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CHAPTER 1

General introduction and aim of the thesis
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1. Liver cancer

Liver cancer has a relatively high prevalence and in combination with a paucity of curative
and therapeutic options, it remains a leading cause of mortality worldwide [1]. With
increasing age incidence of liver cancer increases and thus the globally increasing life
expectancy will further provoke more cases of this deadly disease [2,3]. According to the
report provided by GLOBOCAN 2018, an estimated 18,1 million new cases of this cancer
cases occurred in that year, while 9,6 million cancer deaths were a consequence of this
disease [4]. It is thus evident that liver cancer is a major health problem warranting further

research.

Liver cancer is a term that groups various subtypes of disease, including hepatocellular
carcinoma (HCC; the most prevalent form), cholangiocarcinoma (CCA) and various other
rare types of disease. In conjunction they constitute the fourth leading cause of cancer-
related death [4]. HCC accounts for 75% - 85% of liver cancer and is often the consequence
of other aetiologies that provoke chronic inflammatory liver diseases culminating in
oncogenic transformation [5]. In the principle this would a provide a window for prevention
and early diagnosis of disease at a potentially curative stage, but unfortunately effective
prevention, timely diagnosis and treatment remain challenging. Main issues in this respect
are the absence of symptoms and liver cancer progresses silently without specific
manifestations, whereas once disease has been established it is highly resistant to therapy
[6]. Insights into the characteristics of the cells that initiate the disease, how the cells
involved acquire their resistance towards therapeutic intervention, and how physiology of
these cells is different from non-transformed cells may all proof necessary to devise novel
avenues for the rational treatment of disease. These are all aspects of liver cancer | have

aimed to explore in thesis.

2. Mitochondria and cancer metabolism
The liver is metabolically the most important organ in the body [7]. In metabolism, the

mitochondria play a usually prominent role. It thus stands to reason that understanding
liver pathology would require investigation of this class of organelles. Mitochondria play
central roles in cell functionality, as the main source of ATP but for instance also being an
important intermediate in the cellular stress response [8,9]. Being the powerhouse of the

cell, mitochondria show highly dynamic adaptation in response to alterations of the
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metabolic environment, as also evident by morphologic changes in mitochondria
ultrastructure driven by constantly fission (division of mitochondria) and fusion
(elongation of mitochondria) of these organelles [10,11]. Mitochondria are comprised of an
outer membrane and an inner membrane. Mitochondrial fusion mixes not only the
mitochondrial membranes but also the contents of the mitochondrial matrix [12]. The
controlling step in regulation of mitochondrial fusion is the coordinated joining of both the
outer and inner mitochondrial membranes of two adjacent mitochondria. Principal
mediators of this process are the Mfn1 and Mfn2 mitofusins, which are GTPases localized
to the outer mitochondrial membrane [13]. In addition, the inner membrane protein OPA1
is essential for mitochondrial fusion [14]. Mitochondrial fusion is critical for control of
mitochondrial shape and also for maintenance of mitochondrial function [15].
Mitochondrial dysfunction with respect to fusion and fission has pleiotropic effects

affecting multiple cell functions [16].

In the context of cancer, the Warburg effect describes the metabolic reprogramming in
cancer cells, maybe related to altered energy demand during oncogenesis [17].
Mitochondria play a central role in the bioenergetic reprogramming of cancer cells [18].
Mitochondrial dynamics with respect to mitochondrial number and their degree of
biogenesis, are often observed to be imbalanced in many cancer cells [19]. Both expression
of key regulators of mitochondrial fission as well as their functionality was reported to be
influenced in different cancer types including liver cancer [20,21]. Cancer cells alter
mitochondrial fission to adapt to metabolic transformation to support tumor proliferation,
metastasis, and drug resistance. The molecular mechanisms driving these changes remain
largely obscure, although a study in triple-negative breast cancer cells indicated that

mitochondrial fusion was induced by MYC signalling [22].

However, in liver cancer, the basic biology of mitochondrial fusion remains much to be
explored, and the liver being the metabolic nexus of the body, these dynamics are likely
to be highly relevant. In this thesis | shall thus aim to explore biology of changes in

mitochondrial ultrastructure in the context of liver pathology.

The focus on mitochondrial dynamics is supported by the observation that metabolic

reprogramming universally occurs in cancer. Besides mitochondrial dynamics, also the
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mitochondrial electron transport chain (ETC) is involved in cancer cell bioenergetic
functionality [23].The mitochondrial electron transport chain (ETC), a group of molecules
that includes complexes I-IV and the electron transporters ubiquinone and cytochrome c,
is present in mitochondrial inner membrane. There are two electron flows in
mitochondrial ETC to produce ATP: Complex I/llI/IV, using NADH as a substrate and
complex II/11I/1V, with succinic acid as a substrate [24]. Due to the large electron flow, ETC
is the major source of mitochondrial and also cellular reactive oxygen species (ROS). ROS
perform functions in cell proliferation, hypoxia adaptation and cell fate determination, but
excessive ROS can cause irreversible cell damage and even cell death [25]. The occurrence
and development of cancer are closely related to imbalance in ROS production, scavenging
and subcellular localization [26]. Besides, ETC itself impacts apoptosis. Therefore, the
mitochondria ETC represents an intriguing therapeutic target in cancer in general and
targeting the ETC may provide a valuable therapeutic option for the future treatment of

liver cancer specifically [27].

A large number of agents like metformin, have been classified as mitochondria ETC-
targeting agents and the clinical effects of such agent are increasingly being linked to
mitochondrial dysfunctions [28]. Metformin, used for treating diabetes for decades, is
currently under investigation for its potential in cancer treatment [29]. In addition to these
relatively new agents, it has become clear that old pharmaceutical agents target the ETC
and can be used for cancer treatment. In this thesis | therefore included investigations as
to which of such agents, inhibiting the mitochondrial ETC, may be useful as novel anti-

cancer drugs in liver cancer.

3. Cancer associated fibroblasts

Mitochondria involve the interior of the cell, but the exterior, interaction between the cells,
in the cancer process may also yield important novel targets for therapy. In this context
cancer-associated fibroblasts (CAFs) attract attention, as they are a major component of
the tumor microenvironment. It is thought that they play an important role in cancer
progression and drug resistance [30]. Investigation of the interaction between CAFs and
the cancer cells remained challenging. Potentially, in vitro models that involve co-cultures
of CAFs and cancer cells may be used to establish a ‘more clinically relevant’ tumor model

and better mimic the real situation in vivo. Various types of co-culture systems
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implementing mutual interaction between CAFs and cancer cells have been explored in
previous studies and have attracted attention in the cancer research field, encouraging me
to further explore possibilities here [31,32]. Among the relevant cellular interactions within
the tumor microenvironment, especially the interaction between (presumptive) cancer
cells and fibroblasts is known to contribute to tumor initiation, progression and metastasis
in many cancer types [33-35]. These models have also been used to test anticancer agents,
but progress is hampered by the reliance of cancer cell lines and/or fibroblast cell lines
which has not allowed to fully capture the mechanistic details of the interactions involved.
Thus, in this thesis | aimed to explore how isolated cancer-associated fibroblasts (CAFs)
promote the proliferation and angiogenesis of liver tumor cells in an organoid system, that

resembles tumors much better as compared to previous approaches.

4. LGR5 and Organoids
As also evident from the above, tissue and organ biology studies are very challenging in

animal models and particularly in humans, and especially the abundant use of immortal
transformed cell lines has proven inadequate with respect to capturing the clinical
situation as encountered by oncologists and other physicians. However, progress in stem
cell culture achieved in the last decade has made it possible to derive in vitro 3D tissue
cultures called organoids [36]. Organoids are stem cell derived, but organ-like in many
respects. Organoids system not only offer a promising platform for stem cell study but

could also be used for modeling a wide range of diseases [37].

Stem cells in cancer are considered to be responsible for tumor initiation and growth,
therapy resistance and tumor recurrence due to their unique feature of self-renew to give
birth to offspring which remain the stemness [38]. Their physiology remains partly
understood and also markers identifying these cells have not yet been conclusively defined.
As in other systems, also LGR5 may provide such a marker. LGR5 is the leucine-rich-repeat-
containing G-protein-coupled receptor 5 and marks group of stem cells proliferating after
liver injury induced by carbon tetrachloride (CCL4) [39]. LGR5 in cancer cells marks a cancer
stem cell population with high tumorigenesis, evident by their remarkable capacity to form
tumors when transplanted into immunodeficient mice [40]. Cancer stem cells have been
reported to be able to fuel the tumor initiation and tumor growth, which make them

attractive cancer targets [38]. However, many cancer stem cell markers also present on
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adult stem cells, making it difficult to target cancer cells without killing important healthy
cells. Encouraging results, however, have been obtained with antibody-drug conjugates .
The anti-LGR5-antibody-drug conjugates selectively target and deplete LGR5 stem cells in
colon cancer and impede the growth of the primary tumor without a major effect on
normal stem cell pool [41]. These observations make LGR5-targeting an attractive novel

strategy for combating cancer stem cells.

Therefore, organoid system might be useful for modeling liver cancer in long-term cultures
aimed at expanding cancer cells. In turn these be used to extract personalized information
regarding response to therapy and to further explore cancer cell properties in general and
stem cell population composed of LGR5 positive cells in particular. In the present thesis |
set out to test this notion directly and addressed the idea that targeting cancer stem cells

may yield improved therapy directly.

5. Inflammatory bowel disease

As mentioned earlier, liver cancer often originates in a liver that is subject to chronic
inflammation [42]. Chronic inflammation is a relevant clinical problem even without the
link to oncological transformation [43]. Better understanding pathogenesis and treatment
of chronic inflammation is thus highly relevant. In this thesis | chose to study chronic
inflammation in the context of Inflammatory bowel disease (IBD). For IBD many clinical
strategies with respect to its management have already been developed and is also better
accessible to experimental sampling as compared to liver inflammation which would
otherwise have been more logical to study in the context of this thesis [44,45]. There are
two major distinct phenotypes of IBD: Crohn’s disease (CD) and ulcerative colitis (UC). CD
is characterized by trans-mural and patchy inflammation that can occur in the entire Gl
tract but mostly involves the terminal ileum and colon, while UC is characterized by
superficial inflammation involving the large bowel only. IBD is a multifactorial disease in
which the onset of disease and also the progression to IBD related colorectal cancer (CRC)
[46]. The Pregnane X Receptor (PXR) is a principal signal transducer in mucosal responses
to xenobiotic stress, and is expressed in the intestine but also in the liver [47].
Investigations into PXR in the context of IBD may thus have value for understanding
hepatic inflammation as well. In the intestine, to facilitate regenerative responses PXR

impedes activity of Nuclear Factor-kB (NF-kB), the main transcription factor controlling
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inflammatory responses [48]. Although it is well-recognized that IBD is accompanied by
xenobiotic stress (an important factor in liver disease as well), the importance of PXR in
limiting inflammatory responses in IBD had not been investigated and | pursued this in the
present thesis. Conversely, | also investigated iatrogenic inflammation in the intestine as
provoked by immunostimulation for treating cancer. This form of IBD (which may
represent a manifestation of IBD separate from CD or UC) often occurs following
immunostimulation to combat oncological disease and understanding the processes

involved may thus also help devising better immunotherapy for liver cancer as well.

With respect to the above, checkpoint inhibition provokes an IBD-like colitis. Check point
inhibition is an immunomodulatory strategy used to boost immune responses against the
cancer [49]. When the immune system fails to response to disease like cancer, introduction
of check point inhibitors restores T cell activation, proliferation and cytokine production.
These inhibitors target various immunological pathways including cytotoxic T lymphocyte
associated antigen 4 (CTLA-4) and programmed death-1 (PD-1), which in turn are linked to
cell cycle arrest and apoptosis [50]. The monoclonal antibodies that constitute check point
inhibitors are widely used and have become standard of care in many cancers [51-53]. Their
significant clinical impact has highlighted their immune-related side effects including IBD-
like colitis which in turn influences pharmacokinetics proprieties through loss of antibody
in the intestine. | shall evaluate theoretically how the mitigate the effects involved in this

thesis.
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Aim of the thesis

In chapter 2 of this thesis, | aim to provide a current view of how mitochondrial dynamics
involve in liver cancer development. Mitochondria act as the hubs of bioenergetics and
metabolism. The morphodynamics of mitochondria, as a consequence of mitochondrial
fusion and fission processes, are closely associated with alternative mitochondrial function
and are often dysregulated in cancer. It is thus interesting to investigate the mitochondrial
morphodynamics and its functional consequences in human liver cancer and in this
chapter | pursue this line of investigation. Exploiting the insights gained for improved
clinical care is, however, still far away and thus | decided to investigate alternative

approaches.

Apart from controlling mitochondrial morphology, also mitochondrial biochemistry is
essential for the liver cancer process and thus may represent a bona fide target for the
treatment of disease. In chapter 3, | explore this notion and try to provide more insights
into the potential use of ETC inhibitors in HCC. Metabolism of cancer cells is different from
the normal hepatocyte which may allow strategies exploiting these differences in this
respect. | shall conclude, however, that a large body of preclinical and clinical work is still
required for this ambitious objective to become a clinical reality, prompting exploration of

alternative avenues.

In chapter 4, | decided to explore the interaction of the stroma with the cancer and this
end | present an organoid-based co-culture model that integrates tumor organoids with
CAFs. Cancer associated fibroblasts that were activated by tumor cells in co-culture
conditions, demonstrated increases in a-SMA expression and migratory activity.
Proliferation of tumor cells was significantly promoted in co-culture group compared to
the control group. | also showed the existence of a reciprocal interaction between tumor
organoids and fibroblasts, components of the surrounding microenvironment. | feel that
this co-culture system could be further used to study the tumor microenvironment and for
evaluation of drug screening and especially in combination with other strategies open the

way for improved treatment.

