from transfected
cells were homogenized in Ix laemmli sample loading buffer, denatured 3 min at 95°C,

separated on 4-12% bis-Tris Gel (NuPAGE), transferred on nitrocellulose membranes



(Whatman Protan), blocked with 5% non-fat dry milk in TBS-Tween 1% (Tris Buffer Saline
buffer), incubated with anti-FMRpolyG (8FM or 9 FM, 1/100), Lap2b (BD Biosciences
611000), GFP (abcam ab290), GAPDH (ab125247, Abcam), Flag (rabbit PA[1-984B) or HA
(ThermoFisher Scientific 26183) in TBS-Tween 1%, washed 3 times and incubated with
anti-rabbit or mouse Peroxidase antibody (1:3000, Cell Signaling) | hour in TBS-Tween
1%, followed by washing and ECL chemoluminescence revelation (Amersham ECL Prime).
Concerning human brain tissue preparation, small pieces of lyophilized frozen brain tissue
were homogenized in 100 pl of Tris-SDS buffer (100 mM Tris pH 9,5 % SDS 20%, 5 %
b-mercaptoethanol), boiled at 100°C during 5 min then centrifuged at 13 000 rpm for
20 min at 4 °C.The supernatant was removed. The pellet was washed twice with water
and homogenized in 20 pl of formic acid and incubated at 37°C during 30 min. Next, the
homogenate was dried in speed-vac and resuspended in 40 pl Laemmli loading buffer prior
to western blot analysis. Importantly, for western analysis of the small FMRpolyG-Flag
tagged or endogenous FMRpolyG (<15kDa), 20 to 50 pg of proteins were resolved by
12% bis-Tris Gel (NuPAGE) and transferred onto PVDF 0,2 pm membrane.The membrane
was blocked with 5% non-fat dry milk in TBS-Tween 1% and incubated with 8FM or 9FM
antibody (1:100) overnight at 4°C. Membrane was washed 3 times and incubated with
anti-mouse peroxidase antibody (1:3000, Cell Signaling) | hour in TBS-Tween 1%, followed
by washing and ECL chemoluminescence revelation (Amersham ECL Prime).

Lysostaphin treatment

3x10exp5 Hela cells transfected with FMRpolYG-GFP were scrapped in PBS X and
centrifuged during 10 min at 3000 rpm at 4°C.The pellet was resuspended in 800 ul of
RIPA. 16 pl of cell extract was incubated with | pg of lysostaphin (Prospec, ENZ-269)
during 10 to 30 minutes at 37°C. Laemmli buffer was add to the mix and proteins were

analyze by western blot.

HA-Flag tandem affinity purification and determination

of FMRpolyG N-terminus

5x10exp6 Hela cell were transfected with 18 ug of 5’UTR FMR/ Flag-Ha double tagged
plasmid using Fugen HD (Promega) for 24h hours. Proteins were purified by Ha-Flag
tandem purification kit according to the manufacturer’s instruction (Sigma-Aldrich).
The bound proteins were visualized by silver staining (SilverQuest, Invitrogen) after
separation of 4-12% bis-Tris Gel (NuPAGE) and interacting proteins were identified
using NanoESI_lon Trap (Thermo Fisher). For determination of the peptide sequence
of FMRpolyG, identical procedure was performed and the band corresponding to
FMRpolyG-HA-Flag tagged was gel extracted and peptides were identified using
NanoESI_lon Trap (Thermo Fisher).
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Immunofluorescence and immunohistochemistry

Mouse or human brain sections were deparaffinized two times for 20 min in Histosol
Plus (Shandon) and dehydrated as follows: twice in ethanol 100% (5 min), twice in ethanol
95% (5 min), once in ethanol 80% (5 min), once in ethanol 70% (5 min) and rinsed in PBS.
Glass coverslips containing plated cells or brain sections treated as described above were
fixed in PFA during 10 min and washed three times with PBS.The coverslips or slides were
incubated for 10 min in PBS plus 0.5% Triton X-100 and washed three times with PBS
before incubation during | hours with primary antibody against FMRpolyG (8FM or 9FM,
1/50), ubiquitin (DAKO, Z0458), GFP (abcam ab1218), Lap2b (Millipore, 06-1002), LaminB|
(abcam ab16048). Slides or coverslips were washed twice with PBS before incubation with
a goat anti-rabbit or goat anti-mouse secondary antibody conjugated with Cyanine 3 (1/500
dilution; Fisher) for 60 min; incubated for 2 min in PBS I X-DAPI (1/10 000 dilution) and
rinsed twice with PBS 1X before mounting in Pro-Long media (Molecular Probes). Slides
were examined using a fluorescence microscope (Leica). For immunochemistry, brain
sections were deparaffinized followed by antigen retrieval using microwave treatment in
0.0l m sodium citrate and treatment with |0 ug/ml protein kinase for 20 min at 37°c.
Endogenous peroxidase activity was blocked, and immunostaining was performed overnight
at 4°C using rabbit anti-ubiquitin (Dako Z0458; 1:250) or mouse anti-FMRpolyG (8FM or
9FM, 1:10 to 1/50) antibodies. Antigen—antibody complexes were visualized by incubation

with DAB substrate (Dako) and slides were counterstained with hematoxylin and eosin.

RNA FISH coupled to immunofluorescence

Mouse brain sections were deparaffinized and rehydrated. Coverslips containing primary
culture of EI8 mouse cortical neurons cells or brain sections were fixed in PFA during 10
min and washed three times with PBS.The coverslips or slides were incubated for 10 min
in PBS plus 0.5% Triton X-100 and washed three times with PBS before pre-hybridization
in 40% DMSO, 40% formamide, 10% BSA (10 mg/ml), 2 x SCC for 30 min. The coverslips
or slides were hybridized for 2 h in 40% formamide, 10% DMSO, 2 x SCC, 2 mM vanadyl
ribonucleoside, 60 pg/ml tRNA,30 pg/ml BSA plus 0.75 pg (CCG)8x-Cy3 DNA oligonucleotide
probe (Sigma). The coverslips or slides were washed twice in 2 x SCC/50% formamide and
twice in 2 X SCC. The coverslips were incubated for 2 min in 2 x SCC/DAPI (1/10 000
dilution) and rinsed twice in 2 x SSC before mounting in Pro-Long media (Molecular Probes).
Coverslips were examined using a fluorescence microscope (Leica). For FISH followed by
immunofluorescence, after 2 X SCC wash, the slide were washed twice in PBS 1 X.The slides
were incubated | hour with primary antibody against FMRpolyGly antibody (8FM, 1/50).
Slides were washed twice with PBS before incubation with a goat anti-mouse secondary
antibody conjugated with cyanine-3 (1/500 dilution; Fisher) for 60 min; incubated for 2 min
in PBS 1X-DAPI (1/10 000 dilution) and rinsed twice in PBS | X before mounting in Pro-Long

media (Molecular Probes). Slides were examined using a fluorescence microscope (Leica).



Drosophila models of FMRpolyG

All Drosophila lines were maintained on standard culture and food conditions at 25°C,
while all crosses and experiments were performed at 29°C. Control and driver lines used
in this study are wl I |8 (control) from Bloomington, Actin5C-GAL4/CyO driver (ubiquitous
driver line) as a gift from Zhe Han’s lab, and RU486-inducible Geneswitch tubulin driver
line Tub5-GAL4 (ubiquitous expression) as a gift from Scott Pletcher’s lab. DNA fragments
containing FMRpolyG-GFP or polyG-GFP without the C-terminal sequence were PCR
amplified from counterpart of mammalian transfection vectors described elsewhere and
inserted to a pUAST vector between EcoRI and Xbal sites. All constructs were sequence
verified by Sanger sequencing and transgenic flies with these constructs were made via
standard p-element insertion (BestGene, CA). Transgene expression levels of GFP gene
were analyzed 3 days after induction with RU486 in flies from the individual lines crossed
to the Tub5-GAL4 driver, and those with comparable RNA expression levels were used
for this study. The fly eclosion assay has been described elsewhere (Todd et al, 2013).
Briefly, homozygous UAS transgenic lines or control lines were crossed to a Actin5C-GAL4
ubiquitous driver line balanced over a marker chromosome (CyO), on standard food at
29°C, if the transgene elicited no toxicity, then the number of progeny bearing the GAL4
driver would be expected to be equivalent to those bearing the CyO marker. Over 100
flies of each genotype were scored from multiple crosses.The ratio of expected progeny
carrying the transgene compared to those carrying the CyO marker was expressed
as a percentage of the expected ratio of one. These percentages were then compared
using a Fischer exact test to determine statistical significance. For the fly survival assay,
The UAS transgenic lines or control lines were crossed to Tub5-Gal4 geneswitch driver
flies on standard food absent of RU486 at 29°C. Adult offspring of the desired genotypes
were collected 2-3 days after eclosion and transferred to standard fly food containing
200 uM RU486 without yeast granules.The flies were transferred to fresh food with drug
every 2-3 days. Each genotype started with at least 4 vials of 25 flies/vial and the survival

was determined daily or every other day for 3 weeks.

Mouse models, genotyping, and phenotyping
All mouse procedures were done according protocols approved by the Committee on Animal
Resources of the ICS animal facility and under the French and European authority guidelines.
For transgene construction, human 5’UTR FMRI fused in the glycine frame to the GFP
(Addgene) was cloned between the Fsel and Smal sites of the Rosa26 5 arm — CAG
promoter — LOXP - SV40 polyA 3x - LOXP — Rosa26 3’ arm vector Ai2 (Addgene).
Deleted transgene for the ACG near-cognate codon was constructed by deleting 100
nucleotides from Fsel to Kasl sites within the FMRI 5’UTR plasmid. Both mutant mouse
lines were established at the ICS (Mouse Clinical Institute; http://www-mci.u-strasbg.

fr). Both linearized constructs were electroporated separately in C57BI/I6N mouse
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embryonic stem (ES) cells. After G418 selection, targeted clones were identified by
long-range PCR using external primers and further confirmed by Southern blot with
an internal probe against Neomycin and 5’ external probe against Rosa26.Two positive
ES clones for each future transgenic mice were injected into Balb/cN blastocysts.
Resulting male chimeras were bred with wild type C57BI/6N females to obtain germline
transmission. Deletion of the floxed STOP cassette were performed by breeding Fl
males with CMV-cre deleter females [30] or Nestin-cre delete mice (Isaka et al., 1999).
Genotyping across the expanded CGG repeats was performed using the Expand High
Fidelity PCR System (Roche, 11-732 -650 001) according manufacturer instructions and
supplemented with 2,5 M Betaine (B0300 Sigma, 12,5 pl of 5 M Betaine for a final PCR
volume of 25 pl) with one denaturation step at 94 °C for 2 min, 30 cycles of amplification
94 °C for | min, 60 °C for | min,72 °C for 2 min and a final step at 72 °C for 5 min using
the forward primer 5’-TCGACCTGCAGCCCAAGCTAGATCG and the reverse primer
5-TCCTTGAAGAAGATGGTGCGCTCC. Rotarod test (Bioseb, Chaville, France) was
performed with three testing trials during which the rotation speed accelerated from 4 to
40 rpm in 5 min.Trials were separated by 5-10 min interval. The average latency was used
as index of motor coordination performance. Grip test: this test measures the maximal
muscle strength (g) using an isometric dynamometer connected to a grid (Bioseb). Mice
were allowed to grip the grid with all its paws then they were pulled backwards until
they released it. Each mouse was submitted to 3 consecutive trials immediately after
the modified SHIRPA procedure. The maximal strength developed by the mouse before
releasing the grid was recorded and the average value of the three trials adjusted to body
weight. The string test consisted of 3 trials separated by 5-10 min interval. On each trial
the forepaws of the animal were placed on the thread that is a wire stretched horizontally
40 cm above the bench.The latency the animal took to catch the wire with its hindpaws
was recorded. Open field test: mice were tested in automated open fields (Panlab,
Barcelona, Spain), each virtually divided into central and peripheral regions. The open
fields were placed in a room homogeneously illuminated at 150 Lux. Each mouse was
placed in the periphery of the open field and allowed to explore freely the apparatus for
30 min, with the experimenter out of the animal’s sight. The distance traveled, the number
of rears, and time spent in the central and peripheral regions were recorded over the
test session. The number of entries and the percent time spent in center area are used as

index of emotionality/anxiety

Quantitative real time RT-PCR

Total RNAs from mouse tissues or cells were isolated by TriReagent (Molecular Research
Center). cDNAs were generated using the Transcriptor High Fidelity cDNA synthesis kit
(Roche Diagnostics) for quantification of mMRNAs. gqPCR of mRNAs were realized using



the LightCycler 480 SYBR Green | Master (Roche) in a Lightcycler 480 (Roche) with 15
min at 94°C followed by 50 cycles of |5 sec at 94°C, 20 sec at 58°C and 20 sec at 72°C.
RPLPO mRNA was used as standard and data were analyzed using the Lightcycler 480
analysis software (2ACt method).