A potential target for such combined strategies may be the cancer stem cell compartment.

Thus prompted, in chapter 5 and chapter 6, | aim to investigate the interrelationship of the
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proliferative LGR5 stem cells in liver cancer. In chapter 5, we aim to establish malignant
organoids models from mouse injury primary liver tumors and demonstrate their
applications in liver cancer research in chapter 6. The studies involved do not yet fully
capture the influence of immune component in the liver cancer process and thus | decided

to explore these aspects better in the last two chapters of this thesis.

For reasons explained above, in chapter 7 | aim to investigate correlation of PXR levels with
NF-kB target gene expression in IBD. PXR is also relevant in the liver but the intestine is
more easy to study and apart from that IBD is related to cholangiocarcinoma and
constitutes an important subject for research per se. Treatment with rifampicin reduces
NF-kB activity showing that PXR activity is a rate-limiting step with respect to CD-
associated NF-kB activity. These effects were also verified in vitro. Our data suggest that
the presence of PXR is the main mechanism counteracting and limiting the epithelial NF-
kB activity in patients with active IBD. Modulation of PXR activity thus holds therapeutic
promise in the clinical management of CD and further studies should highlight the

importance of PXR for liver inflammation as well.

In chapter 8 | explore the side effects of check point inhibition. Check point inhibition is an
immunomodulatory strategy used to boost immune responses against the cancer but is
hampered by side effects, including IBD-like colitis. | provide a theoretical evaluation how

the mitigate the effects involved in this chapter.

In conjunction, in this thesis | explore the ultrastucture of liver cancer (mitochondria
biochemistry and organelle biology), the stem cell compartment leading to liver cancer
development and the interactions of liver cancer cells with environment (fibroblasts and
immune system). | hope to with this multifaceted approach to have contributed to better

understanding and care of this deadly disease.
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Abstract

Metabolic reprogramming universally occurs in cancer. Mitochondria act as the hubs of
bioenergetics and metabolism. The morphodynamics of mitochondria, comprised of fusion
and fission processes, are closely associated with mitochondrial functions and are often
dysregulated in cancer. In this study, we aim to investigate the mitochondrial
morphodynamics and its functional consequences in human liver cancer. We observed
excessive activation of mitochondrial fusion in tumor tissues from hepatocellular carcinoma
(HCC) patients and in vitro cultured tumor organoids from cholangiocarcinoma (CCA). The
knockdown of the fusion regulator genes, OPA1 (Optic atrophy 1) or MFN1 (Mitofusin 1),
inhibited the fusion process in HCC cell lines and CCA tumor organoids. This resulted in
inhibition of cell growth in vitro and tumor formation in vivo, after tumor cell engraftment in
mice. This inhibitory effect is associated with the induction of cell apoptosis, but not related
to cell cycle arrest. Genome-wide transcriptomic profiling revealed that the inhibition of
fusion predominately affected cellular metabolic pathways. This was further confirmed by
the blocking of mitochondrial fusion which attenuated oxygen consumption and cellular ATP
production of tumor cells. In conclusion, increased mitochondrial fusion in liver cancer alters

metabolism and fuels tumor cell growth.

Keywords: mitochondrial dynamics; liver cancer; OPA1; MFN1
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Introduction

Primary liver cancer, including hepatocellular carcinoma (HCC) and intrahepatic
cholangiocarcinoma (CCA), is one of the leading causes of cancer related death. This is mainly
attributed to the global prevalence of hepatitis virus infections and the rising prevalence of
non-alcoholic fatty liver disease [1]. Liver cancer is well-known for its resistance to classical
chemotherapy, and therefore very limited therapeutic options are available [2]. Over the past
decade, the research of cancer metabolism has largely extended our understanding of cancer
biology and provided opportunities for therapeutic development [3].

Mitochondria, as double-membrane-bound organelles, are the cellular powerhouses in almost
all eukaryotic organisms [4]. Metabolic reprogramming, a hallmark of cancer, is critical for the
tumor initiation and development [5]. The Warburg hypothesis proposed that metabolism was
altered due to mitochondrial defects, leading to an increase in glycolysis [3]. In addition to
mitochondrial energetic metabolism transitions, the morphology of mitochondria is also
dynamic in cancer [6,7]. Mitochondrial morphology is under control of the mitochondrial
dynamics network, which continuously exists in cells and is comprised of fusion and fission
processes [8]. Mitochondrial fusion, facilitated by Optic atrophy 1 (OPA1) and Mitofusin 1/2
(MFN1/2), is reported to be able to attenuate damage to mitochondrial DNA (mtDNA),
proteins and lipids by mixing and dilution of mitochondrial matrix and membranes [9].
Therefore, larger and more efficient mitochondria may prevent excessive damage
accumulation and better serve the metabolic needs of proliferating cells [10].

As the heart of the mitochondrial fusion process, OPA1 and MFN1/2 are respectively
responsible for inner membrane and outer membrane fusion [11]. OPA1 plays a key role in
mitochondrial cristae structure maintenance while cristae, invaginated by the inner
membrane, are required for cellular adaptation to metabolic demand [12]. OPA1 deficiency in
mice is lethal [13] and tissue specific depletions of OPAl have demonstrated that
mitochondrial fusion is vital for cellular metabolism [14]. OPA1 downregulation has also been
reported to sensitize HCC cells to sorafenib treatment [15]. However, the detailed role of
mitochondrial fusion in liver cancer remains largely elusive. In this study, we have investigated

mitochondrial morphodynamics and its functional relevance in liver cancer.

Materials and Methods

1. Cells and Organoids Culture
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Human HCC cell lines, Huh7 and SNU449, and human embryonic kidney epithelial cell line HEK
293T cells were maintained in Dulbecco’s modified Eagle’s medium (Lonza, Basel, Basel-Stadt,
Switzerland) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, Missouri,
USA) and 1% streptomycin/penicillin  (Gibco, Thermo Fisher Scientific, Waltham,
Massachusetts, USA). The obtained mycoplasma-free human cell lines were commercially
checked monthly by GATC Biotech (GATC Biotech, Konstanz, Baden-Wirttemberg, Germany)
and their identity verified by the molecular pathology department of the Erasmus MC as
described previously [16]. Healthy liver, adjacent liver, and CCA organoids were cultured as
previously described [17-19]. Informed consent was obtained from all patients and the use of
patient materials was approved by the medical ethical committee of Erasmus Medical Center,
Rotterdam (MEC-2014-060 and MEC-2013-143).

2. Gene Knockdown by Lentiviral Vectors

For gene knockdown, pLKO.1-based vectors targeting OPA1 and MFN1 and scramble were
kindly provided by the Biomics Center in Erasmus Medical Center. Lentiviral-shRNA vectors
packaging and infection were performed as described before [20]. Subsequently, Huh7 and
SNU449 cells were selected by 3 pg/mL puromycin (Sigma-Aldrich, St. Louis, Missouri, USA) to
generate stable knockdown cells. After selection, knockdown cells were cultured without
puromycin for at least one month before use in further experiments. The generation of
knockdown organoids was performed as described before [21].

3. Immunofluorescence of Live Cells and Frozen Tissues

We used tetramethylrhodamine (TMRM) to quantify the mitochondrial morphology of live
cells, in @ manner that is dependent on the maintenance of the mitochondrial membrane
potential [22]. TMRM and Hoechst 33342 were purchased from Thermo Fisher.

Frozen tissues were sectioned at 8 um and fixed in 4% paraformaldehyde. The stainings of the
Voltage-dependent anion-selective channel 1 (VDAC1) and DAPI were performed as
previously described [23]. Nonspecific staining was blocked by phosphate-buffered saline (PBS)
supplemented with 5% serum, 1% bovine serum albumin and 0.2% Triton X-100 for 1 h.
Samples were incubated with primary antibody VDAC1 (ab15895, Abcam, Cambridge, United
Kingdom) diluted at 1: 200 at 4 °C overnight and subsequently with goat anti-rabbit secondary
antibody conjugated with Alexa Fluor 488 (BD biosciences, Franklin Lakes, New Jersey, USA)
diluted at 1:1000 for 2 h at room temperature.

All images were acquired with a Zeiss LSM510META confocal microscope and quantified with
Imagel software (version 1.51, National Institute of Mental Health, Bethesda, Maryland, USA).

4. Colony Formation Assay and Alamar Blue Assay
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Cells were seeded in 6-well plates (400 cells/well for Huh7 and 800 cells/well for SNU449), and
cultured for 10 days. Formed colonies were washed with PBS and fixed by 3.7% formaldehyde
for 10 min. Colonies were counterstained with Giemsa and their numbers were counted.

Organoid proliferation was evaluated for 3 days with an Alamar Blue assay according to the
manufacturer’s manual (Life Technologies, Thermo Fisher Scientific, Waltham, Massachusetts,
USA).

5. Analysis of Cell Cycle and Cell Apoptosis

Cells were trypsinized and washed with PBS. After being fixed in cold 70% ethanol overnight
at 4 °C, the cells were washed with PBS and incubated with 20 pg/mL RNase at 37 °C for 30
min. Subsequently, the samples with 50 pug/mL propidium iodide (Pl) at 4 °C for 30 min, were
analyzed by FACS for cell cycle.

Cell apoptosis analysis was performed by staining cells with Annexin V-FITC and Pl as described
before [24].

6. Xenograft Mouse Model in Nude Mice

The xenograft tumor model was established in 4—6 weeks female nude mice breeding in SPF
environment. Mice were injected subcutaneously with knockdown cells and corresponding
control cells into the lower left or right flank of the same mice (5 x 108/200 pL cells per mouse;
n = 6 mice per group), 1: 1 mixed with matrigel. After the cell engrafting, tumor formation was
monitored and measured on the first, seventeenth, nineteenth, twenty fourth and twenty
seventh day. Then mice were sacrificed, and tumors were harvested and weighted. All animal
experiments were approved by the Committee on the Ethics of Animal Experiments of the
Erasmus Medical Center.

7. RNA Isolation and Sequencing

Cell lines and organoids were isolated according to manufacturer’s guidelines with total RNA
isolation protocol (Invitrogen, Carlsbad, California, USA). The quantity of total RNA was
measured by a NanoDrop 2000 and the quality of total RNA was measured by Bioanalyzer RNA
6000 Picochip as a quality-control step. RNA sequencing was performed by Novogene with
paired-end 150 bp (PE 150) sequencing strategy.

8. Real-Time PCR

Expression of mRNA in different samples were measured according to the manufacturer’s
instructions [25]. GAPDH was considered as reference gene for normalization. The forward and
reverse primers for OPAl1 were as follows: TCAAGAAAAACTTGATGCTTTCA and
GCAGAGCTGATTATGAGTACGATT. The forward and reverse primers for MFN1 were as follows:
TGTTTTGGTCGCAAACTCTG and CTGTCTGCGTACGTCTTCCA.

9. Oxygen Consumption and ATP Production Measurement
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The oxygraph-2k (O2k, OROBOROS instruments) was used for respiration measurements.
Hepes/Tris buffer (adjusted to pH 7.4 with Tris) containing 4.2 mM KCl, 132 mM NaCl, 10 mM
Hepes, 1.2 mM MgCl; and 1 mM CacCl,, was used to incubate intact cells. The experiments
were performed at 37 °C.

An ATP determination kit (Invitrogen, Carlsbad, California, USA) was used for ATP
measurement of cells. The final results were normalized by cell numbers or total protein
concentration.

10. Measurement of Reactive Oxygen Species (ROS) Production

Cellular ROS Assay Kit (ab186027, Abcam) was used for ROS production measurements. The
measurements were performed according to the manufacturer’s instructions. Cells were
plated overnight in growth medium and harvested at 10°—4 x 10* cells/100 pL per well. Further,
100 pL/well of ROS Red Working Solution was added into the cell plate and incubated at room
temperature orin a 37 °C/5% CO2 incubator for one hour. Fluorescence activity was measured
at Ex/Em = 520/605 nm (cut off 590 nm) with bottom read mode. The final results were
normalized by cell numbers or total protein concentration.

11. Glucose Consumption Measurement

Glucose Assay Kit (ab65333, Abcam) was used for glucose level measurements. The
measurements were performed according to the manufacturer’s instructions. Cells were
plated overnight in growth medium and were harvested at 2 x 108 cells/100 pL per well.
Further, 100 uL/well of assay buffer was added into the cell plate. Cells were homogenized
quickly by pipetting up and down a few times before being centrifuged for 2 min at 4 °C at top
speed in a cold microcentrifuge to remove any insoluble material. Supernatant was collected
and transferred to a clean tube. These enzymes were removed from sample by using
Deproteinizing Sample Preparation Kit - TCA (ab204708, Abcam). Subsequently, 50 uL of
reaction mix was prepared for each reaction. Cell plate was incubated at 37 °C/5% CO2
incubator for half an hour. The value was measured on a microplate reader at OD 570 nm. The
final results were normalized by cell numbers or total protein concentration.

12. Lactate Measurement

A Llactate Assay Kit (ab65331, Abcam) was used for lactate level measurements. The
measurements were performed according to the manufacturer’s instructions. The final results
were normalized by cell numbers or total protein concentration.

13. Statistical Analysis

All data are presented as mean + SEM. Statistical comparisons were performed with paired t
test for paired samples or Mann-Whitney test for non-paired independent samples. For all
experiments, a p-value less than 0.05 was considered as significant.
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Results
1. Activation of Mitochondrial Fusion in Liver Cancer

Initially, we employed paired frozen tissues from thirteen HCC patients and one CCA patient
by staining mitochondria with VDAC1, one of the most abundant proteins in the outer
mitochondrial membrane. Details of the patient information were shown in Table 1. Of each
patient, we included tumor tissue and adjacent tissue (Figure 1A). Immunofluorescence
analysis showed that cells in tumor tissue and cells in adjacent tissue contained different
mitochondrial morphology. In 10 out of 14 paired tissues mitochondrial volume per cell was
larger in tumor tissue compared to adjacent tissue (Figure 1B). Interestingly, in all paired
tissues tumor cells possessed stronger VDAC1 fluorescence intensity and integrated density
(Figure 1C and 1D, respectively). We further examined mitochondrial morphology in paired
HCC and adjacent tissue derived from an HBV positive patient by electron microscopy.
Consistently, mitochondria size is larger in tumor tissue (Supplementary Figure S1).

To investigate the clinical and functional relevance of mitochondrial morphodynamics in liver
cancer, we examined key fusion proteins involved in mitochondrial dynamics. A previous study
revealed that MFN1 mRNA levels are slightly elevated in liver while MFN2 is expressed at low
levels in liver in contrast with heart and muscle [26]. Thus, our study mainly focused on OPA1
and MFN1. Analysis of the Oncomine online database, containing five cohorts of HCC patients,
revealed that both OPA1 and MFN1 are more highly expressed in HCC tumor tissue compared
to liver tissue in the majority of cohorts (Figure 1E and 1F).

We concluded that mitochondria in tumor and tumor surrounding tissues possessed different
morphology and structural integrity.

2. Mitochondrial Fusion Sustains CCA Organoid Growth

We also observed a similar phenomenon in patient-derived CCA organoids (Figure 2A). One
pair (up row) included normal organoids derived from the adjacent tissue and tumor
organoids derived from the tumor tissue of the same patient. Another pair (lower row)
included normal organoids derived from the donor liver and tumor organoids derived from
another patient. Mitochondria in normal organoids are more sphere- or ovoid- like compared
with the long filaments of mitochondria in tumor organoids. Further, 83.5% of organoids in
tumor cells possessed elongated mitochondria, which is more than that in normal organoids
(Figure 2B).

We consequently performed gene knockdown of OPA1 and MFN1 respectively in human CCA
organoids and confirmed at both mRNA (Figure 2C) and protein levels (Supplementary Figure
S2A). Consistently, this resulted in mitochondrial morphology transition (Figure 2D) and
reduced mitochondrial length (Figure 2E). This functionally inhibited CCA organoid growth
(Figure 2F).
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Figure 1. Activation of mitochondrial fusion in liver cancer. (A) Representative confocal images of mitochondria with VDAC1

staining in cryosection from paired tumor or adjacent liver tissues of two HCC patients. The white boxed regions were further
magnified in the expanded images (left row). Scale bar = 5 um (left row). Scale bar = 20 um (right row). (B) Images of paired
tissue were analyzed by Image) software. Mitochondrial volume per cell was determined by fluorescence area in pixels
(Adjacent vs. Tumor: 80.29 + 9.285 vs. 96.29 + 7.24; n = 14 patients). (C) Fluorescent intensity represented the mean gray
value of different images (Adjacent vs. Tumor: 100.3 + 9.555 vs. 120.9 + 11.18; n = 14 patients). (D) Integrated density was
calculated by the product of area and mean gray value (Adjacent vs. Tumor: 1.245e+006 + 260.203 vs. 1.848e + 006 + 459.958;
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n = 14 patients). Histograms show means + SEM with p value derived by two tailed paired Student’s t test. (E) The Oncomine
microarray database (https://www.oncomine.org) was searched to analyze mRNA expression of OPA1 in HCC patients. In
total, five cohorts of 423 HCC tumor tissues compared with 346 paired tumor-free tissues were identified. The expression
level of OPA1 mRNA was demonstrated in five cohorts. (F) The Oncomine microarray database (https://www.oncomine.org)
was searched to analyse mRNA expression of MFN1 in HCC patients. In total, five cohorts of 422 HCC tumor tissues compared
with 346 paired tumor-free tissues were identified. The expression level of MFN1 mRNA was demonstrated in five cohorts.
Histograms are mean + SEM, with p values by Student’s t test.

Table 1. Patient Characteristics.

Characteristics HCC Patient (n =13) CCA Patient (n=1)
Age at surgery (years)
Mean = SD 649+13.4 60
Median (range) 70 (37-79) -
sex (%)
Male 8(62) 1 (100)
Female 5(38) -
Etiology (%)
Unknown liver disease 6 (46) -
Alcohol abuse 1(8) 1 (100)
Chronic HBV 3(23) -
Hemochromatosis 1(8) -
Hemochromatosis and alcohol abuse 2 (15) -
Cirrhosis (%)
Yes 2 (15) -
No 11 (85) 1 (100)
Tumor differentiation (%)
Well 1(8) -
Moderate 9 (69) -
Poor 2 (15) -
Unknown 1(8) 1 (100)
Vascular invasion (%)

Micro-invasion 6 (46) -
Vaso-invasion 2 (15) -
Severe vaso-invasion 2 (15) 1 (100)

No 3(23) -
AFP (pre-operative) (ug/L)
Mean + SD 4076.2 £ 12607.2 3.8
Median (range) 16 (3-45803) -
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Figure 2. Silencing of OPA1 or MFN1 inhibits mitochondrial fusion and the growth of CCA organoids. (A) Representative
confocal images of mitochondria with TMRM staining in in vitro cultured organoids from two tumor tissue, one matched
adjacent liver tissue and one donor liver tissue. The white boxed regions were further magnified in the expanded images
(right row). Scale bar = 50 um (left row). Scale bar = 10 um (right row). (B) Images of tumor and non-tumor “normal” liver
organoids were quantified (Normal vs. Tumor: 37.93 + 10.62 vs. 83.5 + 7.34; n = 6 images/sample). (C) CCA organoids were
transduced with mock lentivirus (Ctr) or shOPA1/shMFN1 lentivirus (KD1 and KD2) respectively. Gene knockdown efficiency
of OPA1 was quantified by Real-time PCR (n = 6). (D) Representative live cell confocal images of mitochondria with TMRM
staining in CCA organoids with OPA1/MFN1 knockdown. The white boxed regions were further magnified in the expanded
images (lower row). Scale bar = 20 um (upper row). Scale bar = 5 pm (lower row). (E) Quantified measurements of
mitochondrial length in control and KD cells of CCA organoids (n = 3 images/sample). (F) The Alamar Blue fluorescence level
of CCA organoids was measured at Day 0/1/2/3 for cell viability and data at day 0 was set as control of each group (n = 3).
Histograms show means + SEM with p value derived by the Mann Whitney test.

3. Dysfunction of Mitochondrial Fusion Inhibits Liver Cancer Cell Growth in Vitro and in Vivo

To further investigate the underlying mechanism, we stably knocked down gene OPA1 or
MFN1 by lentiviral transfection in two HCC cell lines Huh7 and SNU449. The successful
knockdown was confirmed at mRNA (Figure 3A) and protein levels (Figure S2B). The down-
regulation of OPA1 or MFN1 induced mitochondrial fragmentation and a decrease of
mitochondrial length, indicating the inhibition of mitochondrial fusion (Figure 3B and Figure
3C). This functionally resulted in dramatic inhibition of ability of single cell colony formation
(Figure 3D). The colony units of Huh7 shMFN1 dropped from average 71 per well to 20 and 9,
and of Huh7 shOPA1 dropped from 31 to none. Similar results were observed in SNU449 cells.
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Upon subcutaneous engraftment in immunodeficient nude mice, we demonstrated that
knockdown of OPA1 or MFN1 dramatically inhibited tumor formation and growth of HCC cells
in vivo (Figure 4A and 4B).

We found that knockdown of mitochondrial fusion regulators has no effect on cell cycle
(Supplementary Figure S3) but triggered the induction of cell apoptosis. This effect was much

stronger in Huh7 shOPA1 cells compared to Huh7 shMFN1 cells. The percentage of apoptotic
cells increased from 4.44% to 24.45% or 13.84% with the decrease of OPA1 gene expression,
while the percentages of apoptotic cells increased from 3.17% to 4.79% or 4.64% with the
decrease of MFN1 gene expression (Figure 5A and Figure 5B). The apoptotic cells in SNU449
also showed the same trend with mitochondrial fusion dysfunction (Figure 5C and 5D).
Interestingly, OPA1/MFN1 knockdown increased the ratio of Bax/Bcl-2 expression at mRNA
levels in SNU449 and CCA organoids. This appears consistent with the observed increase of
apoptosis in OPA1/MFN1knockdown cells (Supplementary Figure S4). Taken together, these
data suggest that dysfunction of mitochondrial fusion induces tumor cell apoptosis.

4. Mitochondrial Fusion Fuels Cellular Metabolism of Liver Cancer Cells

To obtain insight in the potential mechanisms that mediate acceleration of tumor cell growth
by mitochondrial fusion in liver cancer, we performed genome-wide transcriptomic analysis
by RNA sequencing in OPA1 knockdown Huh7. We identified 552 differentially expressed
genes between the control cells and the shOPA1 cells (p < 0.05, log2Fc > 1), consisting of 332
genes downregulated and 220 genes upregulated (Figure 6A). KEGG pathway enrichment
analysis revealed the alteration of several pathways, but most prominently of the metabolism
pathway (Figure 6B), involving 33 differentially expressed genes (Figure 6C).

The dysfunction of mitochondrial fusion by OPA1/MFN1 knockdown was also found to be
correlated to increased ROS levels in SNU449 and CCA organoids (Figure 6D and Figure 6E).
Furthermore, we performed the glucose consumption and lactate secretion measurement in
SNU449 and CCA organoids (Figure S5 and Figure S6). Glucose consumption was down-
regulated when mitochondrial fusion was inhibited. The lactate level was also reduced when
knocking down OPA1/MFN1, which indicated that glycolysis was not stimulated upon
mitochondrial inhibition.

To provide further evidence for dysregulation of mitochondrial metabolism in cell lines, the
mitochondrial metabolism of oxygen consumption and ATP production were measured in
Huh7 (Figure 7A and Figure 7B). The oxygen consumption rate (OCR) dropped from 37.68
pmol/s/10° cells to 26.78 pmol/s/10° cells and 21.63 pmol/s/10° cells in Huh7 shOPA1 cells,
while ATP content dropped to 79.27% and 76.22% compared with control group. Similar
results were observed in Huh7 shMFN1 cells. Alterations of mitochondrial metabolism were
also observed in CCA organoids, including a decrease in oxygen consumption (Figure 7C) and
a reduction in ATP production reduction (Figure 7D). Therefore, enhanced mitochondrial
fusion fuels cellular metabolism to functionally support liver cancer.
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Figure 3. Knockdown of OPA1 or MFN1 inhibits mitochondrial fusion. Inhibition of mitochondrial fusion attenuates cancer
cell growth in vitro. (A) Real-time PCR analysis of OPA1 expression in Huh7/SNU449 shOPA1 cells and MFN1 expression in
Huh7/SNU449 shMFN1 cells. Huh7/SNU449 shOPAL1 cells were transfected with mock lentivirus (Ctr) and shOPA1 lentivirus
(KD1 and KD2) respectively. Huh7/SNU449 shMFN1 cells were transfected with mock lentivirus (Ctr) and shMFN1 lentivirus
(KD1 and KD2) respectively. Gene knockdown efficiency was quantified (n = 6). (B) Representative confocal images of
mitochondria with TMRM staining in live cells with OPA1 and MFN1 knockdown respectively. The white boxed regions were
further magnified in the expanded images (right row). Scale bar = 20 um (left row). Scale bar =5 um (right row). (C) Quantified
measurements of mitochondrial length in control and KD cells (n = 3 images/sample). (D) Representative images of colony
formation assay of Huh7/SNU449 shOPA1 cells and shMFN1 cells. Cells were fixed and stained by Giemsa (n = 9). The number
of colony forming units (CFU) was quantified by Image) software. Histograms show means + SEM with p value by Mann
Whitney test.
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Figure 5. Mitochondrial fusion dysfunction inhibited tumor growth through cell apoptosis induction (A-B) Apoptotic cells
were quantified by flow cytometry using Annexin V and propidium iodide co-staining in Huh7 shOPA1 and Huh7 shMFN1 cells
(n = 3). (C-D) Apoptotic cells were quantified by flow cytometry using Annexin V and propidium iodide co-staining in SNU449
shOPA1 and SNU449 shMFN1 cells (n = 3). Histograms show means + SEM with p value derived by the Mann Whitney test.
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Figure 6. Inhibition of mitochondrial fusion affects cellular metabolism. (A) Volcano plot of statistical significance (p < 0.05)
against fold change (ratio of KD/Ctr group), demonstrating the most significantly differentially expressed genes by genome-
wide transcriptomic analysis between Ctr and shOPA1 Huh7 cells (n = 3). (B) KEGG pathway enrichment analysis within the
complete set of differentially expressed genes (n = 3). (C) Heat map of color-coded expression levels of differentially expressed
genes from metabolism pathway (two way ANOVA) (n = 3). (D) The ROS product level of SNU449 cells with OPA1/MFN1
downregulation showed increased ROS level compared with control group (n = 6). (E) The ROS product level of CCA organoids
with OPA1/MFN1 downregulation showed increased ROS level compared with control group (n = 6). Histograms are mean +
SEM, with p values by Mann Whitney test.
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Figure 7. Inhibition of mitochondrial fusion affects Oxygen Consumption Rate and ATP production. (A) Real-time analysis of
basal Oxygen Consumption Rate (OCR) in Huh7 shOPA1 and shMFN1 cells (n = 3). (B) ATP production of Huh7 cells with
OPA1/MFN1 downregulation was reduced compared with control group (n = 6). (C) Real-time analysis of basal OCR in CCA
organoids with shOPA1 and shMFN1 (n = 3). (D) ATP production of CCA tumor organoids with OPA1/MFN1 downregulation
was reduced compared with control group (n = 6). Histograms show means + SEM with p value derived by the Mann Whitney
test.