Subcellular fractionation and PCR

Cells were scraped in PBS,cells were pelleted by centrifugation at 3000 rpm for 10 min minutes.
The pellet was resuspended in Dautry Buffer (Tris HCI pH 7,8, 10 mM; NaCl 140 mM, MgCI2
1,5mM;EDTA 10 mM,NP40 0,5%) and kept on ice 5 minutes.The homogenate was centrifuged
at 3000 rpm for |5 minutes during 5 min at 4°C, pellet corresponding to nuclear fraction
and supernatant to cytosolic fraction. Cytosolic fraction was centrifuged at 13000 rpm for
I 5minutes to remove potential nucleus and | ml TriReagent (Molecular Research Center)
was added. The pellet was washed with 400 pl of Dautry Buffer, centrifuged at 3000 rpm
for 5minutes at 4°C. Supernatant was removed and the pellet was homogenized in 400 pl
of Dautry Buffer and | ml TriReagent (Molecular Research Center) was added. Total RNA
from nuclear or cytosolic fraction was isolated as described in the manufacturer’s protocol
of TriReagent (Molecular Research Center). cDNAs were generated using the Transcriptor
High Fidelity cDNA synthesis kit (Roche Diagnostics) for quantification of mRNAs. PCR
was performed with Taq polymerase (Roche), one denaturation step at 94 °C for 2 min,
25 cycles of amplification 94 °C for | min, 60 °C for | min, 72 °C for 2 min and a final step
at 72 °C for 5 min using the primer described below.The PCR products were precipitated,
analyzed by electrophoresis on a 6.5% polyacrylamide gel, stained with ethidium bromide

and quantified with a Typhoon scanner.

Oligonucleotides

RPLO_FW GAAGTCACTGTGCCAGCCCA
RPLO_REV GAAGGTGTAATCCGTCTCCA
Ué6_FW CTCGCTTCGGCAGCACATATA
Ué6_REV GGAACGCTTCACGAATTTGCG
FMRI_FW GAAAACAACTGGCAGCCTGA
FMRI_REV AGCTAACCACCAACAGCAAG
GFP_FW ACGTAAACGGCCACAAGTTC
GFP_REV AAGTCGTGCTGCTTCATGTG
(CGG)60x_FW GAACCCACTGCTTACTGGCTTA
(CGG)60x_REV AACGCTAGCCAGTTGGGTC
Transgene mouse FMRpolyG_FW GCAAGCTGACCCTGAAGTTC
Transgene mouse FMRpolyG_REV GTCTTGTAGTTGCCGTCGTC
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Supplemental Figure |. Expanded CGG repeats are translated into FMRpolyG.
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(A) GFP fluorescence of Hela cells transfected with expanded CGG repeats embedded or not in
the 5’UTR of FMR/ and fused in all three possible frames with the GFP. (B) Western blotting analysis
with anti GFP antibody of FMRpolyG expressing Hela cell lysate treated with increasing quantity
of lysostaphin, a glycine endopeptidase. (C) Sequence alignment of the 5’UTR of FMRI from human,
chimpanzee, macaque, gibbon, galago, wild boar, dog, rat and mouse with Kozac consensus sequence.
ACG translation start of FMRpolyG is indicated in red. (D) Western blotting validation of 8FM and 9FM
antibodies directed against the N- or C-terminal part of FMRpolyG, respectively. (E) Immunofluorescence
using antibodies against the N-terminal part of FMRpolyG (red, 8FM antibody) and ubiquitin (green) on
brain sections (hippocampal area) of FXTAS patients compared to a age-matched control individual.
(F) Immunofluorescence using antibodies against the C-terminal part of FMRpolyG (red, 9FM antibody)
and ubiquitin (green) on brain sections (hippocampal area) of a FXTAS patient compared to a age-
matched control individual. Scale bars, |0 pm. Nuclei were counterstained with DAPI. 123
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& Supplemental Figure 2. Expression of FMRpolyG is pathogenic to mice

(A) RNA FISH against CGG RNA foci (red) coupled to immunofluorescence against FMRpolyG

(green) in brain of 6 months old bigenic CMV-cre / full-length or deleted FMRI 5’UTR transgenic mice.

(B) Quantification of FMRpolyG protein aggregates and CGG RNA foci in 3 or 9 months old control
(n=3) or bigenic CMV-cre / full-length (n=3) or deleted (n=3) FMRI| 5’'UTR transgenic mice (n=100
cells). (C) Immunohistochemistry using an antibody directed against FMRpolyG C-terminal part (9FM)
of cerebellum, hippocampal and hypothalamic areas of 3, 6 or 9 months old bigenic CMV-cre / full-
length FMRI 5’'UTR transgenic mice. Scale bars, 10 pm. Sections were counterstained with Nissl staining.
(D) Quantification of FMRpolyG protein aggregates in control (n=3) or bigenic CMV-cre / full-length
(n=3) or deleted (n=3) FMRI 5’UTR transgenic mice. (E) Schemes of the mouse transgene constructs.
The human full-length 5’UTR of FMRI is represented as a red box, GFP ORF as a green box, loxP sites as
blue boxes, while promoters, polyadenylation sequences and start and stop of translation are indicated
by arrow or black lines. (F) Quantitative RT-PCR analysis of transgenes expression relative to the RplpO
mRNA in different tissues of 6 months old control (n=3) or bigenic CMV-cre / full-length FMR| 5’'UTR
(n=3) or bigenic Nestin-cre / full-length FMRI 5’UTR (n=3) mice. (G) Immunohistochemistry using an
antibody directed against the N-terminal part (8FM) of FMRpolyG in the cerebellum, hippocampus and
hypothalamus of 6 months old bigenic Nestin-cre / full-length FMRI 5’UTR mice. Scale bars, 10 pm.
Sections were counterstained with HE staining. (H) Time before falling of 3 months old control (n=6) or
bigenic Nestin-cre / full-length FMRI 5’'UTR (n=6) male mice. (I) Representative image of 8 months old
control or bigenic Nestin-cre / full-length FMRI/ 5’UTR mice. (I) Kaplan-Meier survival curves of control
(n=10) or bigenic Nestin-cre / full-length FMRI 5’UTR (n=10) male and female mice. Error bars indicate
s.e.m. Student T-test, ** indicates p<0.01.
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Supplemental Figure 3. The C-terminal part of FMRpolyG is toxic
D (A) Upper panel, RNA FISH against CGG RNA foci in cells
=W Control transfected with expanded CGG repeats embedded or not in the
PolyG ACter-GFP 5’'UTR of FMRI. Scale bars, 10 pm. Nuclei were counterstained
FMRpolyG-GFP with DAPI. Lower panel, quantification of cells (n=50) with CGG
£ 100 RNA foci (n=3 transfection). (B) RT-PCR analysis of nuclear and
'§ cytoplasmic fractions of neuronal cells transfected with expanded
95’_ TS| CGG repeats embedded or not in the 5’UTR of FMRI. Correct
E sol nuclear and cytoplasmic fractionation was controlled by RT-PCR for
é nuclear U6 snRNA and for cytoplasmic RPLPO mRNA. (C) Western
E 25 blotting analysis using anti GFP antibody of soluble and insoluble
o
% 0 fractions of neuronal cells transfected with expanded CGG repeats

embedded within the 5’UTR of FMRI and fused to the GFP in
the glycine frame. (D) Transgene mRNA expression of Drosophila
expressing FMRpolyG full-length or deleted of its C-terminus.
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Supplemental Video | and 2
Ledge test of 3 months old bigenic CMV-cre / full-length or deleted FMRI 5’UTR
transgenic mice indicates that FMRpolyG-expressing mice present some gait instability

and increase foot slippage compared to CGG RNA only-expressing mice.

Supplemental video’s are available online

& Supplemental Figure 4. FMRpolyG interacts with LAP2B and alters nuclear lamina

(A) Left panel, immunofluorescence using antibodies against FMRpolyG N-terminal part (8FM antibody,
green) and Lamin Bl (red) in primary cultures of EI8 mouse cortical neurons transfected with expanded
CGG repeats embedded within the full-length or C-terminus deleted 5’UTR of FMRI. Right panel,
quantification of normal lamin B| nuclear round architecture in GFP-positive transfected neurons (n=100
neurons, 3 independent transfections). (B) Immunofluorescence using anti-MAP2 antibody on neuronal
cultures differentiated 40 days from iPS cells of FXTAs patients or control individuals. (C) FMRI mRNA
expression relative to RPLPO in neuronal cultures (n=3) differentiated 40 days from iPS cells of FXTAs
patients or control individuals. Error bars indicate s.e.m. (D) Quantification of CGG nuclear RNA foci
and FMRpolyG nuclear aggregates in neurons differentiated 40 days from iPS cells originating from
FXTAS or control individuals (n=100 neurons, 3 independent cell cultures). (E) Immunofluorescence
using antibodies against the N-terminal part of FMRpolyG (green, 8FM antibody) and Lamin Bl (red)
on neuronal cultures differentiated 40 days from iPS cells of FXTAs patients or control individuals. (F)
Quantification of abnormal intranuclear lamin B1 labeling in neurons differentiated 40 days from iPSC of
FXTAS or control individuals (n=100 neurons, 3 independent cultures). (G) Immunofluorescence using
antibodies against the N-terminal part of FMRpolyG (green, 8FM antibody) and Lamin Bl (red) on brain
sections (hippocampal area) of FXTAS patients or age-matched control individual. For all images, scale

bars, 10 um. Nuclei were counterstained with DAPI.
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INTRODUCTION

Fragile X-associated Tremor/Ataxia syndrome (FXTAS) is a late-onset neurodegenerative
disorder caused by an expansion of an CGG repeat (55-200) in the 5’untranslated region
(UTR) of the Fragile X Mental Retardation | (FMRI) gene [I]. In a meta-analysis, the
prevalence of the FMR| premutation (PM) is estimated to be 1:855 in males and 1:291 in
females [2]. The two main clinical features of FXTAS are intention tremor and cerebellar
gait ataxia, often accompanied by several comorbidities including short-term memory loss,
executive function deficits, cognitive decline, parkinsonism, peripheral neuropathy, lower
limb proximal muscle weakness, and autonomic dysfunction [3]. FXTAS neuropathology
includes mild brain atrophy, hyper intensity of the middle cerebellar peduncle (MCP) and
splenium of the corpus callosum (SCC), loss of Purkinje cells and Bergman gliosis [, 3-5].
In post-mortem brain tissue from patients with FXTAS the major pathological hallmark
is the presence of ubiquitin-positive intranuclear inclusions throughout the brain, in both
neurons and astrocytes [6, 7]. Pathology is not only limited to the central nervous system,
but intranuclear inclusions are also found in non-central nervous system organs [8-13].
Molecular findings include elevated FMRI mRNA levels (2 to 8 fold in leucocytes) and
slightly reduced fragile X mental retardation protein (FMRP) levels [14-16]. FMRI mRNA
is found in intranuclear inclusions in isolated nuclei and post-mortem brain tissue of
FXTAS patients [17, 18]. Furthermore,Todd, et al. demonstrated that via repeat-associated
non-AUG (RAN) translation, a polyglycine-containing protein (FMRpolyG) is expressed
in cell culture, animal models, and post-mortem brain tissue from FXTAS patients [19].
Altogether, two disease mechanisms for FXTAS have been proposed (reviewed in [20]).
The first hypothesis is an RNA gain-of-function mechanism in which the FMRI RNA
containing an expanded CGG repeat sequesters RNA-binding proteins. In turn these
proteins can bind other proteins. Depletion of these proteins disturbs critical processes
and leads to aberrant miRNA processing, altered RNA splicing, stress and immune effects
[18, 21-23]. A second, recently proposed mechanism is a RAN protein gain-of-function
mechanism. The exact pathological mechanism is not clear yet, but is has been reported
that the polyglycine stretch of FMRpolyG promotes aggregation and the C-terminal part
of FMRpolyG drives toxicity (Sellier, et al., manuscript in preparation). Indeed, it has been
shown that FMRpolyG protein accumulates in intranuclear inclusions [9, 19] and thus
FMRpolyG could contribute to the sequestration of proteins preventing their normal
cellular function as well. In addition, a role of free toxic FMRpolyG to the underlying
disease mechanism cannot be excluded.To understand the contribution of repeat bearing
RNA molecules and FMRpolyG protein in FXTAS, we have generated different mouse
models for FXTAS ([24, 25] and Sellier, et al., manuscript in preparation). In an inducible,
brain specific mouse model, both ubiquitin- and FMRpolyG-positive intranuclear inclusions

were found and their number increases over time and correlates with deficits in functional
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tests. Furthermore it has been shown that, by stopping mutant RNA expression, we can
halt further disease progression. Strikingly, stopping mutant RNA expression early in
the disease process results in reversibility of neuropathology [24]. These results suggest
that an early intervention might be beneficial for patients with FXTAS and PM carriers
and opens the quest for targeted therapeutic interventions.

Here, we report new inducible cellular models to study FXTAS. Mouse embryonic
fibroblasts (MEFs) were derived from dox-inducible mice. In these MEFs RNA levels
(expanded CGG fused with GFP) can be reduced by using RNase H-mediated cleavage
of the target mRNA. However, no obvious pathology is found in these cells, therefore we
also setup a primary neuronal cell culture from the inducible mice. In this new inducible
neuronal cell model, induced expression of RNA containing an expanded CGG repeat
leads to the formation of ubiquitin- and FMRpolyG-positive inclusions in both neurons
and astrocytes. The number of these inclusions increase over time. Next, we studied the
effect of small molecules that bind to the internal GG-loop of FMRI RNA containing
the expanded CGG repeat. These compounds prevent both the binding of RNA-binding
proteins to the hairpin structure and RAN translation. Our results suggest that it is
possible to partially prevent inclusion formation by these small chemical compounds and

opens new avenues for a targeted therapeutic intervention.

RESULTS

Reduction of CGG GFP RNA levels by using an antisense
oligonucleotide approach

Previously, we reported that it is possible to reverse neuropathology in an inducible
mouse model of FXTAS by stopping expression of RNA containing the expanded CGG
repeat [24]. After this proof-of-principle for reversibility, the next challenge is to develop
a targeted therapeutic intervention. Since the pathogenic trigger for FXTAS, the FMRI
RNA containing an expanded CGG repeat, is well known, the most straightforward
approach to develop such an intervention is to target this pathogenic trigger. To test
potential therapeutic interventions we setup a mouse embryonic fibroblast (MEF) culture
derived from the inducible bigenic TRE-nCGG-eGFP/hnRNP-rtTA mice [25]. In these
cells, either RNA containing the 5’UTR of the FMRI gene with a control size of ||
CGG repeats or RNA containing the 5’UTR of the FMRI gene with a PM size of 90
CGG repeats was coupled to eGFP.Addition of doxycycline (dox) to the culture medium
resulted in expression of CGG RNA and eGFP protein. No GFP-positive cells were
observed in cultures without dox and control cultures containing only one of the two
transgenes. (Figure. 1 A and data not shown).The levels of CGG RNA and GFP protein
expression showed a dox dosage-dependent effect (data not shown).We started an initial

characterization of these MEFs using several FXTAS pathology hallmarks, including RNA
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Figure 1. (A) eGFP expression and AON transfection eGFP expression (green) after dox-induction
of bigenic TRE-nCGG-eGFP/hnRNP-rtTA MEFs. No eGFP expression is observed in bigenic cultures
without dox. MEFs were successfully transfected using a Cy5 labelled AON (red) directed to the GFP
sequence in the RNA. (B) CGG-GFP RNA expression levels. Quantitative RT-PCR showed that different
concentrations of GFP-AON can significantly reduce CGG-GFP RNA levels. (C) RNA expression levels
after transfection of 100 nM GFP-AON. Quantitative RT-PCR showed that 100 nM of GFP-AON can
significantly reduce CGG-GFP RNA levels. Using primer sets located up- and downstream of the CGG
repeat, no difference in reduction of RNA expression levels is found. (D) eGFP protein levels after
transfection of 100 nM GFP-AON. A quantitative Western blot showed that 100 nM of GFP-AON can

significantly reduce eGFP protein levels.

foci, ubiquitin-positive intranuclear inclusions and nuclear lamin A/C disorganisation.
None of these hallmarks could be observed in the inducible MEFs (data not shown). Even
the use of culture medium with low fetal calf serum (FCS) levels preventing the cells to
divide and allowing the CGG RNA to accumulate did not result in any obvious pathology.

Despite the fact that no pathology was observed in MEFs, these cells could be used for
targeting the mutant RNA for degradation. Reduced expression of (toxic) RNA molecules
can be established by antisense oligonucleotides (AONs) using the gapmer technology.

These AONs contain a phosphorothioate-modified, nuclease-resistant DNA segment
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activating RNase H cleavage of target mRNAs (reviewed in [26]). These gapmers are
flanked with 2'-O-methyl RNA designed to confer increased nuclease stability and affinity
of the AONs to the target mRNA [27]. To explore the possibilities of targeting FMRI
RNA for RNase H-mediated breakdown, we transfected different concentrations of an
AON (Cys5 labelled) directed to the GFP sequence in the RNA, using our inducible MEFs
(Figure 1A). Quantitative RT-PCR showed that the GFP-AON can significantly reduce
CGG-GFP RNA levels down to approximately 30% when compared with untransfected
dox-treated cells (Figure IB).The reduction in CGG-GFP RNA levels were shown with
primer sets both upstream and downstream of the CGG repeat. For both primer sets,
similar effects on RNA levels were found, suggesting the CGG-GFP RNA is degraded
efficiently (Figure 1C). A quantitative Western blot for GFP protein levels confirmed
effectiveness of the GFP-AON, since the use of 100 nM of GFP-AON resulted in a similar
reduction of GFP protein level as was found for CGG-GFP RNA (Figure ID).

Intranuclear inclusions in an inducible neuronal cell

model for FXTAS

To further determine the effectiveness of a therapeutic intervention approach other
read-outs are needed besides the levels of CGG-GFP RNA and eGFP protein levels. Thus,
we setup primary hippocampal neuronal cell cultures derived from the inducible TRE-
nCGG-eGFP/hnRNP-rtTA mice [25]. These cultures were derived from EI8 embryos
from timed-breedings with heterozygous transgenic mice. This will result in a mixture
of CGG-GFP RNA positive and negative cells. Indeed, addition of dox to the culture
medium resulted in GFP-positive and GFP-negative cells in cultures from both I 1CGG
and 90CGG target mice. No GFP-positive cells were observed in bigenic cultures without
the addition of doxycycline to the culture medium and control cultures containing only
one of the two transgenes (Figure 2A and data not shown).

To test if intranuclear inclusions could be formed in the primary hippocampal neuronal
cell cultures, we performed immunofluorescence (IF) staining for ubiquitin. The first
ubiquitin-positive inclusions were observed in GFP-positive cells in TRE-90CGG-eGFP/
hnRNP-rtTA cultures after 10 days of dox-induction. The number of ubiquitin-positive
intranuclear inclusions significantly increases in time to 37% of the GFP positive cells
at 24 days of dox-induction (Figures 2B-C). Previously, co-localisation of ubiquitin and
FMRpolyG has been demonstrated in the vast majority of inclusions in transfected cells,
brain tissue of mouse models and post-mortem brain tissue from patients with FXTAS [9,
19, 24]. In IF double stainings on inducible hippocampal mouse neurons it has been shown
that most of the intranuclear inclusions stain positive for both ubiquitin and FMRpolyG
(Fig.2D).To study which cell types contain an intranuclear inclusion, we performed IF double

stainings in the primary neuronal cell cultures. We found that FMRpolyG- and ubiquitin-



positive intranuclear inclusions can be found in both neurons and astrocytes by staining for
the neuronal marker microtubule-associated protein 2 (MAP2), or the astrocytic marker
glial fibrillary acidic protein (GFAP) (Figures 3A-B). More specifically, with antibodies
against gamma-aminobutyric acid (GABA) and Ca2+/calmodulin-dependent protein kinase
II (CamKIl) we could demonstrate that intranuclear inclusions can be found in both

inhibitory and excitatory neurons, respectively (Figures 3C-D).

Therapeutic interventions: small chemical RNA-binding
compounds

Next to degrading the mutant CGG RNA molecules, another approach to develop
a therapeutic intervention is to shield the expanded CGG repeat in the RNA and thus
prevent it from causing damage. For several repeat associated disorders such compounds
have been described (reviewed by [28]). In case of FXTAS, the laboratory of Matthew
Disney developed several small chemical compounds, which can bind to the internal
GG-loop of the expanded CGG repeat in the RNA [29].

First, compound la and 2HE-5NMe were tested for toxicity. Titration experiments
showed that using concentrations of | and 10 nM of either compound, the cells were
viable up to 24 days after compound administration, whereas higher concentrations of
both compounds were toxic to the cells (data not shown).

Next, we performed IF stainings and the number of FMRpolyG-positive intranuclear
inclusions were quantified. First the compounds were added | day prior to the start of
dox induction followed by 17 and 24 days of dox treatment. Significantly less intranuclear
inclusions were observed with a concentration of both | and 10 nM of either compound la
or 2HE-5NMe (Figures 4A-B).The addition of the compounds one week after start of dox-
induction resulted also in a significant reduction of the number of intranuclear inclusions
compared with untreated cultures. No significant difference was observed compared with

cultures that received the compound prior to the dox-induction (Figure 4B).

DISCUSSION

Cellular and animal models have significantly contributed to our understanding
of the underlying disease mechanisms of FXTAS. Recently, reversibility of both
neuropathology and functional deficits were demonstrated in an inducible FXTAS
mouse model. The formation of intranuclear inclusions is reversible if expression of
the expanded CGG repeat is stopped at an early stage (8 weeks). Stopping expression
at a later time point (12 weeks) showed that the formation of inclusions can be halted,
however, reversibility could not be demonstrated. Moreover, a functional deficit in
the compensatory eye movements of mice could be halted as well by stopping RNA

expression [24]. This study demonstrated a proof-of-principle that effective treatments
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Figure 2. (A) eGFP expression (green) after dox-induction of bigenic TRE-nCGG-eGFP/hnRNP-
rtTA primary hippocampal neurons. No eGFP expression is observed in bigenic cultures without
dox. (B) Ubiquitin-positive intranuclear inclusions (red) are found in GFP-positive TRE-90CGG-eGFP/
hnRNP-rtTA cells, but not in GFP-positive TRE-11CGG-eGFP/hnRNP cells or GFP-negative cells.

(€) Quantification of intranuclear inclusions in GFP-positive cells. The percentage of GFP-positive nuclei

containing GFP-positive inclusions after different dox-treatment periods. (D) Co-localisation of ubiquitin

(red) with FMRpolyG (purple) in intranuclear inclusions.
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Figure 3. FMRpolyG and ubiquitin-positive intranuclear inclusions can be found in both neurons
(inhibitory and excitatory) and astrocytes in primary hippocampal cultures. IF double stainings show that
intranuclear inclusions can be found in (A) CamKlIl-, (B) GABA-, (C) MAP2-,and (D) GFAP-positive cells.

for patients with FXTAS might be possible. In the search for therapeutic interventions
a first step would be to test these interventions in a cellular model, using disease specific
outcome measures. It has been shown that both the FMR1 RNA and ubiquitin accumulate
in intranuclear inclusions in post-mortem FXTAS brain and in transfected cells [6, |7,
18]. Furthermore, abnormal cellular distribution of lamin A/C has been shown in human
FXTAS fibroblasts and MEFs generated from a knock-in (KI) mouse model [30]. To
establish such an in vitro model we isolated MEFs from the inducible mouse model for
FXTAS [25]. Although we used a variety of different culturing conditions (e.g. inducing
stress by serum starvation) none of the characteristics seen in post-mortem FXTAS
brain tissue or FXTAS mouse brain tissue, including RNA foci, ubiquitin- and FMRpolyG-
positive intranuclear inclusions or abnormal nuclear distribution of lamin A/C [6,9, | 7-19,
31, 32], could be detected in MEFs generated from the inducible mouse model. This
suggests that MEFs are not the most appropriate cell type to study disease pathology.
Nevertheless, as a proof-of-principle the CGG-GFP RNA molecules can be targeted for
RNase H-mediated degradation by using an AON against GFP. Our results suggest that
it is possible to reduce CGG-GFP RNA levels using an AON approach. QPCR primer
sets both upstream and downstream of the CGG repeat showed a similar reduction of
CGG-GFP RNA, suggesting that the CGG-GFP RNA was degraded efficiently. In addition
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a similar reduction of GFP protein was seen. Since both the 5’ and 3’ flanking sequences
of the CGG repeat are degraded, it is assumed that the CGG repeat is degraded as well.
However, this will need to be verified with an in situ hybridisation experiment.As proof-
of-principle we used an AON directed to a sequence of GFP. Next the optimal specific
sequence for efficient degradation of FMRI RNA molecules has to be determined for
AON:s. After establishing an efficient degradation of FMRI RNA containing an expanded
CGG repeat by AONEs in vitro, effectiveness will need to be confirmed in vivo. Initially
the inducible mice ubiquitously expressing RNA containing the expanded CGG repeat
seem most valuable. We have shown that these mice die within 5 days of expression
[25]. These mice show mitochondrial dysfunction in the liver that might be rescued by
the AON, preventing the death of these mice as outcome measure. As the AON does
not need to cross the blood-brain-barrier we can easily test its effectiveness in vivo
with a reliable read-out. Next, we can test the compounds in mouse lines with brain
specific expression of the RNA containing the expanded CGG repeat, which we used

for the reversibility study [24].



On the other hand it might prove difficult to rescue a phenotype that is caused by
such massive overexpression as in the inducible mice. Liver cells express the 90CGG-GFP
RNA approximately 600 times more than endogenous Fmrl RNA levels [25]. The effect
of the AON might appear only small, while in fact the impact of mutant RNA degradation
will appear much greater in for example KI mice or in fibroblasts from patients with
FXTAS, both having only 2 to 3 fold elevated FMR| mRNA levels. For several microsatellite
disorders AON-related therapies have been very successful in both cellular and animal
models. In fibroblasts derived from patients suffering from frontotemporal degeneration
(FTD)/amyotrophic lateral sclerosis (ALS) (COFTD/ALS) both RNA levels and intranuclear
RNA-positive foci can be reduced by several c9orf72 RNA specific AONs [33]. In addition,
a single intracerebroventricular (ICV) stereotactic injection of a mouse specific c9orf72
AON into the right lateral ventricle of control animals resulted in a 60-70% reduction of
c9orf72 RNA levels in spinal cord and brain [33]. Reduced RNA levels can be found up
to |8 weeks post injection. Similar observations have been made in a mouse model for
Huntington’s disease (HD) [34].