Discussion

Although the early Warburg hypothesis proposed glycolysis as the major metabolic process
for energy production and anabolic growth in cancer cells due to mitochondrial defects, it
recently became more clear that mitochondria also play key roles in oncogenesis [27]. In
addition to the bioenergetic functions, mitochondria represent a cell signaling hub regulating
cancer cell growth and fate [28]. The function of mitochondria is closely associated with their
morphodynamics comprising of the fusion and fission processes. In this study, we found
excessive activation of mitochondrial fusion in liver cancer, which provides a metabolic
advantage to sustain tumor growth.

Hepatitis virus infections, namely HBV and HCV, are one of the leading causes of HCC.
Mitochondrial fission has been frequently observed in HBV and HCV infections [29,30], which
has been implicated in the attenuation of cell apoptosis. Whether this has an effect on
malignant transformation towards the development of HCC remains unclear. In our HCC
patients, we observed a clear enhancement of mitochondrial fusion in the tumor tissues
compared to the adjacent liver tissues. Among all the tissues, only two pairs were HBV positive.
Whether this discrepancy is attributed to the distinct etiologies of HCC remains to be further
investigated.

In general, mitochondrial fission and its key regulator Drp1 has been widely studied in various
types of cancers. Drpl has been reported to be overexpressed in oncocytic thyroid tumors [31]
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but decreased in malignant colon and lung cancer tissues, whereas no change was observed
in breast and prostate cancer [32]. Overall, fission is thought to be pro-tumorigenic, although
it remains a matter of debate whether it has pro- or anti-apoptotic function [33]. Since, in our
study, we found a clear elevation of mitochondrial fusion in HCC patient tissues and in vitro
cultured tumor organoids from CCA patients, we thus focused on the functional relevance of
this process. By genetic knockdown of the key fusion regulators OPA1 or MFN1, we inhibited
mitochondrial fusion in HCC cell lines and CCA tumor organoids. This functionally inhibited cell
growth in vitro and in vivo tumor formation in mice. This is in line with a previous study
showing that the oncogene MYC increases membrane polarization and mitochondrial fusion
in mammary epithelial cells to enhance cell proliferation [34].

We found that the inhibition of fusion did not affect cell cycling, but triggered apoptosis,
pointing to an anti-apoptotic role of mitochondrial fusion in HCC. In this setting, it is likely the
activation of the intrinsic apoptotic pathway, because no specific ligand was added. This
intrinsic pathway is mainly triggered by non-receptor stimuli and characterized by the
permeabilization of the outer mitochondrial membrane. This leads to the release of pro-
apoptotic factors from the mitochondrial inter-membrane space into the cytosol [35]. Our
results appear to be in line with the previous findings that mitochondrial fusion protein is
responsible for maintenance of mitochondrial membrane structure, matrix homogeneity and
mitochondrial genome integrity, which are vital for cell survival [36,37]. However, the exact
mechanisms by which mitochondrial fusion modulates this apoptotic process remain to be
investigated.

In MYC transformed cells, it has been demonstrated that fusion promotes mitochondrial
metabolism to enhance cell proliferation [38,39]. Thus, we have performed genome-wide
transcriptomic analysis and, consistently, the inhibition of fusion affected the metabolic
pathway most predominantly. Functionally, we have demonstrated that the knockdown of
fusion genes inhibited oxygen consumption and ATP production, the hallmarks of
mitochondrial metabolism, in HCC cell lines and CCA tumor organoids. We also found the
reduced glucose consumption and lactate secretion in fusion gene knockdown cells. In mouse
embryonic fibroblasts, mitochondrial fragmentation impairs cell growth, showing widespread
heterogeneity in mitochondrial membrane potential and suffered reduced respiratory
capacity [40]. Although fission has been widely recognized as pro-tumorigenic, it has also been
reported to decrease mitochondrial oxygen consumption rate and ATP production in
malignant cells [41]. Cancer cells without mtDNA remain viable, although they are unable to
form tumors, whereas reconstitution of oxidative phosphorylation again endows the
tumorigenic capability [42]. Growing evidence demonstrates cross-talk between metabolic
intermediates and ROS in cancer [43]. Mitochondrial dynamics and ROS processes influence
each other in various cancers [44,45]. Our studies found that the dysfunction of mitochondrial
fusion could increase ROS level in liver cancer cells. The morphodynamics and functions of
mitochondria are rather multifaceted, highly depending on the cancer types and specific
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context. Thus, the distinct observations from different studies appear but may not be
necessarily contradictive.

In summary, we found that the process of mitochondrial fusion is activated in liver cancer.
This enhances mitochondrial metabolism to fuel tumor growth while resisting cell apoptosis.
These findings bear important implications for understanding liver cancer biology and
developing potential mitochondria-targeted therapy and more effective treatment modalities.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1,
Figure S1: Mitochondrial morphology in an HBV-related HCC patient. Figure S2: Western blot
analysis of mitochondrial fusion genes in liver cancer cells SNU449 and CCA organoids. Figure
S3: Dysfunction of mitochondrial fusion inhibited tumor cell growth independent of cell cycle
arrest. Figure S4: Dysfunction of mitochondrial fusion is correlated with increased ratio of
Bax/Bcl-2 gene expression in liver cancer cells. Figure S5: Dysfunction of mitochondrial fusion
down-regulated glucose level in liver cancer cells. Figure S6: Dysfunction of mitochondrial
fusion down-regulated lactate level in liver cancer cells.
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Supplementary Fig 1 Mitochondrial morphology in a HBV-related HCC patient. A Representative electron microscopy images
of cells from adjacent tissue and tumor tissue of the HCC patient (scale bar = 2 pm). The white boxed regions were further
maghnified in the expanded images (right side) (scale bar = 1 pm). Mitochondria (arrows) were observed. B Images of paired
tissue were analysed by Image) software (n = 5 images/sample). Mitochondrial volume (mitochondrial area) per cell and
mitochondrial length (mitochondrial major axis) were valued. Mitochondrial shape was calculated by the ratio of major axis
and minor axis. Histograms are mean + SEM, with p values by Mann Whitney test.
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Supplementary Fig 2 Western blot analysis of mitochondrial fusion genes in liver cancer cells SNU449 and CCA organoids. A
OPA1/MFN1 protein level of CCA organoids with OPA1/MFN1 downregulation. B OPA1/MFN1 protein level of SNU449 cells
with OPA1/MFN1 downregulation.

Page | 38

00000 -17x24_BNW.indd 44 02-06-20 15:06



Cell cycle of Huh7 Cell cycle of Huh7

60 80
» [ shOPA1 Ctr » 3 shMFN1 Ctr
= [ shOPA1 KD1 ?—% - 3 shMFN1 KD1
g - Il shOPA1 KD2 B B shVFN1 KD2
é, % 40
= i
© (5]
& a

JLI . ﬂﬂl oL Il Balsl g

@ % &> o o &
Cell cycle of SNU449 Cell cycle of SNU449

100 100
5 L shOPA1 Ctr &5 3 shMFN1 Ctr
@ 90 [ shOPA1 KD1 2 % O shMEN1 KD1
S s |l|ﬂi B shOPA1KD2 s % ﬂﬂi BB shMFN1 KD2
o) & 70
g o &g 30
8w g 2
s 2 10

10:
0 0 "I r-||?|-- |II|T|[
o % &

o =} I

Supplementary Fig 3 Dysfunction of mitochondrial fusion inhibited tumor cell growth independent of cell cycle arrest. A The
distribution of Huh7 cells with OPA1/MFN1 downregulation did not show significantly difference with control group (n = 3).
B The distribution of SNU449 cells with OPA1/MFN1 downregulation did not show significantly difference with control group
(n = 3). Histograms are mean = SEM.
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Supplementary Fig 4 Dysfunction of mitochondrial fusion is correlated with increased ratio of Bax/Bcl-2 gene expression in
liver cancer cells. A Bax/Bcl-2 fold change of SNU449 cells with OPA1/MFN1 downregulation increased compared with control
group (n = 6). B Bax/Bcl-2 fold change of CCA organoids with OPA1/MFN1 downregulation increased compared with control
group (n = 6). Histograms are mean * SEM, with p values by Mann Whitney test.
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Supplementary Fig 5 Dysfunction of mitochondrial fusion down-regulated glucose level in liver cancer cells. A The glucose
product level of SNU449 cells with OPA1/MFN1 downregulation showed decreased glucose level compared with control
group (n = 6). B The glucose product level of CCA organoids with OPA1/MFN1 downregulation showed decreased glucose
level compared with control group (n = 6). Histograms are mean + SEM, with p values by Mann Whitney test.
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Supplementary Fig 6 Dysfunction of mitochondrial fusion down-regulated lactate level in liver cancer cells. A The lactate
product level of SNU449 cells with OPA1/MFN1 downregulation showed decreased lactate level compared with control group
(n = 6). b The lactate product level of CCA organoids with OPA1/MFN1 downregulation showed decreased lactate level
compared with control group (n = 6). Histograms are mean + SEM, with p values by Mann Whitney test.
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Abstract

Liver cancer is one of the most common and deadliest types of oncological diseases worldwide,
with limited treatment options available. New treatment modalities are urgently called for
and their development is hampered in a lack of insight into the molecular mechanisms
underlying disease. It is clear, however, that metabolic reprogramming in general and
alternative mitochondrial function in particular is intimately linked to the liver cancer process,
prompting exploration of mitochondrial biochemistry as a potential therapeutic target. Here
we report that in various preclinical models of liver cancer including cell lines, liver cancer
organoids and murine xenografts, depletion of mitochondrial DNA, pharmacologic inhibition
or genetic knockdown of mitochondrial electron transport chain (mETC) complex | or
pharmacological inhibition of mETC complex Ill limits cancer cell growth and cancer cell
clonogenic ability. The inhibition of liver cancer by targeting mETC complex | and Ill was
associated with production of reactive oxygen species, apoptosis induction and reduced ATP
generation. Thus, our results reveal the mETC compartment of mitochondria as a potential
therapeutic target in liver cancer.
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Introduction

Liver cancer, mainly consisting of hepatocellular carcinoma (HCC) and cholangiocarcinoma
(CCA), is the sixth most common cancer and one of the leading causes of cancer related-death
[1]. The risk factors for contracting HCC include Hepatitis B, Hepatitis C as well as metabolic
syndrome and type |l diabetes amongst others. How these risk factors translate in cancer
development and the molecular details of further disease progression are less clear, which
hampers rational efforts to develop new therapy. Apart from surgery no curative options exist
while clinical management of HCC is further hampered by high recurrence rates and the
resistance to systemic chemotherapy [2]. Hence, increased insight into the liver cancer
progress is urgently needed.

Hepatocytes are in many aspects a unique cell type and of the defining characteristics is the
high abundance of mitochondria in their cytoplasm, which appear involved in oncogenic
transformation of this cell type [3]. Liver cancer progression is accompanied by a sequence of
fairly defined genetic alterations while concomitantly cellular metabolism shows considerable
reprogramming, in particular aerobic glycolysis becomes prominent [1,4]. The central role of
the mitochondrion in hepatocyte metabolism has given rise to speculation that this organelle
can provide for novel therapeutic targets, although fair to say that our knowledge on the
functionality of these organelles in the HCC process is far from complete [5].

Mitochondria are complex multimembrane structures with their own DNA and own
translational machinery, although mitochondrial function is also critically dependent on
import of proteins from the cytosol [6,7]. The most central element in mitochondrial
biochemistry is the mitochondrial electron transport chain (mETC) which is located in the inner
mitochondrial membrane and consists of four complexes that in conjunction enable oxidative
phosphorylation [8]. Encouragingly, chronic use of Metformin-like drugs that target mETC
complex | reduces risk for HCC development, which may also relate to the role of mETC in
energy production, membrane potential maintenance and redox balance control [9-12]. More
direct studies on the importance of mitochondria in HCC are, however, required to better
determine the promise of mETC-directed therapy in liver cancer.

Prompted by the above mentioned considerations we attempted to investigate the
importance of mETC components in liver cancer. The results identify mitochondrial DNA in
general and mETC complex | and Il in particular as essential components in HCC physiology.
Our results further demonstrated the possibility of therapeutically targeting the mETC in liver
cancer cells and may guide the development of novel rational avenues for the treatment of
HCC.

Materials and Methods

Reagents and antibodies
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Rotenone (ROT), Metformin (Met), 2-Thenoyltrifluoroacetone (TTFA), Antimycin A (AMA),
Myxothiazol (MYXO), puromycin, uridine, diphenyleneiodonium chloride, ethidium bromide
(EtBr), and Potassium cyanide (KCN) were purchased from Sigma-Aldrich (St. Louis, MO). The
rabbit polyclonal antibody against cytochrome b (CYTB) and mouse monoclonal antibody
against NDUFS1 were purchased from Sigma-Aldrich (St. Louis, MO). The rabbit monoclonal
antibody against cleaved caspase-3 was purchased from cell signalling technology.

Cell culture

Human cell lines HepG2, PLC/PRF/5, and Snu-449 were kindly provided from Department of
Viroscience, Erasmus Medical Center and cultured in Dulbecco’s modified Eagle medium
(DMEM) (Lonza Biowhittaker, Verviers, Belgium) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS, Thermo Fisher Scientific), 100 IU/ml penicillin and 100
IU/ml streptomycin. A mitochondrial DNA (mtDNA)-depleted cell model was established by
co-culturing with EtBr (50 ng/ml), pyruvate (100 pg/ml) and uridine (50 pg/ml) for 5 days as
described early [13]. For knockdown of mETC complex |, cells were transduced with an
appropriate short hairpin RNA (shRNA) and transduced cells were selected by culturing with 3
pg/ml puromycin in DMEM according to previously described procedures [14]. The Plko.1-
based shRNA lentiviral vectors sequence was: NDUFS1, 5’-
CCGGGCAAGCAGATAGAAGGCCATACTCGAGTATGGCCTTCTATCTGCTTGCTTTTT-3".