A drawback of this strategy is that degradation of FMR| mutant mRNA will ultimately
result in lower levels of functional fragile X mental retardation protein (FMRP). Lack
of FMRP causes fragile X syndrome, the most common inherited form of intellectual
disability [35]. To date, it is unknown whether depletion of FMRP later in life may cause
a fragile X syndrome phenotype. To prevent such effects proper titration of AONs and
residual FMRP levels is required.

Another, more disease related in vitro model are the primary hippocampal neurons
derived from the inducible mice. We were able to show that dox induces expression
of GFP and thus CGG RNA in these cells, without any leakage of the tet-On system.
The formation of inclusions staining positive for both ubiquitin and FMRpolyG, together
with the presence of these inclusions in both neurons and astrocytes, like in post-
mortem brain material from patients with FXTAS, points to a good in vitro model to
further test possible therapeutic interventions for FXTAS. After supplementation of dox
to the culture medium approximately 25% of the cells show GFP expression, as expected
by mendelian inheritance. In contrast to the inducible mouse model or cultured MEFs, it
is not possible to study reversibility in these cells. Culture medium cannot be replaced,
because neurons need factors secreted by astrocytes for neuronal survival, synapse
formation, and plasticity [36]. One way to overcome this problem is to use culture
medium from cells cultured at the same day.

Our primary neuronal cell culture model shows the presence of characteristic
intranuclear inclusions in both neurons (excitatory and inhibitory) and astrocytes
illustrating similarities between this model and post-mortem brain tissue from patients

with FXTAS [6]. To date, the role of inclusions in both neurons and astrocytes in
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the pathogenesis of FXTAS is unknown. To dissect the contribution of these different
cell types in the pathogenesis of FXTAS we started to generate new, cell type specific,
rtTA driver lines.

The use of small chemical compounds that shield the CGG repeat (reviewed in
[28]) has great potential to ameliorate FXTAS. It has been shown that RNA containing
an expanded CGG repeat forms hairpin structures with periodically repeating
internal GG-loops. The laboratory of Matthew Disney developed several RNA
binding small molecule compounds targeting the internal GG-loop of the expanded
CGG repeat [29, 37-39]. In transfected COS7 cells that transiently expressed RNA
containing an expanded CGG repeat they showed that 2 of these compounds, called
la and 2HE-5NMe, can improve FXTAS-associated pre-mRNA splicing defects and
reduce the size and number of nuclear RNA foci. Furthermore, the binding of these
compounds does not affect translation of the downstream open reading frame (ORF)
[29, 40, 41].The advantage of this approach is that it prevents RNA-binding proteins
from binding to the hairpin structure and additionally the small molecules will block
RAN translation, without having an effect on the translation of FMRI mRNA. In
the inducible neuronal cultures the number of intranuclear inclusions is significantly
reduced by adding compound la and 2HE-5NMe to the culture medium.This suggests
that the use of compounds is a promising intervention strategy and it is crucial to test
these compounds in both the ubiquitous expressing and the brain specific inducible
mouse models using survival, liver pathology, neuropathology and animal behaviour as
outcome measures. A similar approach has been used for c9FTD/ALS. Small chemical
compounds targeting RNA containing the expanded GGGGCC repeat were designed
and found to significantly inhibit RAN translation and foci formation in cultured cells
expressing mutant RNA in neurons transdifferentiated from fibroblasts of repeat
expansion carriers.To date, there are no publications about the use of small chemical
compounds in animal models.

Furthermore, it has been shown that iPSC-derived fragile X premutation neurons
have reduced postsynaptic density protein 95 (PSD95) expression, reduced synaptic
puncta density, and reduced neurite length [42]. More recently it has been shown that
FMRpolyG and LAP2p can be detected in intranuclear inclusions in iPSC-derived neurons
(Sellier, et al., manuscript in preparation). It would be interesting to study the effect
of small chemical compounds on patient-derived neuronal cell culture, using relevant
outcome measures. In addition, with the recent introduction of automated, large-scale
iPSC-cell culture methods it would be interesting to perform an unbiased drug screen
or to determine effectiveness of therapeutic interventions in iPSC-derived neurons from
patients with FXTAS.



MATERIALS AND METHODS

Isolation of mouse embryonic fibroblasts

El2,5 TRE-nCGG-GFP/hnRNP-rtTA embryos were decapitated after which limbs, tail and
inner organs were removed. Embryos were pulled three times through a 19G and 23G needle,
respectively. Minced embryos were cultured in DMEM medium (Lonza) containing 10% fetal

calf serum (FCS), penicillin/streptomycin (Gibco),and MEM non-essential amino acids (Gibco).

AON treatment

A Cy5 labelled phosphorothioate-modified AON flanked with 2’-O-methyl RNA was
dissolved in RNase free water.The AON was directed at a sequence in GFP:
5’-/5Cy5/mC*mU*mC*mG*¥mCFCF GFG*A*CHA*CFGFCF T*mGFmA*mA*mC*mU-3" (IDT).
MEFs were transfected using 3 pl Genejuice transfection reagent (Novagen) according to

manufacturer’s instructions.

RNA isolation and quantitative PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen) according to manufacturer’s
instructions. Then, reverse transcriptase was performed on | pg of RNA using iScript
cDNA synthesis kit (Biorad) according to manufacturer’s instructions. Q-PCR using SYBR
Green (KAPA Biosystems) was performed on 0.1 pl RT product. Cycling conditions were
an initial denaturation of 3 minutes at 95°C, followed 40 cycles of 5 seconds 95°C and 30

seconds 60°C.Actin was used as a reference gene.

Western blotting

Thirty pg of total protein cell lysate was loaded to Criterion XT precast gels (4-12%
bis-tris) (Biorad) and run in MOPS buffer (0.05M Mops, 0.05M Tris, 3.5 mM SDS, ImM
EDTA, pH 7.7). The gel was blotted to a nitrocellulose membrane in TG buffer (0.192M
glycine, 0.025M Tris, 20% methanol). After blocking in PBS-Tween, the membrane was
incubated overnight with rabbit anti-GFP (1:100.000 Abcam) and mouse anti-GAPDH
(1:200.000 Chemicon) antibodies. The secondary antibodies were goat-anti-rabbit IRDye
800cVV and donkey-anti-mouse IRDye 680LT (both 1:10.000; Li-Cor).The membrane was

scanned with an Odyssey Infrared Imager and analysed with Odyssey software.

Primary hippocampal neuron culture

Primary hippocampal neurons were cultured as described before [43]. In summary, up
to 8 EI7-EI8 TRE-nCGG-GFP/hnRNP-rtTA embryos from time point pregnancies using
heterozygous hnRNP-rtTA fathers and heterozygous TRE-nCGG-eGFP mothers were

decapitated after which hippocampi were removed and dissociated with trypsin/EDTA.
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Cells were plated on poly-D-lysine (100 pg/ml, Sigma) and laminin (50 pg/ml, Sigma) coated
30 mm glass coverslips and attached to the substrate in a drop of neurobasal medium
(Gibco), containing penicillin/streptomycin (Gibco), glutamax (Gibco) and B-27(Gibco)
supplements (NBM+++). After 90 minutes, medium volume was adjusted to 2 ml per

coverslip in a 6-well plate. Doxycycline treatment started after 4 days (+/- | day).

Compound treatment
Compound la and 2HE-5NMe were dissolved in DMSO at final concentrations of 2 and
20 pM, respectively. One pl was added to 2ml of NBM+++ culture medium.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for
I5 minutes and permeabilised with 0.5% Triton X-100 in PBS for 10 minutes. IF (double)
stainings were performed overnight at 4°C using rabbit anti-ubiquitin (Dako Z0458; 1:250),
mouse anti-ubiquitin (Cytoskeleton AUBOI-S; 1:200), rabbit anti-GFAP (Sigma G9269; 1:200),
mouse anti-Map2 (Roche #1284959; 1:400), rabbit anti-GABA (Sigma A2052; I:100), mouse
anti-CaMKIl (Chemicon Mab3119; 1:100) or mouse anti-FMRpolyG (8FM and 9FM [9]; 1:10)
antibodies. Secondary antibodies include anti-mouse Cy3 (JacksonlmmunoResearch 715-
165-150; 1:200) and anti-rabbit Cy5 (JacksonlmmunoResearch 711-175-152 1100; 1:200).
Nuclei were visualised using Hoechst and slides were mounted with ProLong® Gold antifade

reagent.Analysis was performed with a Leica confocal microscope and LAS AF software.
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GENERAL DISCUSSION







Disease mechanisms: RNA or RAN?

Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) is one of the many microsatellite-
expansion diseases caused by an expansion of short sequences of repetitive DNA
(3-6 base pairs) in the human genome [I1-4]. In addition to FXTAS examples of other,
repeat containing, mostly neurodegenerative, disorders are: spinocerebellar ataxia
type 8 (SCAS8), myotonic dystrophy typel (DMI), frontotemporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS) (both C9FTD/ALS), and Huntington disease (HD)
[5-8]. In the last fifteen years a large number of studies have been performed in order
to identify the underlying disease mechanism(s) of FXTAS (reviewed in [9]). Advances
in molecular understanding of FXTAS is crucial to identify new biomarkers and to find
potential targets for therapeutic intervention.

Over the last decade traditional biological rules have changed. The idea that a gene
is transcribed in one direction and encodes for an AUG-initiated protein is no longer
applicable. Genes can be transcribed bidirectionally, including many genes involved in
microsatellite-expansion related diseases. The emerging role of antisense transcripts
in the pathogenesis of microsatellite-expansion diseases also includes a potential role
in modifying RNA stability of the toxic mRNA products [10]. In addition, genes can be
transcribed without the use of a traditional start codon. This way of transcription is
called “repeat associated non-AUG (RAN) translation”, which can occur in all six possible
reading frames (of both the sense and antisense transcripts) [| 1-14]. Here, | will discuss
what we have learned about the molecular mechanisms underlying FXTAS and these
other, mechanistically related, microsatellite-expansion disorders.

Until recently, when a gene involved in a micro-satellite expansion disorder was
discovered, it was thought that the genomic location of the repeat could have the following
effects: 1) repeat expansions located in the coding sequence of a gene can result in
the generation of a toxic or malfunctioning protein; 2) non-coding repeats can have an
effect on chromosome fragility, gene silencing, and sequestration of proteins involved
in cellular processes such as splicing and cell architecture (reviewed in [15]). FXTAS is
caused by an CGG repeat expansion in the 5’ untranslated region (UTR) of the FMRI
gene. Carriers of the premutation produce elevated FMR/ mRNA levels (2 to 8 fold in
leucocytes of FXTAS patients) and RNA levels positively correlate with the CGG repeat
length [16, 17]. Additionally, FMRI mRNA was found in intranuclear inclusions in isolated
nuclei and post-mortem brain tissue of FXTAS patients [ 18, 19].Both of these observations
led to the toxic RNA gain-of-function model for FXTAS [20]. Importantly, at that time,
no evidence was present that the CGG repeat could be translated in FMRpolyG (see
below).The transcript containing an expanded repeat changes the secondary structure of
the RNA molecule, forms intranuclear RNA foci, and sequesters RNA-binding proteins,

which ultimately leads to cellular dysfunction. [18, 19, 21-26]. Thus far, in FXTAS several
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RNA-binding proteins that directly bind to the expanded CGG repeat have been identified
[19,21,27,28]. First, two RNA-binding proteins, hnRNP A2/B| and Pura, were discovered
using mass spectrometric analyses of the protein composition of isolated human inclusions
and later also in a Drosophila screen [19, 27-29]. In the fly model binding of Pura to
the expanded CGG repeat ultimately leads to sequestration of Rmé2, which results in
nuclear accumulation of specific mMRNAs involved in stress and immune responses [30].
Notably, in the initial fly model, inclusions were present in both nuclei and the cytoplasm
of cells from the retina. Another discrepancy with the human neuropathological studies is
the presence of more than one aggregate per nucleus [31]. Pura-positive inclusions could
be demonstrated in FXTAS post-mortem brain [28]. However, we, and others, could not
confirm Pura-positive inclusions in FXTAS post-mortem brain or brain tissue of one of
the available mouse models (unpublished data).A possible explanation for the discrepancy
between the fly model and FXTAS brain tissue versus mouse brain tissues might be that
there is a different composition of the intranuclear inclusions in patients with FXTAS and
in Drosophila than in the vertebrate model organisms. Strikingly, in a mouse model lacking
Pura, histopathological findings include axonal swellings and hyperphosphorylation of
neurofilaments [32]. Further research is needed to determine the precise role of Pura
in the pathogenesis of FXTAS. It has been shown that the second RNA-binding protein
found in these screens, hnRNP A2/B1, directly interacts with the CGG repeat in the fly
model for FXTAS [27]. Furthermore hnRNP A2/B1 is found in intranuclear inclusions in
post-mortem brain tissue of FXTAS patients [29]. The CUGBPI protein interacts with
hnRNP A2/BI resulting in neurodegeneration due to loss of RNA chaperone function and
mislocalisation of BC| RNA in the fly model for FXTAS [27]. Later, Sellier, et al., showed
that the double-stranded RNA-binding protein DGCR8 binds to expanded CGG repeats,
resulting in the partial sequestration of DGCR8 and its partner DROSHA, within CGG
RNA aggregates [21]. Consequently, the processing of micro-RNAs (miRNAs) in both
transfected cells and post-mortem brain tissue of FXTAS patients is reduced, resulting
in decreased levels of mature miRNAs [21]. Other studies suggested that both in the fly
model for FXTAS and blood of FXTAS patients only specific miRNAs were misregulated
[33, 34]. Altogether these studies suggest that an RNA gain-of-function model for FXTAS
is very likely. However, there are some additional arguments to consider. Not only
the presence of intranuclear inclusions with FMRI mRNA, containing an expanded CGG
repeat, may cause toxicity, but other factors (discussed below) may also play a role.
First, although expanded FMRI mRNA is found within the intranuclear inclusions in
post-mortem brain tissue from FXTAS patients [18, 19],in the CGG_ knock-in (KI) mouse
model and the newly developed transgenic conditional mouse model (chapter 5) only
relatively few Fmr/ RNA-positive inclusions were found compared with the high number

of ubiquitin-positive inclusions. Although our mouse models show limited number of