Organoids were derived and cultured as described early [15]. The study was approved by the
medical ethical committee of Erasmus Medical Center. In addition, the study protocol
conforms to the ethical guidelines of the 1975 Declaration of Helsinki.

Proliferation assay of cells and organoids

Cell proliferation was measured by reduction of 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT, MilliporeSigma) and Alamar Blue™ Cell Viability reagent
(Thermo Fisher, CA), essentially as described earlier [16]. In short, for the MTT assay, cells were
seeded into a 96-well plate with or without mETC complex inhibitors and cultured for 48 hours.
Then, 15 ul of 10% MTT solution (5 mg/ml) per well was added to the wells followed by
incubation at 37 °Cin a 5% CO2 for 4 hours. The medium was removed and 100 pl DMSO was
added to each well and shaken for 30 min. The absorbance of each well was read on a
microplate absorbance reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 490nm.

For the Alamar Blue assay, after treating the cells or organoids with inhibitors as appropriate
for 48 hours, the medium was removed and exchanged for fresh culture medium
supplemented with 5% Alamar Blue and cultured at 37 °C with 5% CO; for 4 hours.
Fluorescence (excitation 530 nm, emission 590 nm) of each well was measured on a FLUO
STAR OPTIMA microplate reader (BMG Labtech, Durham, NC, USA).

Colony formation efficiency assay
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After treatment of the cells with appropriate inhibitors, cells were cultured in drug-free
medium for approximately 14 days. The cells were fixed with methanol and stained with
crystal violet for one hour, and then washed with water and dried before counting of colonies.
A total number of colonies that contained more than 50 cells were counted and the colony
formation efficiency (CFE) was calculated. The results were normalized to the unexposed
control (set to 100% plating efficiency).

number of colonies in exposure cultures

CFE% = — x100%
number of colonies in unexposed cultures

Analysis of cell apoptosis

Cell apoptosis was measured by quantitatively determining cell surface phosphatidylserine in
apoptotic cells using Annexin V-FITC/PI apoptosis detection kit (Becton Dickinson).
Experiments being performed according to the manufacturer's instruction. The treated cells
were washed with cold PBS after co-culturing with the appropriate complex inhibitors for 48
hours and suspended by 1 X Binding Buffer. FITC Annexin V and PI (1:1) were added into 100
ul suspension (1 x 10* cells) and incubated for 15 min at room temperature (25 °C) in the dark.
The samples were tested by FACS within 1 hour [17]. Cell apoptosis rate was analysed by
FlowJo_V10 software. For each treatment, two independent wells were tested for PLC/PRF/5,
C I-knockdown and mtDNA-depleting cell lines for three times. The mean and standard error
were calculated for each condition.

Xenograft Mouse Model in Nude Mice

The xenograft tumour model was established in female nude mice injected subcutaneously
with knockdown cells and corresponding control cells into the lower left or right flank of the
same mice (5 x 10%/200 pL cells per mouse; n = 5 mice per group), 1: 1 mixed with matrigel.
Xenograft mouse model was performed as described before [18]. All animal experiments were
approved by the Committee on the Ethics of Animal Experiments of the Erasmus Medical
Center.

Reactive oxygen species measurements

Cellular reactive oxygen species (ROS) was measured using CM-H2DCFDA (General Oxidative
Stress Indicator) kit (ThermoFisher). Cell lines were seeded into 6-well plates and pretreated
with diphenylene iodonium (DPI, 10 uM) for 1 hour prior to appropriate complex inhibitor
treatment for 3 hours. The positive control was induced by adding 100 uM H,0; for 15 min.
Cells were washed with PBS and incubated with non-serum medium containing 5 uM CM-
H2DCFDA at 37 °C for 30 min. Then, the cells were washed with PBS for three times and
suspended by 500 pl PBS. The samples were tested by a FACS and ROS production was
analysed by FlowJo_V10 software.

Adenosine triphosphate (ATP) production measurement
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An ATP Bioluminescence Assay Kit HS Il was used to measure the ATP content of cells
according to the manufacturer’s instructions (Roche Life Science, Penzberg, Germany). Cells
were seeded into a 96-well plate with or without mETC complex inhibitors and cultured for 48
hours. Then, cells were harvested and suspended in dilution buffer at a concentration of 1 x
10° mlt. The same volume of cell lysis reagent was added int o to above cell suspension and
incubated at 15 °C for 5 min and for an extra 2 min at 100 °C. Subsequently, the cell suspension
was centrifuged at 10,000 x g for 60 s and the supernatant was transferred to a fresh tube.
Samples were kept on ice until measurement. A mixture of 50 ul luciferase reagent was added
to 50 pl supernatant or standards provided by ATP Assay kit. Luminescence was detected after
1 second delay using a microplate reader (LumiStar Optima Luminescence Counter, BMG
Labtech, Offenburg, Germany) (excision=535 nm; emission=587 nm).

Real-time quantitative Polymerase Chain Reaction (PCR)

RNA was isolated with a Machery-NucleoSpin RNA kit (Bioke, Leiden, the Netherlands) and
guantified with a Nanodrop ND-1000 (Wilmington, DE). The iScript cDNA synthesis kit (Takara
Bio INC.) was used to acquire cDNA from total RNA. Quantitative real-time PCR analyses were
performed by the StepOne Real-Time PCR system and the Step-Onev2.0 software (Applied
Biosystem, Darmstadt, Germany). Primer sequences are provided in Supplementary Table 1.
All the expression levels are depicted relative to the expression of GAPDH.

Western blot assay

Western blotting was performed according to routine procedure [19].In short, total protein
(100 pg) was loaded in each lane, subjected to sodium dodecyl sulfate-polyacrylamide (SDS-
PAGE) gel (12%) electrophoresis and then transferred onto polyvinylidene difluoride (PVDF)
membranes (Invitrogen). Subsequently, the membranes were blocked for 1 hour at room
temperature followed by incubation with antibodies overnight at 4 °C. Membranes were
washed 3 times before incubating with secondary antibodies for 2 hours. Protein bands were
detected with Odyssey 3.0 Infrared Imaging System (LI-COR Biosciences) after washing 3 times.

Statistical Analysis

All data are presented as mean + SEM. Prism software (GraphPad Software) was used for all
statistical analysis. N= repeated times of experiments. Statistical analysis was performed one-
way ANOVA if multi-group of samples were analyzed otherwise Mann-Whitney test was
performed. For all experiments, a p-value less than 0.05 was considered as significant.
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Results
Growth of liver cancer cell lines requires functional mETC complex | and IlI.

To study the effects of targeting mETC complexes in liver cancer, SNU449, PLC/prf/5 and
HepG2 liver cancer cell lines was challenged with six pharmacological inhibitors targeting the
four mETC complexes (I, Il, 1, and IV) and effects on cell survival were assessed.
Pharmacological of neither complex Il (using TTFA) nor complex IV (using KCN) inhibitors
showed obvious effects in this respect (supplementary Fig S1).However, inhibition of either
mMETC complex | (employing ROT or Metformin) or Il (using AMA or MYXO) was not compatible
with liver cancer cell line survival at concentrations. These results showed inhibitors targeting
mMETC can impact on liver cancer cell line survival (Figure 1A and 1B). In apparent agreement,
pharmacological inhibition of either mETC complex | or mETC complex Il reduced the colony
formation efficiency of all three cell lines to less than 50 % as compared to untreated controls
(Figure 1C and 1D). We concluded that functionality of mETC complex | and mETC complex IlI
is required for liver cancer cell survival.
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Figure 1. Complex I and III inhibitors of mitochondrial electron transport chain (mETC) inhibit the proliferation of
HCC cells. (A, B) HepG2, PLC/PRF/5, and Snu-449 cells were treated for 48 hours with the mETC complex I
inhibitors (Rotenone, ROT; Metformin, Met) and complex III inhibitors (Antimycin A, AMA; Myxothiazol, MYXO)
at different concentrations. Cell viability was quantified by MTT and AlamarBlue (N =9). (C, D) HepG2, PLC/PRF/5,
and Snu-449 cells were treated with Met and AMA at different concentrations and the colony formation efficiency
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was calculated (N =9). P value was calculated by comparing with corresponding control. Histograms results are
expressed as mean + SEM, with p values calculated by Mann-Whitney U Test.

Targeting mETC complex | and Il inhibited growth of mouse liver tumor organoids.

Although cell line models allow for rapid screening of cancer drugs, they only partly capture
the cancer process. Experimentation with cancer organoids is more cumbersome but more
closely recapitulate the pathophysiological features of natural tumorigenesis and it was
recently shown that such organoids are a useful approach for studying liver cancer [20]. Hence,
we decided to study the effects of pharmacological inhibitors targeting mETC complex | and
Il in tumour organoids isolated from DEN-induced primary murine liver cancers [21] and
contrasted results to those obtained in organoids derived from healthy liver. All the complex
I and Il inhibitors (ROT, Met, AMA and MYXO) limited the growth of both tumour organoids
and untransformed organoids, but cancer organoids were more sensitive to such inhibition
(Figure 2A and 2B). Thus, the effects of pharmacological complex | and Il inhibitors seen in
cell lines can be recapitulated in liver cancer organoids and liver cancer is more sensitive to
mETC inhibition as untransformed liver-derived material.
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Figure 2. mETC complex I and III inhibitors impaired the growth of mouse liver tumor organoids. (A) Optical
microscope images of liver tumor organoids after treating for 48 hours with the mETC complex I inhibitors
(Rotenone, ROT; Metformin, Met) and complex III inhibitors (Antimycin A, AMA; Myxothiazol, MYXO) (N = 3).
(B) Optical microscope images of liver tumor organoids and normal liver organoids after treating with AMA, Met
and ROT for 48 hours (N =9). (C) The growth rates of tumor and normal liver organoids measured by AlamarBlue
assays (N=9). Histograms are mean + SEM, with p values by Mann-Whitney U Test.
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Depletion of mitochondrial DNA or knock down of mETC constituting proteins counteracts
liver cancer cell survival.

The importance of mETC integrity for liver cancer cell survival was confirmed in experiments
in which two experimentally independent approaches were chosen to compromise such
integrity. In the first approach, we depleted mitochondrial DNA from cells. Mitochondrial DNA
encodes various proteins that are part of the mETC, the cytochrome c oxidase subunit | (COX
1), cytochrome c oxidase subunit Il (COX 1) and cytochrome oxidase (CYTB). Thus mitochondrial
DNA depletion should compromise mETC integrity. Depletion of mitochondrial DNA by
exposing PLC/PRF/5 cultures to ethidium bromide (EB) strongly reduced expression of COX I,
COX Il and CYTB, whereas expression of cytochrome c oxidase subunit IV (COX IV; which is
encoded by nuclear DNA) was not affected (Figure 3A-C). In the second approach, lentiviral
vector-delivered shRNA was used to knockdown the mETC complex | subunit NDUFS1 and
Figure 3D-F documents the technical success of this strategy. Both approaches were used to
determine the effect of comprised mETC integrity on liver cancer cell physiology.
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Figure 3. Establishing the mETC-deficient cell models. (A, B and C) Real-time PCR analysis of COX I, COX II, COX
IV and CYTB mRNA (A) (N = 6) and Western blotting analysis of CYTB protein (B, C) (N = 3) in HCC cells after
treatment with EB for 5 days. (D, E and F) Real-time PCR analysis of NDUFS1 mRNA (D) (N = 6) and Western
blotting analysis of NDUFS1 protein (D, F) (N = 3) in HCC cells after transfected with NDUFSI lentivirus.
Histograms are mean + SEM, with p values by Mann-Whitney U Test.
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Importantly, both mETC targeting strategies provoke diminished proliferation (Figure 4A and
4B) and colony formation efficiency (Figure 4C). Importantly, pharmacological inhibitors of
complex | were less effective in a background of mitochondrial DNA depletion or NDUFS1
knockdown, in apparent agreement with the specificity of the experimental approach chosen
(Figure 4B). Upon subcutaneous engraftment in immunodeficient nude mice, cells with
NDUFS1 knockdown were less capable of forming tumor in vivo compared with
correspondence control (Figure 4D). We concluded that integrity of the mETC is essential for

liver cancer cell growth.
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Figure 4. Compromising mETC integrity inhibits HCC cell growth in vitro. (A) AlamarBlue assays measure the cell
growth rates in different liver cell lines (PLC/PRF/5, C I knockdown and mtDNA-depleting) were performed (N =
8). (B) MTT assays to test the mETC complex I and III inhibitors (Met, ROT and AMA) effect on the proliferation of
the three cell lines (N =9). (C) Representative images of colony formation assay of PLC/PRE/5, C I knockdown and
mtDNA-depleting HCC cells and the colony formation units (CFU) was calculated. The results were normalized to
the control (PLC/PRE/5), setting to 100% plating efficiency (N = 4). (D) Ctr (PLC/PRF/5 control group) and KD
(PLC/PRE/5 C I knockdown group) cells were injected sub-cutaneously into nude mice. Tumors were harvested
from nude mice and weighed (N = 5). Histograms are mean + SEM, with p values calculated by Mann-Whitney U
Test and one-way ANOVA; *p<0.05.

Page | 51

00000 -17x24_BNW.indd 57 02-06-20 15:06



Targeting mETC complex | and Ill induced cell apoptosis.