Fmrl RNA-positive inclusions, these mouse models mimic many of the features (elevated
levels of Fmrl mRNA, neuropathology, and behavioural deficits) seen in FXTAS patients,
suggesting that these features may be caused, at least partially, by a different mechanism
(reviewed in chapter | [35]). Moreover, it cannot be excluded that free Fmrl mRNA,
containing an expanded CGG repeat is toxic.VWe have demonstrated that increased active
caspase-3, a marker for apoptosis, is observed in livers from the inducible mouse model
that ubiquitously expresses RNA containing the expanded CGG repeat (chapter 3 [36]).
Since these livers do not show ubiquitin-positive inclusions, free Fmr/ RNA containing
an expanded CGG repeat, may play a role in the early demise of these mice.

Second, if the expanded CGG repeat without any flanking sequences is placed at
the 3’'UTR position of a GFP expression construct it is less toxic compared with an GFP
expression construct with an expanded CGG repeat at the 5° UTR [12]. This suggests
that the secondary structure of the expanded CGG repeat may not cause toxicity.
Furthermore it has been shown in transfected primary mouse neurons that most of
the RNA containing an expanded CGG repeat embedded within the 5’UTR of the FMR/
gene without the ORF of FMRI was present in the cytoplasm, while RNA containing
an expanded CGG repeat out of the context of the 5’UTR of the FMR/I gene is mainly
retained in the nucleus. This suggests that there is bias towards nuclear retention for
studies conducted with artificially generated constructs without any 5’UTR sequences of
the FMRI gene (chapter 5).

Third,in 201 | a new phenomenon called repeat associated non-AUG (RAN) translation
was discovered for SCA8 and DM in the laboratory of Laura Ranum [I I]. Similarly for
FXTAS, Todd, et al., found that FMRI RNA containing an expanded CGG repeat initiates
RAN translation of a cryptic polyglycine-containing protein, FMRpolyG [12]. We, and
others, have demonstrated that FMRpolyG accumulates in intranuclear inclusions in
transfected cells, animal models (fly and mouse) and post-mortem brain material from
FXTAS patients (chapter 2 and 4, [12, 37, 38]). Intriguingly, we have demonstrated
that the presence of FMRpolyG-positive intranuclear inclusions were not limited to
the central nervous system (CNS), but FMRpolyG-positive intranuclear inclusions were
also present in heart, kidney, adrenal gland, thyroid and ovarian stromal cells (chapter
2 [37, 39]). In all examined cell types, colocalisation of FMRpolyG and ubiquitin was
found in the vast majority of inclusions.VWe hypothesized that the presence of FMRpolyG-
positive intranuclear inclusions in systemic organs is consistent with the unexplained
medical co-morbidities reported in some patients with FXTAS. In addition to FMRpolyG,
a polyalanine-containing protein, FMRpolyA, was reported to be expressed in transfected
COS7 cells using an expression construct with GFP in the FMRpolyA frame. In contrast to
FMRpolyG, FMRpolyA could not be detected in intranuclear inclusions, but shows a diffuse

expression pattern in both nucleus and cytoplasm of these transfected cells. FMRpolyA-
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positive intranuclear inclusions could also not be detected in post-mortem brain tissue
from FXTAS patients or in brain tissue from the mouse models ([12] and chapter 5).
An explanation for the difference in the ability to form an RAN translation products and/
or intranuclear inclusions between the in vitro experiments and human and mouse tissues
could be that the different RAN translation proteins require another repeat length for
RAN translation and/or accumulation to occur. In addition, all in vitro experiments were
based on constructs that were overexpressed, making it more easy to visualise the RAN
proteins. Moreover, these constructs contain an extra tag for visualisation, which may
influence RAN protein stability. As shown in chapter 5, expression constructs that have
a relatively big GFP tag are more stable than similar constructs with a much smaller
Flag tag. Interestingly, we were able to demonstrate that an ACG sequence embedded in
a potential Kozac consensus sequence located upstream of the CGG repeat is responsible
for RAN translation even without a CGG repeat. In chapter 5, we could demonstrate
that expression of the RNA containing an expanded CGG repeat without the proximal
C-terminal part does not cause cell death in transfected primary mouse neurons, while
expression of RNA containing an expanded CGG repeat including the proximal C-terminal
part does result in cell death. This suggests that the context of the proximal C-terminus
sequence is relevant for disease pathogenesis and expression of RNA containing
an expanded CGG repeat only, is not sufficient to cause FXTAS. In addition, we showed
that LAP2B interacts with the C-terminal part of FMRpolyG protein. LAP2B colocalises
with both FMRpolyG and ubiquitin in intranuclear inclusions found in transfected primary
mouse neurons, induced pluripotent stem cells (iPSCs) derived from patients with FXTAS,
and post-mortem FXTAS brain tissue. Moreover, overexpression of LAP2B was sufficient
to rescue neuronal cell death that was induced by expression of FMRpolyG in primary
neuronal cultures (chapter 5). RAN translation in cells from FXTAS patients shows many
similarities with SCA8. Zu, et al,, tried to separate the RNA and protein gain-of-function
hypotheses by mutating the AUG start codon of SCA8 [I I]. By doing this the RNA gain-
of-function can be studied without any influences of the toxic AUG-initiated protein.
Unexpectedly, they discovered that CAG expansion constructs in the absence of an AUG
start codon, were not only translated into a polyglutamine-containing protein, but also in
polyalanine- and polyserine-containing proteins. In the same in vitro assay, the antisense
CUG transcript is translated into polyleucine-, polyalanine-, and polycysteine-containing
proteins. Additionally, they showed that RAN translation across human SCA8 CAG
expansion transcripts results in the accumulation of SCA8-related polyalanine containing
protein in post-mortem brain tissue [I 1].The other SCA8 RAN proteins were not found
in intranuclear inclusions.Altogether, our studies suggest that RAN translation is a second,
potential mechanism of toxicity in FXTAS that is shared with several other microsatellite-

expansion diseases [I I, |3, 14, 40].



We have started to implement a strategy to discriminate between the RNA and RAN
protein gain-of-function mechanisms in FXTAS (chapter 5).Transgenic conditional mouse
models were generated expressing either RNA containing an expanded CGG repeat
including the 5’UTR, or RNA containing an expanded CGG repeat without the 5’UTR.
In the first mouse model RNA is produced and translated into FMRpolyG, whereas in
the second model RNA is produced, but not translated into FMRpolyG (RNA-only). We
found that expression of both FMRpolyG and RNA containing an expanded CGG repeat
induces neuropathology and behavioural deficits, while mice that only express the RNA
containing an expanded CGG repeat (RNA-only) did not display any neuropathology
or behavioural deficits. Thus, the fundamental question remains: is sole FMRpolyG
expression sufficient to develop FXTAS. To answer the question whether toxicity is
driven by FMRpolyG alone or by the combined expression of FMRI RNA containing
an expanded CGG repeat and FMRpolyG, it is crucial to generate a new transgenic
mouse model that solely expresses FMRpolyG.This is not only important to advance our
understanding of the underlying molecular mechanisms of FXTAS, but also for a proof-of-
principle whether we need to target FMRpolyG only, or also the FMRI RNA molecules
containing an expanded CGG repeat for future therapeutic intervention studies.A similar
strategy has already been used successfully in C9FTD/ALS. In 201 1,2 GGGGCC repeat
expansion in intron | of the C9ORF72 gene has been found to cause C9FTD/ALS [8].
As described for the other microsatellite expansion diseases, the C9ORF72 gene is
bidirectionally transcribed, forms sense and antisense RNA foci, and RAN translated
dipeptides accumulate in both cytoplasmic and intranuclear inclusions [13, 14,41].A lot of
effort has been made to investigate the role of loss-of-function [42-44], RNA [45-48] and
RAN [13, 14, 48, 49] gain-of-function mechanisms in C9FTD/ALS.The fact that a patient
with a homozygous C9ORF72 repeat expansion mutation does not have a more severe,
or even completely different clinical phenotype [42], no C9ORF72 coding mutations have
been reported [43], and no motor neuron degeneration, defects in motor function, or
altered survival has been observed in a C90rf72 knockout mouse model [44] suggest
that C9FTD/ALS is not caused by a loss-of-function mechanism. Interestingly, in a study
that resembles the study of Zu, et al. [11], Mizielinska, et al., tried to study in both
a cell model and a fly model for C9ORF72, whether toxicity is driven by either the RNA
with an expanded repeat or by dipeptides generated via RAN translation [50]. Using
eye phenotype and survival curves as primary outcome measures, they concluded that
the major toxic species are the RAN dipeptides. However, they also conclude that they
cannot rule out an additional contribution of RNA toxicity [50].

Finally,one additional mechanism,that has not yet been highlighted,which may contribute
to the pathogenesis in microsatellite-expansion disorders is antisense transcription. In

the last decade it was discovered that next to the regular sense transcription of DM/,
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FMR,and ATXNS, antisense transcription can occur as well [51-54].It has been shown that
in addition to the sense FMR/ transcripts,also antisense FMR/ transcripts (ASFMR I, FMR4,
and FMRé) are produced [53-55]. The ASFMRI transcript is transported to the cytoplasm,
contains a polyproline-containing open reading frame (ORF), and comparable with FMRI
RNA,ASFMR| RNA is upregulated in carriers of the premutation [53]. Hypothetically, this
polyproline-containing protein may also play a role in the pathogenesis of FXTAS.A similar,
dual mechanism is true for SCA8. The SCAB8-causing ATXN8 gene is bidirectionally
transcribed and expresses both CUG- and CAG-containing transcripts.Via regular AUG
translation the CUG-containing transcript is translated into a polyglutamine-containing
protein. This polyglutamine-containing protein is found in intranuclear inclusions in
cerebellar Purkinje neurons and brainstem neurons from both SCA8 expansion mice
and in human SCA8 post-mortem brain tissue. These inclusions also stain positive for
ubiquitin [52]. This suggests that, at least for SCAS8, alongside an RNA gain-of-function
mechanism, also an antisense transcript driven protein gain-of-function mechanism could
be involved in disease pathogenesis. It might be useful to develop an antibody against

the ASFMRI polyproline to investigate if a similar mechanism is also involved in FXTAS.

Therapeutic interventions

Currently, treatment of patients with FXTAS is symptomatic (reviewed in [56, 57]). Several
case studies suggest that patients with FXTAS show improvement from treatment for some
of their symptoms [58]. For tremor, some patients benefit from the use of primidone,
B-blockers, or deep brain stimulation (DBS) [58, 59]. For treatment of ataxia it has been
reported that patients may benefit from amantadine [58, 60].Various other drugs have shown
beneficial effects for the minor clinical symptoms of FXTAS [56,57, 6 1].Altogether, anecdotal
information and case reports regarding various treatments suggest that treatment of some
of the symptoms displayed by patients with FXTAS is possible. In the first, randomized,
double-blind, placebo controlled trial for FXTAS, memantine was given to thirty-four
patients [62]. Memantine is a non-competitive N-methyl-D-aspartate (NMDA) receptor
antagonist approved for dementias, particularly moderate to severe AD. Memantine is
believed to attenuate glutamate toxicity and serves as a neuroprotective drug that may
slow neurodegeneration [63]. In this clinical trial no significant effect was found on primary
outcome measures, including behavioural dyscontrol scale (BDS) and intention tremor
severity and secondary outcome measures, including postural and writing tremor severity,
hand and finger tapping maximum frequency, tests of declarative learning, working memory,
and executive function [62, 64]. However, an effect on cued memory retrieval in these
patients has been reported later [65]. So far, therapy has focused on symptomatic treatment
of patients with FXTAS.Thus,an urgent need for targeted therapeutic intervention strategies

based on the disease mechanisms, rather than symptomatic treatment, is warranted.