To further characterize the effects of targeting the mETC in liver cancer cells, we measured
cellular apoptosis following treatment with complex | or complex Il inhibitors. Programmed
cell death can be studied using various approaches including measuring phosphatidylserine in
the outer leaflet of the plasma membrane and the activation of caspases [22]. Following 48
hours treatment of PLC/prf/5 cells with mETC complex | inhibitors (ROT and Met)
approximately 18%-20% of the cell displayed apoptosis, whereas cells that underwent
depletion of mitochondrial DNA or knockdown of NDUFS1 showed the trend of less sensitive
to inhibitor-induced apoptosis as measured | by FACS and Annexin V staining (Figure 5A and
5B). Similar results were obtained using caspase 3 activation as an approach (Figure 5C and
5D). We thus concluded that integrity of the mETC enables the liver cancer cell to counteract
apoptosis.
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Figure 5. Inhibition of mETC complexes induces apoptosis. (A) Apoptotic cells were quantified by flow cytometry
using Annexin V and propidium iodide co-staining in PLC/PRF/5 cells. The effects of 48 hours treatment with ROT,
Met or AMA is shown (N = 3). (B) After treating cells with complex I and III inhibitors (ROT, Met and AMA) for 48
hours, the apoptotic rates of three HCC cell lines (PLC/PRF/5, C I knockdown and mtDNA-depleting) were
quantified by flow cytometry. The histograms show mean + SEM (N = 3). (C and D) Three conditions (PLC/PRF/5,
C I'knockdown and mtDNA-depleted cells) are shown in presence or absence of ROT, Met and AMA, following a
48 hours incubation. The levels of cleaved-caspase 3 protein were measured by Western blotting analysis and
quantified by Image J software. Histograms show mean + SEM, with p values calculated by Mann-Whitney U Test.

Inhibition of mETC complex | and Ill is associated with increased ROS production and
decreased ATP generation.

The mETC is major source of mitochondrial ROS generation as up to 2% of electrons leak from
the mETC before reaching complex IV and subsequently react with oxygen in a one-electron
reduction to produce ROS instead of water molecules [23]. It is well-conceivable that a
compromised mETC will result in excessive ROS generation. We measured cellular ROS levels
of HCC cells in presence or absence of an mETC complex | inhibitor (ROT) and an mETC complex
[l inhibitor (AMA). In our experimental system H,02induced marked ROS production and thus
served as a positive control. Our results show that both inhibition of complex | by ROT and
complex Il by AMA substantially increase cellular ROS levels. In the NDUFS1 knock down cells
or cells depleted for mitochondrial DNA, pharmacological inhibitors of the mETC did not show
this effect (Figure 6A). It thus appears that pharmacological inhibition of mETC complex | or
mMETC complex Ill is associated with increased ROS production.

To further characterise the functionality of the mETC in the physiology of liver cancer cells we
also measured cellular ATP levels. As expected, inhibition of the mETC diminished cellular ATP
levels (Figure 6B). In toto, our results show a pivotal role for the mETC complex | and mETC
complex lll in liver cancer cell physiology.
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Figure 6. Inhibition of mETC affects cellular metabolism. (A) ROS production was measured after treating cells
with ETC complex I (ROT) and III (AMA) inhibitors in three HCC cell lines (PLC/PRF/5 cells, C I knockdown and
mtDNA-depletion) (N = 4). (B) After treating with ROT, Met and AMA for 48h respectively, ATP production of
PLC/PREF/5 cells, C I knockdown and mtDNA-depletion HCC cells were measured. (N = 9). Histograms are mean
+ SEM, with p values being calculated by Mann-Whitney U Test. *p<0.05; ns, not significant.

Discussion

Liver cancer is a major challenge to global health and clinical options, especially for advanced
disease remain highly unsatisfactory [24]. Liver cancer resistance to chemotherapeutic drugs
makes is frustrating practitioners everywhere [25]. Increased understanding of liver cancer
cell physiology may open novel therapeutic options and in the present study we focus on the
role of the liver cancer cell mECT in this respect. We show that various strategies employing
different mode of actions that target mETC complex | and Il limit the proliferation of liver
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cancer cells both in cell line models, in liver cancer organoids and in xenografts in vivo.
Mechanistically this is probably linked to mECT inhibition-provoked cancer cell apoptosis,
possibly provoked by increased ROS production following such inhibition. Our results provide
a proof-of-concept that targeting mETC complex | or mETC complex Il is a potential novel
avenue for combating liver cancer.

Although intuitively targeting mitochondrial metabolism seems farfetched and potentially
fraught with side effects, it is important to note that Metformin (which we also included in
the present study) is an already clinically used complex | inhibitor [26]. Clinical experience
with Metformin is especially extensive for patients with diabetes type | and its use is
associated with a reduced propensity to contract liver cancer in apparent agreement with
the effects observed with regard to mETC inhibition in the present study [27]. Generally
speaking, the effects of Metformin in cancer are linked to AMPK/mTOR signalling and it
should prove interesting to see to which extent the results of the current also relate to this
signal transduction module [28]. In apparent support for this notion is the observation that
inhibition of mMETC complex | or mETC complex lll is associated with substantially reduced
ATP levels, which is well established to provoke activation of AMPK and inhibition of mTOR
[29]. Also in agreement with this idea is that activating mutations upstream of mTOR in TSC
are regularly detected in liver cancer, suggesting that this pathway is indeed important for
liver cancer development. Intriguingly, however, in an unbiased kinome profiling study we
found that that the AMPK-provoked activation of TSC leads to the stimulation of p65PAK in
addition to mTOR [30,31]. Thus these multiple effector pathways downstream of ATP
generation that can mediate the effects observed in the present study.

Alternatively, the effects of mETC complex | and mETC complex Il inhibition may relate to
increased ROS generation. Increased ROS production as a mechanism counteracting cancer
cell growth has now been described in various experimental systems [32-34]. Mechanistically,
the role of ROS production in cancer cell physiology remains only partly understood,
although ROS-mediated apoptosis appears mediated by apoptosis regulating mitochondrial
protein cytochrome C [35,36]. Further experimentation is required to detail the exact
mechanisms by which compromising the mETC pushes liver cancer cells into apoptosis.
Disregarding the exact mechanisms involved, it is clear from the present study that targeting
the mETC is a potential novel viable option for managing liver cancer and future studies
should address its clinical promise.
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Table S1 Primer sequences used for gRT-PCR

Gene Forward sequence (5’-3’) Reverse sequence (5'-3’)
NDUFS1 TGTGTGAGACGGTGCTGATGGA | CGATGGCTTTCACGATGTCCGT
COX | CCTGACTGGCATTGTATTAG GATAGGATGTTTCATGTGGTG
COX Il CATCCCTACGCATCCTTTAC GGTTTGCTCCACAGATTTCAG
COX IV CAGAAGGCACTGAAGGAGAAG | TCATGTCCAGCATCCTCTTG
CYTB CCCTAACAAACTAGGAGGCG TCTGCGGCTAGGAGTCAATA
GAPDH GGAAATCCCATCACCATCT GGACTCCACGACGTACTCA
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Background and Aims: Cancer associated fibroblasts (CAFs) play a key role in the cancer
process, but is progress is hampered by the paucity of preclinical models essential for
mechanistic dissection of cancer cell — CAF interactions. Here, we aim to establish 3D
organotypic co-cultures primary liver tumor-derived organoids with CAFs, and to establish the
role of cancer cell — CAF interaction in liver cancer therapy resistance.

Method: Liver tumor organoids and CAFs were cultured from murine and human primary liver
tumors and 3D co-culture models were contrasted to trans-well culture systems with only
paracrine interaction between CAFs and cancer cells. A xenograft model was used to
interrogate the cell-cell interactions in vivo.

Results: Gene expression analysis of CAF markers in tumors of our hepatocellular carcinoma
(HCC) cohort and an online liver cancer database reveals reprogramming of liver cancer cell
physiology by CAFs. In 3D co-culture models and transwell co-cultures of liver tumor organoids
with murine or human CAFs, both effect CAFs mediate trophic effects on cancer cells both
through paracrine signaling as well as through direct cell-cell interaction. and of mouse or
human origin. Vice versa, cancer cells secrete paracrine factors regulating CAF physiology. Co-
transplantation of CAFs with liver tumor organoids of mouse or human origin promotes tumor
growth in xenograft models and confers therapy resistance to Sorafenib and Regorafenib.

Conclusion: Our results demonstrate the importance of CAF-liver cancer cell interaction for
tumor growth and therapy resistance and show that 3D co-culture models allow mechanistic
dissection of interactions involved facilitating development of novel rational liver cancer
therapy.

Lay summary: Cancer associated fibroblasts (CAFs) are key components of the tumor
microenvironment, and actively interact with cancer cells. Here, we developed a novel 3D co-
culture model of primary liver tumor-derived organoids with the corresponding CAFs. This will
enable the detailed study of the interactions between liver cancer cells with CAFs and help to
develop new anti-cancer strategies.
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Introduction

Liver cancer is one of the most common and deadly malignancies worldwide and is
characterized with remarkable resistance to pharmacological and other therapy of as yet
poorly understood origin. [1] A subpopulation of cancer cells within tumors, termed cancer
stem cells (CSCs), have been recognized to possess capacity for both self-renewal but also the
potential for differentiation and this population of cells appears responsible for resistance to
treatment in addition to tumor initiation and progression. [2] Although liver cancer in general
remains poorly understood, hopes for obtaining better understanding of this disease have
been fostered by the recent development of 3D organoids culture technology. Such cultures,
initially derived from tissue-resident stem/progenitor cells, embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs), have emerged as technology-of-choice for stem cell
research as they are capable of self-renewal and self-organization that recapitulates the
functionality of the tissue-of-origin. It has now been successfully employed to culture a variety
of primary cancer cells, providing insight into the role of CSCs in the cancer process. [3] For
liver cancer, tumor organoids that resemble hepatocellular carcinoma (HCC) or
cholangiocarcinoma (CCA) have been successfully cultured from human tumor [4] or mouse
tumor models. [5] In general, organoids are much easier to be cultured from CCA than HCC.

Cancer cells, in particular CSCs, actively interact with the tumor microenvironment. This
microenvironment contains numerous cell types, including immune cells, fibroblasts and
endothelial cells, and various factors including signaling molecules and extracellular matrix
(ECM). [6] Among these components, a specialized group of fibroblasts called cancer
associated fibroblasts (CAFs) are considered to be of unusual importance to tumor
development. Previous studies have identified a serial of CAF markers including alpha-smooth
muscle actin (a-SMA), fibroblast associated protein (FAP), Vimentin, fibroblast specific protein
1 (FSP1), CD29, Caveonin 1 (CAV1), Desmin, platelet-derived growth factor receptor alpha
(PDGFRA), platelet-derived growth factor receptor beta (PDGFRB), Gremlinl, Collagen, type |,
alpha 1 (COL1A1), Periostin and C-X-C motif chemokine 12 (CXCL12). [7-14] CAFs can directly
interact with cancer cells, but also secret a panel of factors and nutrients to support tumor
growth, metastasis and formation of cancer stem cell niches, and mediate
immunosuppression and drug resistance. [15, 16] More than 80% of HCC patients have the
background of liver cirrhosis, [17] and these livers are enriched with activated fibroblasts due
to the chronic inflammation that characterizes this disease. Thus, CAFs are assumed to play a
prominent role in liver cancer even in the absence of formal proof.

In this study, we first develop a 3D co-culture system of primary liver tumor-derived organoids
with CAFs of mouse or human origin. By using this system, we investigated the reciprocal
interactions of cancer cells and CAFs, and the role that the CAF niche provides with respect to
the nurturing of cancer cells and their importance for treatment resistance of liver cancer cells.

Results
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Evidence for clinical significance of CAFs in liver cancer

We first examined the potential clinical relevance of CAFs in liver cancer patients. We
quantified the mRNA expression of three well-recognized CAF markers including FAP, CD29
and Periostin in our HCC patient cohort. Their expression is significantly elevated in tumors
compared to adjacent liver tissues of the same patients (n=75, Fig. S1A-C). We next analyzed
the expression of these CAF markers using the large online TCGA database. Consistently, FAP,
CD29 and Periostin are upregulated in tumor compared to tumor free liver tissues (n=400, 364
HCC and 36 CCA, Fig. S1D, G, J). This upregulation is more apparent in late stage of liver cancer
(Fig. S1E, H, K). Importantly, high expression of FAP, CD29 or Periostin in tumor tissues is
significantly associated with poor overall survival of the patients (Fig. S1F, I, L), although the
cancer-specific survival of our HCC patients are not fully in accordance with TCGA database
(Fig. S2). Analysis of additional CAF markers revealed the upregulation of several other
markers in tumor, although their expression is not associated with patient survival (Fig. S3).
These results provided strong evidence for the clinical relevance of CAFs in liver cancer and
promoted us to establish experimental models for further investigation.

Construction of 3D co-culture systems of liver tumor organoids with CAFs

For studying the interaction between cancer cells and CAFs, we first explored the construction
of 3D organotypic co-culture systems of liver tumor organoids with CAFs. We established 6
mouse tumor organoids from carcinogen N-nitrosodiethylamine (DEN) induced mouse liver
tumors and 4 human CCA tumor organoids from resected patient CCA tumors as previously
described. [4, 5] CAFs were isolated and cultured from DEN-induced liver tumors of RFP-
expression Rosa-mT mice (Fig. S4A), and tumors of HCC and CCA patient (Fig. 1A). As a result,
2 mouse CAFs (2 out of 6 mice), 6 human CAFs (2 out of 3 CCA and 4 out of 10 HCC) were
established. CAFs were enriched by plastic adherence and propagated in culture. Both mouse
and human CAFs display an elongated, spindle-like morphology (Fig. 1B). Immunofluorescence
staining confirmed that most CAFs were positive for a-SMA and FAP (Fig. 1C). We excluded the
presence of other cell types including cancer cells, immune cells and endothelial cells by
staining with the corresponding makers AFP, EpCAM, CD45 and CD31 (Fig. S4B).