The initial development of several FXTAS mouse models has significantly contributed
to our understanding of the underlying disease mechanisms of FXTAS. Furthermore,
these models were very useful to study onset and progression of disease, disease (neuro)
pathology, and repeat instability [66-71]. However, none of these initial mouse models
could address questions concerning critical periods for intervention or reversibility of
FXTAS. In order to answer these questions, and as a proof-of-principle for intervention
studies, we have generated an inducible mouse model ([36, 38] and chapter 3 and 4).
In these mice we could demonstrate that the formation of intranuclear inclusions,
the neuropathological hallmark of FXTAS, is only reversible at an early developmental
stage. Moreover, stopping expanded CGG repeat RNA expression at a later stage prevents
further progression of neuropathology, however, reversibility could not be demonstrated.
In addition, in the inducible mice a functional behavioural phenotype could be halted by
stopping RNA expression early in disease development ([38] and chapter 4). Although
it is difficult to extrapolate the results from the overexpressing, inducible mouse model
to the human situation, it does suggest that it seems favourable to start treatment in
carriers of the PM before the onset of symptoms. Nevertheless, our functional studies in
the inducible mouse model indicate that it might also be beneficial to treat symptomatic
FXTAS patients to halt or postpone further disease progression. With the current
knowledge of the underlying disease mechanisms, several strategies to develop a targeted
therapeutic intervention can be envisaged: |) the use of drug libraries in unbiased screens;
2) removing the genomic expanded CGG repeat; 3) compensating for proteins that are
trapped in inclusions; 4) targeting the RNA for degradation; 5) disrupting interactions
with RNA binding proteins, and 6) preventing FMRpolyG to be expressed.

Ad |.An initial, unbiased, approach would be to screen drug libraries in the different
animal models of FXTAS.The first screen has already been performed in the fly model for
FXTAS. Qurashi, et al., found small molecules, including phospholipase A, (PLA)-inhibitors,
that could ameliorate the toxic effects of the expanded repeat [72]. So far, these PLA,-
inhibitors have not been verified in other cellular and vertebrate models.With the recent
introduction of automated, large-scale iPSC-cell culture and differentiating methods it
would be interesting to perform an unbiased drug screen in iPSCs from patients with
FXTAS or, for example, neural progenitor cells (NPCs). New outcome measures have
been described using patient derived iPSCs, including reduced postsynaptic density (PSD)
protein 95 protein expression, reduced synaptic puncta density, reduced neurite length,
intranuclear ubiquitin- and FMRpolyG-positive inclusions, and disrupted LAP2B and Lamin
Bl nuclear architecture (chapter 5 and [73]). This approach might also be useful as
a personalised medicine method, taking into account the patient’s (epi)genetic background.

Ad 2. A strategy to remove the expanded CGG repeat by clustered, regularly
interspaced, short palindromic repeat (CRISPR)/CRISPR-associated 9 (Cas9) genome

NOISSNOSIA TVYINID H

161



NOISSNDSIA TVYINID H

162

editing has been demonstrated to be feasible [74, 75]. Successful deletion of the expanded
CGG repeat in fragile X-derived iPSCs has been demonstrated, followed by reactivation
of the FMRI gene by demethylation of the promoter region [76]. In theory, removal
of the expanded repeat in premutation cells would prevent both the RNA molecule
forming secondary structures, and prevent the expression of stable FMRpolyG proteins.
In 2015, the first, very controversial, CRISPR/Cas9 study has been performed in human
tripronuclear (3PN) zygotes [77].Although the authors claimed that they could effectively
cleave the endogenous -globin gene (HBB), also off-target effects were reported [77].
This publication raised a public debate about the ethics of human germline editing. | agree
with Lanphier and colleagues that at this moment “heritable human genetic modifications
pose serious risks, and the therapeutic benefits are tenuous” [78]. Although human
genome editing might not be applicable in the (near) future, it is still worthwhile to
investigate a proof-of-principle in the KI mouse model for FXTAS.The first in vivo studies
show that using adeno-associated viral (AAV)-mediated genome editing can reverse gene
function in mouse brain by targeting the methyl CpG binding protein (Mecp2) gene, which
plays an important role in the pathogenesis of Rett syndrome [79].

Ad 3. Rescue of functional protein levels of expanded CGG RNA-binding proteins
and other proteins that are trapped in the intranuclear inclusions is another option
for therapeutic intervention. [19, 29]. It has been shown that overexpression of Pura
or DGCRS8 can rescue neuronal cell death in a Drosophila model for FXTAS [21, 28]. In
neuronal cultures, overexpression of LAP2B was sufficient to rescue neuronal cell death
caused by the toxic C-terminal part of FMRpolyG (chapter 5).Although overexpression
of proteins trapped in inclusions seems to work in flies and cultured cells, there are
some drawbacks regarding protein replacement therapy. To date, over thirty proteins
can be found in the intranuclear inclusions. Restoring protein levels of only one of those
trapped proteins will probably not be sufficient to prevent or reverse FXTAS. Another
point to consider is that correct basal protein levels are necessary in the specific target
cells. Inclusions are found in both neurons and astrocytes [80] but different protein levels
might be required in the different cell types. Finally, to date, there is no method that can
safely deliver proteins to all required target cells, both neurons and astrocytes.

Ad 4.Another approach would be to target the FMRI RNA containing the expanded
CGG repeat for degradation by using antisense oligonucleotides (AONs) (reviewed in
[81]). In animal models of several microsatellite disorders AON-related therapies have
been very successful and followed by ongoing clinical trials (reviewed in [82]). Depending
on the sequence, backbone, and chemical modifications, these AONs can be used as
a way to reduce RNA expression or act as steric hindrance (shielding). Degradation
of toxic RNA can be established by gapmers containing a phosphorothioate-modified,

nuclease-resistant DNA segment activating RNase H cleavage of the target RNAs.These



gapmers are flanked with 2'-O-methyl RNA designed to confer increased nuclease
stability and affinity of the AONs to the target RNA ([83] and chapter 6). An initial
study suggests that it should be possible to target the FMRI RNA for RNase H-mediated
degradation using mouse embryonic fibroblasts from our inducible mouse model (MEFs)
(chapter 6). However, these AONs should be tested in more specific cellular and animal
models to draw final conclusions about their specificity and efficacy, including better
outcome measures (e.g. inclusion formation, FMRpolyG levels, and ultimately animal
neuropathology and behaviour).

Ad 5. Another strategy is focused on the use of AONs that shield the CGG hairpin
and consequently may prevent RAN translation and/or RNA-binding proteins from
being trapped within intranuclear inclusions by the hairpin structure. In initial studies
using shielding AONs in FXTAS it has been shown that a fully modified 2'-O-Methyl
phosphorothioate is capable of partially reversing a FXTAS-associated splicing defect and
reducing FMRpolyG levels in transfected cells [84, 85]. However, these blocking AONs
also have an effect on downstream canonical translation when they bind to the RNA
containing an expanded CGG repeat. All together this implicates that AONs that use
RNase H-mediated degradation or a steric hindrance mechanism, will ultimately result in
lower levels of functional fragile X mental retardation protein (FMRP). Lack of FMRP causes
fragile X syndrome, the most common inherited form of intellectual disability [86, 87].
FMRP mediates transport and local translation of several target mRNAs at postsynaptic
sites in neurons and is important in synaptic plasticity [88].To date it is unknown whether
depletion of FMRP later in life may cause a fragile X syndrome phenotype. A second
point to consider is that AONs need to act at a very specific location in the genome,
without any off-target effects. Notably the presence of an CGG repeat is not specific for
the FMRI gene only. The human genome contains several CGG rich domains/genes, thus
it can be expected that AONs targeting the CGG repeat can induce off-target effects.
Several methods for delivery of AONs to the CNS exists. AONs can be directly delivered
into the cerebrospinal fluid through intracerebroventricular (ICV) or intrathecal (IT)
injection or infusion using a reservoir that is connected to the ventricles within the brain
or spinal cord. Less effective, but also less invasive methods of delivery are systemic
delivery and intranasal administration (reviewed in [81]). It has been shown that via direct
delivery, AONs were taken up by the vast majority of all neurons and astrocytes [89-91].
Interestingly, AONs that use an RNase H-mediated degradation mechanism, were used in
different HD mouse models showing that transient suppression of huntingtin (up to 90%)
can be sufficient to ameliorate disease for an extended period of time [89, 92-94]. Similarly,
using a single intracerebroventricular (ICV) AON-injection in control mice, it has been
shown that C9orf72 mRNA levels were reduced for up to |8 weeks [45]. In a rat model
for ALS caused by a mutation in the SOD/ gene, it has been shown that the SODI protein
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can be downregulated by AONSs [95,96].Thus, in vertebrate models it has been shown that
strategies for RNase H-mediated degradation of mMRNAs using AONs are very promising.
Recently, an AON targeting the SOD/ gene was used in a phase | clinical study using
intrathecal delivery. Results of this clinical trial suggest that AONs were well tolerated in
patients with SOD | -related familial ALS when administered via an intrathecal infusion [97].

Ad 6.Finally, the use of small chemical compounds that shield the CGG repeat (reviewed
in [98]) has great potential to ameliorate FXTAS. Evidence from gel mobility shift assays
and spectroscopic methods show that RNA containing an expanded CGG repeat forms
hairpin structures with periodically repeating internal loops. The laboratory of Matthew
Disney developed several bioactive small molecule probes that target those internal
loops [99-102].The advantage of such a strategy is that it prevents RNA-binding proteins
from binding to the expanded CGG repeat and additionally the small molecules will
block RAN translation, without having an effect on the downstream translational events.
It has been shown in c9FTD/ALS iNeurons (fibroblasts that directly were converted to
a neuronal lineage by repressing polypyrimidine-tract-binding protein (PTBI) [103]), that
small molecules that bind to the expanded GGGGCC repeat can inhibit RAN translation
and foci formation [102]. For FXTAS, we, and others, have obtained similar results
(chapter 6 and [84, 85, 100, 102]). Compounds are effective in cellular models for FXTAS
as evidenced by their ability to improve FXTAS-associated pre-mRNA splicing defects,
to reduce the size and number of nuclear RNA foci, to reduce the number of both
ubiquitin- and FMRpolyG-positive intranuclear inclusions, and to reduce FMRpolyG levels,
while not affecting translation of the downstream FMR| ORF. Altogether this seems to be
a promising therapeutic intervention strategy. Some points to consider are the specificity
and toxicity of those compounds. Thus, these compounds need to be tested extensively
in in vivo models for specificity and toxicity. In my opinion it is essential that potential
candidates obtained from studies using in vitro models (e.g. primary neurons) need to be
followed by an in vivo approach. Our inducible mouse model that ubiquitously express
RNA containing an expanded CGG repeat (chapter 3) is an excellent model to start
with.The next step would be to test candidate compounds in our brain specific inducible
mouse model (chapter 4).

Finally, if preclinical research for a specific targeted treatment for FXTAS (both in vitro
and in vivo) has proven successful the process starts to continue research and testing in
humans. However, for starting clinical trials there is an urgent need for reliable outcome
measures and biomarkers to assess efficacy of treatment. In a c9orf72 study, it was found
that c9RAN proteins could be specifically detected in c<9FTD/ALS patient cerebrospinal
fluid (CSF) and not in healthy controls or ALS patients without c9orf72 mutation [102].
We would like to start a similar approach using an enzyme-linked immunosorbent assay
(ELISA) with the newly developed FMRpolyG antibodies described in chapter 2, 4, 5, and



6.As a first step, we may start to detect FMRpolyG in blood and/or CSF in our mouse
models at different time points, including before onset of disease, at onset of disease and
during progression of disease.These studies may provide information whether FMRpolyG
is a reliable prognostic biomarker for onset of disease and/or reliable predictive biomarker
for efficacy of targeted treatment. Ultimately, these studies should be performed on

human material as well, including blood and CSF.

Concluding remarks

FXTAS is a devastating disease caused by an expanded CGG repeat in the 5’UTR of
the FMRI gene. In this thesis we report that the RAN translation product, FMRpolyG, is
an important trigger to cause (neuro)pathology and behaviour deficits in FXTAS disease
models. However, a role of FMRI RNA in the pathogenesis of FXTAS cannot be excluded
yet.To advance our understanding of the underlying molecular mechanisms of FXTAS it is
crucial to generate new cellular and animal models that solely express FMRpolyG. Gaining
more mechanistic insight is essential to develop potential targets for future therapeutic
intervention studies and to identify new reliable biomarkers. Here, we report that to
date the most promising intervention strategy is the use of small chemical compounds
that shield the expanded CGG repeat in FMRI RNA, to disrupt interactions with RNA-
binding proteins, and prevent FMRpolyG to be expressed. In addition, with the recent
introduction of automated, large-scale iPSC-cell culture methods and disease relevant
outcome measures (e.g.inclusion formation and FMRpolyG levels) it is feasible to conduct
intervention studies in a high throughput in vitro screening using a human neuronal cellular
model. Importantly, drugs that are promising in in vitro studies need to be validated in
in vivo (e.g. mouse) models using reliable outcome measures, including neuropathology,

biomarkers, and molecular and behavioural paradigms.
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SUMMARY

Fragile X-associated Tremor/Ataxia syndrome (FXTAS), a late-onset monogenetic
neurodegenerative disorder, is caused by an CGG-repeat expansion (55-200) in the 5’
UTR of the fragile-X mental retardation | gene (FMRI).Two disease mechanisms for FXTAS
have been proposed.The first hypothesis is an RNA gain-of-function mechanism in which
the FMRI RNA, containing an expanded CGG repeat, sequesters RNA-binding proteins.
Sequestration of RNA-binding proteins into the inclusions might prevent them from
exerting their normal function, thereby disturbing cellular function, which in the end
might cause neurodegeneration. A second proposed mechanism is a repeat-associated
non-AUGe-initiated (RAN) protein gain-of-function mechanism in which the sequence
upstream of the expanded CGG repeat triggers RAN translation and results in the
expression of a cryptic polyglycine-containing protein, FMRpolyG.