We have successfully established the 3D co-culture of mouse liver tumor organoids with CAFs
of mouse origin (Fig. 1D), and co-culture model of patient-derived CCA organoids and CAFs
(Fig. 1E, S5). However, the co-cultured organoids and CAFs were not derived from same mice
or patients. After three days in co-culture, CAFs become further elongated and gradually
formed net-like structure which encircled organoids (Fig. 1F; Fig. S5). Corresponding
immunofluorescence images of the culture system of mouse origin are displayed, as these
CAFs were derived from RFP expression murine liver tumor (Fig. 1G). By using
immunofluorescence staining and 3D reconstructing the Z-stack of confocal images, we
further confirmed that CAFs closely surrounded the organoids (Fig. S6A, B).
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Figure 1. Establishment of cancer associated fibroblasts and liver tumor organoids co-culture models. (A) Representative
immunohistochemical (IHC) staining of alpha-SMA in mouse and human primary tissue (Upper image magnification 400X;
Lower image 100X). (B) Representative image of established human and mouse CAFs (magnification 50X). (C) Representative
immunofluorescence (IF) staining of Alpha-SMA and FAP in mouse and human CAFs (magnification 400X). (D-E) Schematic
illustration of the co-culture model of mouse and human origin. (F) Representative image of mouse CAFs, mouse organoids
and co-cultures from day 0 to day 7 (magnification 20X, inset magnification 100X). (G) Representative IF staining of mouse
CAFs, mouse organoids and co-cultures (magnification 400X).
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Figure 2. The reciprocal effects of tumor organoids and CAFs. (A) Mouse or human tumor organoids cultured with or without
corresponding CAFs. (B) Diameters of mouse organoids cultured with or without mouse CAFs (n=8 with three replicates. Every
replicate with diameters of five organoids). (C) Diameters of human organoids cultured with or without human CAFs (n=7
with three replicates. Every replicate with diameters of five organoids). (D) Schematic illustration of trans-well culture
platform for mouse cells. (E) Diameters of mouse organoids in trans-well platform with or without CAFs. (F) Representative
images of mono-, co-cultured mouse organoids. (G) Growth of mouse liver tumor organoids determined by CellTiter and
Alamar Blue Assay. (H) Schematic illustration of trans-well culture platform for human cells. (1) Diameters of human organoids
in trans-well platform with or without CAFs. (J) Representative images of mono-, co-cultured human organoids in trans-well
platform. (K) Growth of human organoids determined by CellTiter and Alamar Blue Assay. (L-M) Growth of mouse CAFs in the
presence or absence of organoids conditioned medium. (N-O) Growth of human CAFs in the presence or absence of organoids
conditioned medium. (E, 1) Three independent experiments with two replicates. Each replicate contained diameters of five
randomly measured organoids in each well. Data were presented as mean + SEM, Non-parametric Mann-Whitney U tests
were used for statistical analysis. **p<0.01, ***p<0.001. (G, K, M, O) Three independent experiments with two replicates.
Data were presented as mean + SEM, Non-parametric Mann-Whitney U tests were used for statistical analysis. *p<0.05,
**p<0.01.
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CAFs promote the growth of organoids in co-culture

After co-culturing digested single organoid cells with CAFs of mouse origin for 7 days and those
of human origin for 14 days, we counted the number of formed organoids and randomly
measured the diameter of five organoids in each well (Fig. S7A). We verified the accuracy of
our measurement by measuring the diameter both under immunofluorescence and bright
field vision (Fig. S7B). We found that co-culturing CAFs did not affect the number (Fig. S8A,
S9A), but enlarged the size of formed organoids (Fig. 2A-C; Fig. S8B-G, S9B-G). This effect was
already apparent at a 1:1 ratio input of organoid and CAF cells, but was not enhanced by
further increasing the input of CAFs (Fig. S10A, B). Therefore, these results suggest that CAFs
may not regulate the efficiency of organoid initiation, but promote the growth of formed
organoids in the co-culture system.

Reciprocal enhancement of CAFs and tumor organoids growth through paracrine signaling

The aforementioned results were demonstrated in a co-culture system, but this does not
exclude the possibility of paracrine effects. To investigate this, we established a trans-well
system in which CAFs were seeded on the top and organoids on the bottom layer (Fig. 2D).
After incubation for 10 days, we found that CAFs did not affect the number (Fig. S12G, H), but,
reminiscent to co-cultures, increased the diameter of formed organoids in the setting of cells
of mouse origin (Fig. 2E, F). Cell Titer Assay and Alamar Blue Assay further confirmed these
results (Fig. 2G). Same results were observed in the setting of other combination of mouse
cells as well as cells of human origin (Fig. 2H-K, Fig. S11-12). Interestingly, several stem cell
markers including Lrigl, Muc5ac, CD133, TERT, NANOG were upregulated in mouse organoids
by the paracrine effect of CAFs (Fig. S13). But this was not observed in human organoids (Fig.
S14).

Next, we examined the reverse effect by exposing CAFs to the conditioned medium of tumor
organoids (Fig. 2L, N). We found that education with soluble factors from tumor organoids
significantly promoted the growth of CAFs (Fig. 2M, O). Profiling a panel of potential CAFs
makers revealed that Gremlinl was upregulated in both mouse and human CAFs (Fig. S15, 16).
Previous studies documented that gremlinl suppresses the function of BMPs, which may help
maintaining the tumor stemness. [18] Thus, CAFs and organoids reciprocally facilitate their
growth -at least partially- through paracrine signaling.

CAFs promote the growth of organoids-formed tumors in mice

We have previously demonstrated that liver tumor organoids are capable of forming tumors
upon subcutaneous transplantation in immunodeficient mice.[5] We thus investigated the
effects of CAFs on organoids-based tumor formation and growth in vivo (Fig. 3A). We found
that co-transplantation of organoids with CAFs lead to more efficient tumor formation (12/12)
than transplanting mouse organoids alone (9/12) (Fig. 3B). More importantly, co-
transplantation resulted in much larger tumors compared to transplanting organoids alone
(tumor weight 0.60+0.31g, n=12, VS. 0.33+0.13g, n=9, p<0.05, Fig. 3C). Immunohistochemistry
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and immunofluorescence staining confirmed the presence of CAFs in the tumor tissue of mice
co-transplanted with CAFs (Fig. 3D-F). Interestingly, CAFs are also abundantly present in the
tumors of control mice transplanted with organoids alone (Fig. 3D-F), suggesting that tumor
organoids and the formed tumors can efficiently recruit endogenous CAFs. As the transplanted
CAFs express RFP, we were able to separate the transplanted CAFs and endogenous CAFs by
using FACS. Their expression patterns of the CAF markers are indeed substantially different
(Fig. S17).

Consistently, co-transplantation with human CAFs also promoted tumor formation and
growth of patient CCA organoids in mice (Fig. 4A-C) Immunohistochemistry and
immunofluorescence staining confirmed the presence of CAFs in the tumors (Fig. 4D-F). We
next isolated the in vivo educated human CAFs from the tumors and compared their gene
expression with in vitro cultured CAFs. We found a distinct expression pattern of the CAF
markers (Fig. S18). Taken together, CAFs support organoids-based tumor formation and
growth in vivo.

CAFs protect tumor organoids from drug treatment

We next examined the effects of CAFs on the response of tumor organoids to the anti-HCC
drug Sorafenib and Regorafenib. Mouse liver tumor organoids were treated with Sorafenib or
Ragorafenib in the presence or absence of CAFs (Fig. 5A). Although the number of formed
organoids are not significantly different, the diameters of organoids are significantly larger
when co-culture with CAFs compared with organoids alone (Fig. 5B-F). Of note, most of the
organoids that survived from the treatment were surround by CAFs (Fig. 5G, H). These results
were further confirmed in human liver tumor organoids, treated with Sorafenib or
Regorafenib in the presence or absence of human CAFs (Fig. 51-N).

To investigate whether these effects are related to paracrine signaling, both mouse and
human organoids were exposed to conditioned medium of pretreated-CAFs and treated with
Sorafenib or Regorafenib (Fig. 6A, H). Interestingly, organoids in the presence of educated-
CAF conditioned medium are more resistant to the treatment, as shown by higher half
maximal inhibitory concentrations (IC50) (Fig. 6B, E, I, L), and the morphological appearance
(Fig. 6C, F, J, M). A dynamic response of treatment at different time points revealed similar
pattern of resistance in the presence of CAF conditioned medium (Fig. 6D, G, K, N). Taken
together, these findings demonstrate that CAFs protect tumor organoids from anti-cancer
treatment.
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Figure 3. Mouse CAFs promote the growth of mouse organoids formed tumors in vivo. (A) 2.5¥10° mouse tumor organoids
together with or without 2.5*¥10° mouse CAFs were transplanted into NSG mouse. (B) Representative pictures showed the
tumors from mono- and co-transplantation. (C) The weight of tumors from mono- or co-transplantation (n=9, data were
presented as mean + SEM, Non-parametric Mann-Whitney U tests were used for statistical analysis, * P<0.05). (D) The
representative |HC staining of EpCAM, alpha-SMA, H&E and Gmorry for tumors from mono- or co-transplantation
(magnification 100X). (E) The representative confocal image of alpha-SMA expression for tumors from mono- or co-
transplantation (magnification 400X, inset magnification 2000X). (F) The representative confocal image of EpCAM expression
for tumors from mono- or co-transplantation (magnification 400X, inset magnification 2000X).
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inset magnification 2000X). (F) The representative confocal image of EpCAM expression for tumors from mono- or co-
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Figure 5. Organoids in the presence or absence of CAFs in response to anti-HCC drugs. (A) An outline of the experimental
strategy used to illustrate the drug administration on tumor organoids with or without CAFs. (B-E) Mouse organoids in
response to treatment of Sorafenib (4 uM/ml) or Regorafenib (3.5 uM/ml) with or without CAFs. (F) Representative image of
treatment for mouse mono-culture and co-culture. (G-H) Representative confocal image of mouse CAFs, organoids and co-
cultures in response to treatment of Sorafenib and Regorafenib. (I) An outline of the experimental strategy used to illustrate
the drug treatment on tumor organoids with or without CAFs. (J-M) Human organoids in response to treatment of Sorafenib
(4 uM/ml) or Regorafenib (3.5 uM/ml) with or without CAFs. (N) Representative image of human mono-culture and co-culture
with or without treatment. (B, D, J, L) Three independent experiments with two replicates, each replicate contained diameters
of five randomly measured organoids in each well. Data were presented as mean + SEM, Non-parametric Mann-Whitney U
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tests were used for statistical analysis.***P<0.001. (C, E, K, M) Three independent experiments with two replicates. Data
were presented as mean + SEM, Non-parametric Mann-Whitney U tests were used for statistical analysis.

A==

ouse CAF
70% confluent
10%FCS/RMPI1640

[

Sorafenib 5uMol or
Regorafenib SuMol
Pretreated 12h

10%FCS/RMPI1640

B

Remove supernatant
PBS wash 3 times
0% FCS/RMPI 1640
Incubated for 12h

|

Advanced F12+++

l PBS wash 3 times
10ml for 12h

Collect supernatant
Filtered with 40uM filter

Supplemented with
organoid growth factor
Sorafenib or Regorafenib

-«

Mouse liver tumor organoid

[

o

=

Human CAF
70% confluent
10%FCS/RMP11640

[<_

Sorafenib 5uMol or
Regorafenib SuMol
Pretreated 12h

10%FCS/RMPI1640

B

Remove supernatant
PBS wash 3 times
0% FCS/RMPI 1640
Incubated for 12h

|

Advanced F12+++

l PBS wash 3 times
10ml for 12h

Collect supernatant
Filtered with 40uM filter

Supplemented with
organoid growth factor
Sorafenib or Regorafenib

[<_

Human liver tumor organoid

Conditioned

00000 -17x24_BNW.indd 81

B

Relative cell viability

5
.

a
I

i Sorafenib

Conditioned 1C50:5.1uM/ml
| Control IC50:4.4uM/ml|

~e— Conditioned

—=— Control

Conditioned TV

.0

I

Regorafenib

Conditioned 1C50:2.1uM/m|
o| Control IC50:1.8uM/ml
T

100uM

—&— Conditioned

—=&— Control

) 10um 100uM
I 159 Sorafenib —e— Conditioned
—=— Control
=
ﬁ 104
2
g
Lo
=
€ Conditioned IC50:4.0uM/ml
Control IC50:3.1TuM/ml
J
]
S
e
S
L 157 Regorafenib
~e—Conditioned
2 —®—Control
-E,;mJ
zZ
8
% 0.5+
U
% |Conditioned IC50:4.3uM/ml
| Control IC50:3.4uM/ml
M
H
:
S

D
15 Sorafenib - Conditioned
>
% ~e-Control
s
10
T
S -
< -
£os 2
&
ol C 3.5uM
0 48 9% 144(h)
G
é“s Regorafenib _ conditioned
= ~e-Control
kol
S1.0
K]
%us &
K
3
Concentration=3uM
0 48 9% 144(h)
K Sorafi
s rafenib ~® Conditioned
£ - Control
¥l
s
=10
K]
2
Zo0s
&
. |conc
T
N
E:' s Regorafenib  -m- Conditioned
% e~ Control
)
S10 i
3 -
2
Bos 4
K]
o«
Concentration=3uM
] % 144 152 ()
Page | 75

02-06-20

15:06



Figure 6. Organoids in the presence or absence of conditioned medium of educated CAFs in response to the anti-HCC
treatment. (A, H) An outline of the experimental strategy used to illustrate drug treatment on tumor organoids with or
without conditioned medium of educated CAFs. (B, E, I, L) Organoids in the presence or absence of conditioned medium of
educated CAFs were treated with a serial concentration of Sorafenib or Regorafenib, and the half maximal inhibitory
concentration (IC50) was determined. (C, F, J, M) Representative image of mouse or human tumor organoids in the presence
or absence of conditioned medium of educated CAFs, treated with a serial concentration of Sorafenib or Regorafenib for 10
days of mouse cells and 14 days of human cells. (D, G, K, N) Cell viability assays were performed and measured at the indicated
times, using mouse or human tumor organoids incubated with indicated anti-cancer drugs and parenthesized concentration
in the presence or absence of conditioned medium of educated CAFs. Three independents with two replicates. Graphs show
means * SEM of data normalized to t=0,. Non-parametric Mann-Whitney U tests were used for statistical analysis, ¥P<0.05,
**p<0.01, ***P<0.001.