Several mouse models have been generated to advance our understanding of
the pathogenesis of FXTAS. Chapter | summarizes the findings from studies using these
mouse models. The mouse models display a high degree of similarity to premutation
carriers with FXTAS, including the presence of elevated levels of Fmrl mRNA, decreased
levels of FMRP, neurobehavioral deficits,and ubiquitin- and FMRpolyG-positive intranuclear
inclusions. These and future mouse models are crucial for preclinical development of
therapeutic intervention studies to improve neurological function in FXTAS.

In chapter 2 we investigated the presence of FMRpolyG-positive intranuclear inclusions
in CNS and non-CNS tissues from a premutation carrier with FXTAS. Co-localisation
of FMRpolyG and ubiquitin is found in the vast majority of intranuclear inclusions.
The presence of FMRpolyG-positive intranuclear inclusions in heart, kidney, adrenal gland
and thyroid is consistent with the unexplained medical co-morbidities reported in some
patients with FXTAS, including thyroid disease, cardiac arrhythmias, hypertension, migraine,
impotence, and neuropathy. This suggests that FMRpolyG expression might also play a role
in a toxic protein gain-of-function mechanism in the medical co-morbidities in FXTAS.

To study the pathogenesis of FXTAS and its reversibility, we generated new inducible
transgenic mouse models for FXTAS, expressing RNA containing an expanded CGG
repeat coupled to eGFP under control of the Tet-On promoter. In chapter 3 we showed
that use of the ubiquitous hnRNP-rtTA driver results in expression in all tissues examined
upon doxycycline (dox) administration. Studies with this new inducible mouse model
demonstrate that overexpression of RNA, containing an expanded CGG repeat, rather
than overexpression of normal sized CGG RNA per se, leads to mitochondrial dysfunction
in the liver, resulting in steatosis and apoptosis, and ultimately death of the mice.

The early death of the mice described in chapter 3, hampered the possibility to study
the long-term effects of expanded CGG repeat expression in brain. Thus, a new strategy

was explored to create bigenic transgenic mice in which exposure to dox induces
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expression of either a control size | ICGG or an expanded 90CGG repeat RNA fused to
an enhanced green fluorescent protein (eGFP) reporter in the brain of the inducible mice.
In chapter 4 we crossed the new inducible transgenic mice with a brain specific PrP-rtTA
driver that further allowed us to study disease progression and possibilities of reversibility.
In these mice we could induce the formation of ubiquitin-positive intranuclear inclusions,
which also stain positive for the RAN translation product FMRpolyG. Formation of these
inclusions is reversible after stopping expression of the RNA at an early developmental
stage. Furthermore, we observed a deficit in the compensatory eye movements in these
mice, a functional phenotype that could be reduced by stopping expression of the RNA
early in disease development.This study showed for the first time the potential of disease
reversibility and suggests that early intervention might be beneficial for FXTAS patients.

In chapter 5 the pathogenic effect of translation of CGG repeats into FMRpolyG
is further studied. We showed that a non-canonical ACG codon is the predominant
site of initiation. In addition, we could demonstrate that FMR/ mRNA harbors a small
open reading frame (ORF), including the CGG repeat, upstream to the main FMRP ORF.
Furthermore, we generated transgenic conditional mouse models expressing either
RNA, containing an expanded CGG repeat, including the 5’UTR; or RNA containing an
expanded CGG repeat without the 5’UTR. In the first mouse model RNA is produced
and translated into FMRpolyG, whereas in the second model RNA is produced, but not
translated into FMRpolyG (RNA-only). We found that expression of both FMRpolyG
and RNA, containing an expanded CGG repeat, induces neuropathology and behavioural
deficits, while RNA-only mice did not display any neuropathology or behavioural deficits.
This study proves that FMRpolyG synthesis is required for the formation of inclusions
and behavioural deficits in mice. Moreover, we found that (neuro)toxicity of FMRpolyG is
mediated by its carboxy-terminus, causing disruption of the nuclear lamina architecture
through binding to the LAP2B protein. Finally, (over)expression of LAP2B rescued neuronal
cell death caused by expression of FMRpolyG.

Chapter 6 describes the generation of new inducible cellular models to study FXTAS.
The in vitro models are derived from the inducible mice described in Chapter 3.In mouse
embryonic fibroblasts, RNA levels can be reduced by RNase H-mediated degradation of
the target mRNA. Unfortunately, no obvious pathology (e.g. inclusions) could be found
in these cells. In a primary neuronal cell culture, induced expression of RNA, containing
an expanded CGG repeat, leads to the formation of ubiquitin- and FMRpolyG-positive
inclusions in both neurons and astrocytes. Inclusion formation can be partially prevented
by the use of small chemical compounds that have been shown to shield the CGG hairpin
in RNA molecules. This may open new avenues for a targeted therapeutic intervention.

In chapter 7 the findings of the previous chapters are discussed in respect to

previously published data.



SAMENVATTING

Fragiele X-geassocieerd tremor/ataxia syndroom (FXTAS) is een monogenetische,
neurodegeneratieve aandoening die vaak pas op latere leeftijd tot uiting komt. FXTAS
wordt veroorzaakt door een CGG repeat expansie (55-200) in het 5’UTR van het
fragile-X mental retardation | (FMR1) gen. Er zijn twee mechanismen die de ziekte kunnen
veroorzaken. De eerste hypothese is dat FMR/ boodschapper RNA, met een verlengde
repeat, andere RNA bindende eiwitten aantrekt. Deze eiwitten kunnen dan hun normale
functie niet meer uitoefenen, wat vervolgens andere cellulaire processen verstoort. Dit zou
neurodegeneratie kunnen veroorzaken. Een tweede mechanisme is repeat geassocieerde,
niet-AUG geinitieerde (RAN) translatie. Hierbij wordt de CGG repeat vertaald in een
toxisch, polyglycine bevattend eiwit, FMRpolyG.

Verschillende muismodellen zijn gegenereerd om de pathogenese van FXTAS beter
te begrijpen. Hoofdstuk | vat de bevindingen die gedaan zijn in de verschillende
muismodellen samen. Deze muismodellen vertonen veel overeenkomsten met patiénten
met FXTAS, zoals de aanwezigheid van verhoogde levels van Fmrl mRNA, verlaagde levels
van FMRP, gedragsafwijkingen en ubiquitine- en FMRpolyG-positieve insluitsels. Deze en
andere, nog te genereren, muismodellen zijn cruciaal voor de ontwikkeling van preklinische
interventie studies om de neurologische functie van patiénten met FXTAS te verbeteren.

In hoofdstuk 2 onderzoeken we de aanwezigheid van FMRpolyG-positieve,
intranucleaire insluitsels in brein en andere organen van een premutatie drager met
FXTAS. Co-lokalisatie van FMRpolyG en ubiquitine is gevonden in het merendeel van de
insluitsels. De aanwezigheid van FMRpolyG-positieve, intranucleaire insluitsels in hart-,
nier-, bijnier- en schildklier-weefsel komt overeen met de onverklaarde, medische co-
morbiditeiten die beschreven zijn bij patiénten met FXTAS. Dit suggereert dat de expressie
van FMRpolyG een rol speelt in het toxisch eiwit “gain-of-function” mechanisme bij de
medische co-morbiditeiten in FXTAS.

Om de pathogenese en reversibiliteit van FXTAS verder te bestuderen hebben we
nieuwe, induceerbare, transgene muismodellen ontwikkeld. In hoofdstuk 3 hebben
we gebruik gemaakt van een hnRNP-rtTA driverlijn met expressie van RNA, dat een
verlengde CGG herhaling bevat, in alle weefsels. In dit muismodel hebben we aangetoond
dat overexpressie van RNA met een verlengde CGG repeat leidt tot mitochondrieel
disfunctioneren in de lever van deze muizen. Dit leidt weer tot steatose en apoptose
en uiteindelijk gaan deze muizen kort (I week) na doxycycline (dox) inductie dood. In
muizen waarbij we het RNA met slechts | | CGG herhalingen tot overexpressie brengen
zien we geen effect. Dit betekent dat niet overexpressie, maar de lengte van de CGG
repeat de onderliggende problemen veroorzaakt.

Omdat de muizen beschreven in hoofdstuk 3 snel na dox inductie dood gaan, kunnen

we niet het lange termijn effect in het brein van deze muizen bestuderen. Om dit te
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kunnen doen, hebben we een nieuwe strategie ontwikkeld. In hoofdstuk 4 zijn deze
muizen ingekruist met een brein specifieke PrP-rtTA driverlijn. In deze muizen kunnen we
onderzoeken hoe de aanmaak van ubiquitine- en FMRpolyG positieve inclusies zich in de
tijd ontwikkelt.Verder hebben we gevonden dat de formatie van deze insluitsels reversibel
is als de RNA expressie vroeg in het ziekteproces wordt gestopt. In een functionele
gedragstest waarbij de oogbeweging wordt geregistreerd, kan dit gedragsfenotype
verminderd worden door de RNA expressie vroeg in het ziekteproces te stoppen. Deze
studie laat voor het eerst zien dat het ziekteproces in FXTAS muizen omkeerbaar is en
suggereert dat een vroege interventie gunstig is voor patiénten met FXTAS.

In hoofdstuk 5 bestuderen we het pathogene effect van de RAN translatie van de CGG
herhaling in FMRpolyG. We hebben aangetoond dat een ACG codon zorgt voor initiatie
van de translatie.Verder tonen we aan dat het FMR] mRNA een klein open reading frame
(OREF) inclusief CGG herhaling bevat, upstream van het FMRP ORF. Daarnaast hebben we
nieuwe, conditionele, transgene muismodellen ontwikkeld met en zonder de sequentie
die zorgt voor de initiatie van de RAN translatie. Het eerste muismodel produceert RNA
dat vertaald wordt in FMRpolyG, terwijl het tweede model alleen RNA produceert (RNA
only). In het eerste muismodel dat zowel RNA met een verlengde repeat als FMRpolyG
tot expressie brengt ontwikkelen zich neuropathologie en gedragsafwijkingen. Omdat
beide niet gevonden worden in het RNA only muismodel, betekent dit dat de synthese van
FMRpolyG noodzakelijk is voor zowel inclusie formatie als gedragsafwijkingen. Tenslotte
hebben we gevonden dat het LAP2p eiwit bindt aan de carboxy-terminus van FMRpolyG
en dat dit zorgt voor verstoring van het kernmembraan. Overexpressie van LAP2p herstelt
de neuronale celdood die veroorzaakt wordt door FMRpolyG.

Hoofdstuk 6 beschrijft de generatie van nieuwe induceerbare cellulaire modellen.
Deze in vitro modellen zijn afgeleid van het induceerbare muismodel beschreven in
hoofdstuk 3.In embryonale muizen fibroblasten kunnen RNA levels gereduceerd worden
met behulp van antisense oligonucleotiden. In dit celtype is echter geen duidelijke
pathologie (bv.inclusie formatie) aanwezig. Daarentegen worden in primaire, hippocampale
kweken afgeleid van deze muizen ubiquitine- en FMRpolyG-positieve intranuclaire
insluitsels gevonden in zowel neuronen als astrocyten. Door het toevoegen van kleine
chemische compounds die binden aan de CGG hairpin structuur in de RNA moleculen
kan de vorming van insluitsels gedeeltelijk voorkomen worden. Deze bevindingen openen
mogelijkheden voor therapeutische interventie studies om specifiek in te grijpen bij
patiénten met FXTAS.

In hoofdstuk 7 worden de bevindingen van de voorafgaande hoofdstukken in het

licht van de bestaande literatuur bediscussieerd.
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DANKWOORD

Jaaaa, het is zo ver! Mijn “boekje” is af!! Ik heb de afgelopen jaren met heel veel plezier
onderzoek mogen doen op de afdeling klinische genetica. In al die jaren heb ik niet alleen
heel erg veel geleerd, maar ik heb het ook altijd heel erg naar mijn zin gehad. Het doen
van goed onderzoek is een teamsport en daarom wil ik iedereen die mij op wat voor
manier dan ook heeft geholpen, bedanken!

Meintje, lieve schat, zonder jou was het nooit gelukt om dit voor elkaar te krijgen. Jij
hebt mij altijd gesteund nadat we de beslissing hadden genomen dat ik ging promoveren.
Sofie en Wouter, ik vind onderzoek doen geweldig, maar ik vind het nog veel leuker
om samen met jullie te knutselen, spelletjes te spelen, te zwemmen, te voetballen en al
die andere leuke dingen te doen. Ik ben heel erg trots dat jullie de mooie tekeningen
hebben gemaakt die aan het begin van elk hoofdstuk staan. Meintje, Sofie en Wouter, ik
hou van jullie! Dan mijn ouders, pa en ma, ik ben jullie heel erg dankbaar dat ik altijd alle
mogelijkheden heb gehad om te doen wat ik bedacht had dat ik wilde doen. |k zal de
woorden van pa nooit vergeten: “Ga doen wat je leuk vindt om te doen!” Dat is op het
lab zeker gelukt. Ma, ik vind het ontzettend knap hoe je na het overlijden van pa bent
doorgegaan. Nu is het mijn beurt om te zeggen dat ik trots op je ben!

Rob en Renate, ik ben heel erg blij geweest met jullie als mijn begeleiders.Vanaf het
moment dat ik aangaf dat ik wel OlO wilde worden tot aan het schrijven van mijn thesis
zijn jullie altijd enthousiast en positief geweest. Rob, je bent echt de beste promotor die
er kan zijn. De deur stond altijd open en ik kon altijd terecht met al mijn (vaak onzinnige)
vragen. Op wetenschappelijk gebied heb ik veel van je kunnen leren, maar ik heb ook de
vrijheid gehad om zelf projecten en technieken op te pakken en zelfs om af en toe een
reeksje te doen. Ook op persoonlijk vlak ben je een voorbeeld voor iedereen. Renate,
ik vind het helemaal geweldig dat ik de afgelopen jaren jouw “work husband” mocht
zijn. Ik waardeer je eerlijkheid en rechtlijnigheid. De ochtendkoffie was vaak een goed
moment om zowel de laatste experimenten als het wereldnieuws door te nemen.Vooral
op wetenschappelijk gebied denken we vaak hetzelfde en ik ben zeer trots op wat we,
samen met de groep, de laatste jaren hebben bereikt.

Dan mijn paranimfen. Lies-Anne, je bent in al die jaren zowel letterlijk als figuurlijk
altijd mijn chauffeur geweest. Niet alleen mocht ik vaak mee naar huis rijden na feestjes, of
als de trein toevallig eens een keer niet reed, ook ben je dé expert in kleuringen. Je hebt
ontelbaar veel coupes gesneden, kleuringen gedaan en foto’s gemaakt, waar ik dan weer
gebruik van kon maken. Een van de vele, mooie foto’s is te zien op de voorkant van mijn
boekje. Ingeborg, de eerste dag dat ik begon als analist klikte het gelijk. Ik heb zo’n beetje
alle technieken die je op een lab gebruikt van jou geleerd, met als belangrijkste alles wat
komt kijken bij het werken met muizen. Ik vond het heel erg jammer dat je ons lab verliet,

maar ik denk dat je als juf helemaal op je plek zit. Guido, wat zou het lab zijn zonder jou? In



de ochtend, voordat iemand anders op het lab aanwezig was, hadden we vaak al van alles
en nog wat besproken met een bakje koffie. Ook kon ik altijd terecht voor advies over
van alles en nog wat.Verder heb je niet alleen na mijn eerste halve marathon geholpen
om mijn veters en schoenen los te maken, ook heb je twee keer als haas gelopen voor de
marathon van Rotterdam. Zonder jou was het nog zwaarder geweest.

Nicolas, thank you for being part of the inner committee and flying in to be present
at the defense :0)). Chantal, thanks for learning me how to do a proper fluorescent in
situ hybridisation. Nicolas and Chantal, thank you for our great collaboration and your
support on the articles we have published together!

Graag wil ik ook iedereen van de FXS-FXTAS-FTD-groep bedanken voor alle hulp bij
experimenten en de discussies tijdens onze werkbesprekingen. Helen, bedankt voor de
neuronenkweken, het kloneren en alle jaren 90 muziek op de radio. Shimriet en Fenne,
volgens mij gaat het ook met jullie boekjes helemaal goed komen. Shimriet, wij hebben
in elke zitkamer altijd bij elkaar gezeten en elkaar zo vaak kunnen helpen (en soms ook
afleiden). Met zoveel data is promoveren geen probleem en ik weet zeker dat je over
een aantal jaren een prima klinisch geneticus bent. Fenne, bedankt voor al je input. Ik heb
de laatste jaren veel van je geleerd. Ik vind het heel erg knap hoe je in korte tijd zoveel
verder bent gekomen met je onderzoek en hoe je nieuwe onderzoeksrichtingen bedenkt
en uitvoert. Shami, met jou op het lab valt er altijd wat te lachen. Je werkt pas kort als
analist, maar het lijkt alsof je er al jaren zit.

Dan de stagiaires, Michelle, Rob , Miriam en Verna. Bedankt voor de inzet tijdens jullie
stage periodes. Ik hoop dat jullie wat geleerd hebben, maar ik heb in ieder geval veel van
jullie geleerd. Michelle, ik was heel erg blij dat wij samen konden beginnen aan dit project.
Je stage ging zo goed dat je na je stage zelfs kon blijven. Ik vind het mooi om te zien
hoe je bent blijven groeien als analist. Rob, je was de eerste op het lab met een goede
muzieksmaak en je voelde je op het lab al snel als een vis in het water. Tijdens je stage
heb je vooral veel mooie kleuringen gedaan. Miriam, ik vind het knap dat je, ondanks alle
tegenslag, toch positief bent gebleven.Verna, vanaf de eerste dag was je erg handig op het
lab en ook met je verslag heb je veel indruk gemaakt. Ik weet zeker dat het goed gaat
komen met je afstuderen.

Verder wil ik iedereen bedanken die in de fragiel-X groep heeft gewerkt. Ik heb veel
met jullie kunnen lachen, maar in al die jaren ook heel erg veel geleerd! Herma, bedankt
voor al je advies. Heel erg vaak gevraagd, soms ook ongevraagd. Samen met Lies-Anne heb
je mij overgehaald om OIO te worden, bedankt hiervoor! Edwin, eigenlijk zou iedere groep
iemand als jou moeten hebben! Niet alleen weet je echt alles op het lab, ook ben je de
sfeermaker in welke groep dan ook. Ben, ik heb van jou vooral geleerd om altijd de goede
controles mee te nemen. lk vind het een eer dat je voorzitter wilt zijn bij mijn promotie.

Femke, Judith en Josien, jullie enthousiasme voor het onderzoek heeft er voor gezorgd
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dat ik me gelijk thuis voelde in groep. Andreea en Celine, jullie hele promotietraject heb
ik mee mogen maken. Ik heb altijd met veel plezier met jullie samengewerkt en Andreea,
ik vond het een eer om jouw paranimf te zijn.Alan, je zat maar kort bij onze groep, maar
vooral de premutatie meeting in Perugia was onvergetelijk. Ook wil ik alle studenten
bedanken die stage hebben gelopen binnen onze groep: Sotos (euxapltotw), Christina
(Knossos), Lisanne, Karin, Tamrat, Adi, Widagdo, Josja, Tracy en Laura-Ashley.

Een lab zou niks zijn zonder vaste krachten waar je op kan terugvallen. Marianne,
jij bent eigenlijk de moeder van het lab. Altijd even attent en oprecht geinteresseerd in
iedereen. Bianca, jij hebt altijd de mooiste verhalen over al je verre reizen. Bedankt dat
je mij bij alle hardloopwedstrijden weer kon vinden en kon voorzien van water en een
banaan. Rachel, de vaste bewoner van het “eiwitlab”. Sorry voor alle overlast tijdens de
kleuringen. Mark, Leontine en Marian, jullie zijn als functionele unit naar boven verhuisd.
Jammer, maar altijd handig als ik weer eens wat moest lenen.

Dan mijn mede-OIO’s, samen hebben we ons door alle cursussen en
onderwijsverplichtingen heen geslagen. Ook konden we samen onze projecten en het
leven als OlO bespreken en ideeén uitwisselen. De PhD workshops in Luxemburg,
Miinster en Maastricht waren zowel op wetenschappelijk als op sociaal gebied een groot
succes.Atze, ik vind het een eer dat ik jouw paranimf mag zijn. Je ligt prima op koers voor
je promotie (waar ik nu al naar uit kijk). Ik vind het ontzettend knap wat je in vier jaar
samen met Erik op deze, voor jullie groep, nieuwe afdeling hebt opgebouwd. Erik, ik weet
zeker dat jij volgend jaar ook een prachtig boekje hebt. Danny, semoga sukses dengan
tesismu. Kau adalah ilmuwan Dan ayah yang hebat. Rajendra, tumhari PhD ki samapti
ke liye dher sari shubhkamnayein. Katherine, thanks for being my English grammar and
spelling checker. Rhiana, bedankt voor je enthousiasme en hulp met het opzetten van de
journal club. Roy, jij bent de ideale kamergenoot. Je klaagt echt nooit ergens over. Simone,
thanks for answering all my thesis and thesis defense related questions.Alle andere OIO’s,
bedankt voor jullie gesprekken in de gang/op het lab/bij het koffiezetapparaat.

Suzanne, bedankt dat je aan mij dacht toen er op de 9% een plek vrijkwam als analist.
Bedankt ook voor de vele keren dat ik mee mocht rijden.Tjakko en Erwin bedankt dat we
het op peil houden van de conditie konden combineren met onofficiéle werkbesprekingen.
Annelies, bedankt voor je hulp met betrekking tot de ML-I labs en de GGO vergunning.
De afgelopen jaren zijn er helaas ook veel goede mensen vertrokken. Christan en Erik,
bedankt voor de mooie tijd op het lab. Onze kart en bowling uitjes zal ik niet snel vergeten.
E*, jij bent een groot voorbeeld voor iedereen. Je hebt heel veel OlO’s verder geholpen
met het onderzoek, zonder ook maar een moment aan jezelf te denken. Francesca and
Tianna, thanks for being around in the lab.

De vele mensen die altijd klaar staan voor het ondersteunende werk. Zonder jullie zou

het lab leven een stuk zwaarder zijn. Jeannette en Bep, bedankt voor het aanmelden van



studenten, het opsturen van pakjes, het doorsturen van e-mailtjes en al het vele andere.
Tom en Ruud, bedankt voor alle foto’s en het bewerkingen van de vele figuren. Tom, bedankt
voor de hulp tijdens het maken van mijn thesis. Je hebt er voor gezorgd dat de figuren
er netjes uitzien. Gert en Gert-Jan, je hoefde maar te bellen en jullie stonden altijd gelijk
klaar om te helpen of om een probleem op te lossen.Alex en John, bedankt voor de vele
p-injecties. Zonder jullie hulp waren er geen FXTAS muizen geweest en had mijn thesis
een stuk korter geweest. Alle dierverzorgsters, Ineke, Sandra, Michelle, Jenny, Charlotte,
Kim, Jennifer, Jessica en Jolien. Bedankt voor het geven van dox, het opzetten van breedings
en pluggings en het vele andere werk wat jullie hebben gedaan. Marjoleine, bedankt voor
de hulp bij alle het OIO regelwerk en cursussen. Koos en Leo, bedankt voor het bestellen
en rondbrengen van de pakketjes. Sjozef, Ton, Nils, Mario, Leo en Pim, bedankt voor de
technische ondersteuning. Tomassia, bedankt voor het schoonmaken (en bijkletsen).

Prof.dr. Kooy (Frank) en Prof.dr. Kros (Max): bedankt dat jullie in de kleine commissie
wilden zitten en dat jullie het manuscript kritisch hebben doorgenomen. Prof.dr. Kremer
(Berry) en Dr. Wansink (Rick), bedankt dat jullie de tijd willen nemen om in de grote
commissie plaats te nemen.

A big thanks to all our collaborators! Rob (Berman), thanks for all the scientific
conversations and support on the articles we have published together. Prof.dr. Disney
(Matthew) and Dr.Yang (Wang-Yong), thank you for sharing your compounds. Cecile, your
large-scale iPSC-cell culture facility can be a very useful tool in the FXTAS field. Oliver
and Monica, good luck with the further characterisation of the inducible mice. Chris en
Martijn, bedankt voor de samenwerking betreffende het reversibility paper. Jenny en Piet,
bedankt voor al jullie hulp bij het FXPOI paper.

Graag wil ik ook alle familie, vrienden en kennissen bedanken voor de interesse in mijn
onderzoek.Vaak heb ik met veel plezier mogen uitleggen wat ik nu precies aan het doen
ben in Rotterdam.

Als laatste wil ik graag de Fragiele X Vereniging Nederland en alle premutatiedragers
bedanken. De FXTAS dag georganiseerd door de vereniging was een groot succes. Door
te praten met de mensen die het aangaat, leer je wat er speelt. [k hoop dat ik, door
een heel klein steentje bij te dragen aan het onderzoek aan FXTAS, geinteresseerden
weer een klein beetje beter kan uitleggen hoe het komt dat premutatiedragers FXTAS
ontwikkelen. En dat we met die kennis, in de toekomst, zelfs kunnen werken aan de
ontwikkeling van een interventie.Verder zal ik nooit vergeten hoe trots de familie van een
overleden patiént met FXTAS was, dat hun familielid meer inzicht heeft gegeven over het
ontstaan van FXTAS. Bedankt!!
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