Materials and methods
Mouse liver tumor organoid culture

Mouse liver tumor organoids were cultured from DEN-treated LGR5-DTR mice with
histologically verified liver tumors. Tumor tissue was minced and digested with a digestion
solution: Collagenase type XI (0.5mg/ml, Sigmal Alrich), Dispase (0.2mg/ml, Gibco), 1% fetal
bovine serum in Dulbecco’s modified Eagle’s medium (DMEM, Lonza) (37°C, 30mins). The
tissue debris was allowed to settle, and the dissociated cells were pelleted and washed in
Advanced DMEM/F12 (Invitrogen) and seeded in Matrigel (BD bioscience). After the Matrigel
became solid, expansion medium was slowly added in. Mouse organoid expansion medium
(OEM) was based on mouse organoid basic medium (OBM, Advanced DMEM/F12
supplemented with 1% Penicillin/Streptomycin, 1% Glutamax, 10 mM HEPES), B27(2% vol/vol),
N2 (1%, vol/vol, Invitrogen), N-acetylcysteine (1.25 uM, Sigma—Aldrich), gastrin (10 nM, Sigma
Aldrich), epidermal growth factor (EGF, 50 ng/ml, PeproTech), R-spondin 1 (10% vol/vol,
conditioned medium produced by 293T-H-Rspol-Fc cell line), fibroblast growth factor 10
(FGF10, 100 ng/ml, PeproTech), nicotinamide (10 mM, Sigma—Aldrich) and hepatocyte growth
factor (HGF, 50 ng/ml, PeproTech). For the initial 3 days, the organoids were cultured with
organoid initiation medium (OIM) supplemented with Noggin (10% vol/vol, conditioned
medium produced by 293T-HA-Noggin cell line), Wnt3a (10% vol/vol, conditioned medium
produced by L-Wnt3a cell line), and Y-27632 (10.5 uM, Sigma-Aldrich).

To passage, cold OBM was used to collect the organoids. Organoids were mechanically
dissociated into small pieces by pipetting, and then seeded back into fresh Matrigel again.
Passaging was performed at a ratio from 1:6~1:10 per week according to the growth of the
organoids. To create frozen stocks, organoids were passaged and mixed with Freeze medium
(90% FBS supplemented with 10% DMSO) using standard procedures. Cultures were thawed
using standard thawing procedures, washed once with OBM, and seeded in Matrigel with OIM
for the first passage.

Isolation and culture of mouse CAFs
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Mouse CAFs were isolated from DEN-induced Rosa26-mT mice with histologically verified liver
tumors. CAFs were isolated by using an outgrowth isolation. Tissue from tumor edge was
minced and digested with a digestion solution: Collagenase type XI (0.5mg/ml, Sigmal Alrich),
Dispase (0.2mg/ml, Gibco), 1% fetal bovine serum in Dulbecco’s modified Eagle’s medium
(DMEM, Lonza) for 30mins to 2 hours at 37 °C in a water bath. Then the sample was filtered
by using a filter tip and subsequently quenched in 10% FCS RPMI 1640 medium. The pellet
that contained tumor debris was plated in a T25 flask and fibroblast was allowed to grow out
and attached to the wall of the flask. To avoid cancer cell contamination, established cell
culture was passed at least 3 generations. The medium was changed every 2 days. CAFs were
sub-cultured when 80% confluent, banked and used for experimental studies at passages 4-8.
The fibroblasts were checked by using immunofluorescence of staining of the fibroblast
markers a-SMA and FAP and negative staining for the HCC cell, epithelial cell marker (AFP and
EpCAM), endothelial marker (CD31) and immune cell marker (CD45) to exclude contamination
of other cells types before subjected to experiments.

Human CCA organoids and CAF culture

OEM for culturing human CCA organoids was based upon OBM, B27(2% vol/vol), N2 (1%
vol/vol, Invitrogen), N-acetylcysteine (1.25 uM, Sigma—Aldrich), gastrin (10 nM, Sigma Aldrich),
Rspo-1 conditioned medium(10% vol/vol), 10mM nicotinamide, recombinant human EGF
(50ng/ml), recombinant human FGF10 (100ng/ml), recombinant human HGF (25ng/ml), 10uM
Forskolin, 5uM A8301, and 10uM Y27632. Upon attainment of dense tumor-derived organoids
(2-3 weeks after isolation), they were passaged by mechanical dissociation into small
fragments via trituration with pipet, and transferred to fresh Matrigel in the previously
defined OEM. Medium was refreshed every 2—-3 days and organoids were passaged in 1:2—
1:10 split ratio according to the growth of the organoids.

For isolation and culture of human CAFs from HCC and CCA tumors, the protocol was similar
as isolation and culture of mouse CAFs. The study was approved by the medical ethical
committee of Erasmus Medical Center. In addition, the study protocol conforms to the ethical
guidelines of the 1975 Declaration of Helsinki.

Co-culture of tumor organoids and CAFs

Cold OBM was used to collect the organoids. Organoids were mechanically dissociated into
small pieces by pipetting (20-30 times) and further digested into single cells by Trypsin-EDTA
(gibco, 37°C, 2 min). Fluorescence-activated cell sorting sorter (BD FACS AriaTM Il) was used
to further isolate the single living cells. Propidium iodide staining was used to exclude dead
cells. Forward scattered light-width (FSC-Width) with FSC-Area and then side scattered light-
width (SSC-Width) with SSC-Area gates were used to select the single cells. CAFs were
collected when they were 80% fluent in the flask. After digesting into single cell, fluorescence-
activated cell sorting sorter was used to further isolate the single living cells. For co-cultures,
different concentrations between CAFs and tumor organoids cells were sorted into 48 wells
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or 96 wells plates with OBM contained 1% Matrigel. Then the cells were centrifuged in
1000rpm for three minutes and incubated in the plate overnight. The supernatant was
removed on the second day and coated plastic surface of the cells with Matrigel to provide
biomatrix for 3-D organoid growth. When Matrigel became solid, mouse OEM or human OEM
were added. After co-culturing for 7-14 days, the diameters of organoids was performed on
confocal microscope (Leica Sp5) by using a scale tool.

Statistics analysis

Prism software (GraphPad Software) was used for all statistical analysis. For statistical
significance of the differences between groups, we used Mann-Whitney U-test. For
Differences were considered significant at a P value less than 0.05.

For additional methods, please refer to supplementary file.
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Discussion

CAFs as a vital component of the tumor microenvironment have been extensively
demonstrated to support cancer development and progression, and to promote treatment
resistance. [19, 20] The clinical significance of CAFs in disease progression, therapeutic
response and patient outcome has been widely reported in various types of cancer. [21-23] In
this study, we found that enhanced expression of CAF markers in liver tumors are associated
with poor patient outcome. Contemporary, a major challenge is how to dissect the
interactions of cancer cells with CAFs in robust experimental models. We successfully
established 3D co-culture systems of liver tumor organoids and CAFs of both mouse and
human origins to study the interactions between these two cell types.

A prominent role of CAFs is thought to shape the stem cell niche to nurture CSCs, whereas the
conventional 2D culture of immortalized cancer cell lines is far from satisfactory in
recapitulating the properties of CSCs. [24, 25] The recent development of organoids
technology that grows embryonic or adult mammalian stem cells-derived 3D organotypic
structures in vitro has greatly facilitated stem cell research. This now has been extended to
the culture of primary cancer cells that recapitulates the genomic and structural architecture
of the tumor-of-origin, and especially CSC compartment. [26] Tumor organoids have been
successfully established across variety of cancer types, including liver cancer. [4, 5] The co-
culture model of organoids with CAFs was first pioneered in pancreatic cancer, as pancreatic
cancer has the most extensive stromal reaction accounting for up to 90% of the tumor volume.
[27, 28] In this study, we established the co-culture of liver tumor organoids with CAFs. We
first cultured organoids and CAFs from DEN-induced mouse liver tumors. We have recently
shown that these organoids can recapitulate the heterogeneity of patient liver cancer types
to some extent. [5] For patient liver cancer, organoids are much easier to be cultured from
CCA compared to HCC, [4] and therefore we used CCA organoids for establishing the model.
Our model systems shall enable the detailed study of interactions between liver cancer cells,
especially CSCs, with CAFs.

CAFs secrete a variety of cytokines, chemokines and growth factors to create a tumor-
permissive microenvironment. [29] Many factors like CCL-5, CXCL12, TGFB, insulin-like growth
factors (IGF), epidermal growth factors (EGF), FGF, IL-6, IL-8, IL-10 and IL-11 secreted by CAFs
have an essential role in regulating cancer development. [21, 24, 30-36] In addition to
biochemical crosstalk, direct contact between CAFs and cancer cells also play a critical role in
tumor progression. By ECM remodeling, CAFs facilitate the migration of cancer cells. [37] On
the other hand, CAFs directly exert a pulling force on cancer cells through epithelial to
mesenchymal transition (EMT) by mediating N-cadherin and E-cadherin expression. [38] These
results are in accordance with our findings that CAFs confer growth advantages of tumor
organoids in co-culture with cell-cell contact and in a trans-well system via paracrine signaling.
Furthermore, co-transplantation with CAFs promotes organoids-based tumor formation and
growth in mice. In pancreatic tumor organoids, a Wnt-non-producing subtype requires Wnt
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ligands from CAFs. [27] CAF-derived HGF has been reported to regulate liver tumor initiating
cells via activation of FRAI in an Erkl, 2-dependent manner. [39] In our model, the exact
contribution of paracrine signaling and physical interaction, and the underline molecular
mechanisms, remain to be further

Development of drug-resistance is a relentless clinical challenge for cancer treatment. [40]
This re-enables tumor growth, cancer cell dissemination and early onset of metastasis. Studies
on the mechanisms of therapy resistance have primarily focused on the intrinsic properties of
tumor cells. Emerging evidence has redirected to the role of the organ/tumor-specific
microenvironment for developing drug resistance. CAFs contribute to treatment resistance
mainly through impaired drug delivery and biochemical signaling. Remodeled ECM by CAFs
acts as a physical barrier to inhibit the uptake of anti-cancer drugs by increasing intratumoral
interstitial fluid pressures and inducing vascular collapse. [41, 42] CAFs-derived soluble factors
including IL-6, IL-17A, IGF1, IGF2 and nitric oxide can indirectly mediate the development of
cancer treatment resistance. [41, 43-45] Our study revealed that co-culture with CAFs confer
resistance of liver tumor organoids to the clinically used anti-cancer drug Sorafenib and
Regorafenib. This effect was recapitulated by adding conditioned medium from Sorafenib or
Regorafenib pre-educated CAFs. However, whether this effect occurs in vivo and the involved
molecular mechanisms remain to be further studied.

A recent study has shown that the CAF population is implicated in immune dysregulation and
associated with immunotherapy outcome in melanoma patients. [46] Interestingly, cultured
CAFs from colon tumor, as well as lung cancer, have been reported to express immune
checkpoint molecule programmed death 1 ligand 1/2 (PDL-1 /2), which strongly induce T cell
exhaustion. [47, 48] CAFs may also indirectly regulate the immune response through ECM
remodeling by acting as a barrier which block the access of immune cells to cancer cells. [49]
A co-culture model with human pancreatic cancer organoids, matched stromal and immune
cells has been recently developed. Thus, we call the further advance of our models by
incorporating immune cells that shall enable the study of tumor-stroma and tumor immune
interaction and the assessment of immunotherapeutic such as checkpoint inhibitors in the
context of T-cell infiltration. [50] Because the clinical benefits of immune-based therapies for
HCC are evident, and ongoing clinical trials will soon establish their role in management of
HCC patients. [51]

In summary, we have successfully established 3D co-culture models of liver tumor organoids
with CAFs of mouse or human origin. We have revealed the robust effects of CAFs in liver
cancer nurturing and treatment resistance. These model systems will be helpful for future
research on the interactions of liver cancer cells with the stromal compartment and facilitate
therapeutic development.
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Supplementary methods
Trans-well culture

For Trans-well culture, 1000 CAF cells were seeded on top of the trans-well membrane (1 um pore size,
Greiner Bio-One) and 500 single organoid cells growing in the lower compartment in 24-well plates for
10 days for mouse cells and 14 days for human cells.

Alamar blue assay

CAFs or organoids were incubated with Alamar Blue (Invitrogen, 1:20 in DMEM) for two to four hours
(37°C), and then medium was collected for analysis of the metabolic activity of the cells. Absorbance
was determined by using fluorescence plate reader (CytoFluor Series 4000, Perseptive Biosystems) at
the excitation of 530/25nm and emission of 590/35. Matrigel with medium only was used as blank
control.

Cell titer assay

After culturing organoids with either mouse or human OEM for 10 days for mouse cells or 14 days for
human cells in trans-well, a volume of CellTiter-Glo 3D reagent (Promega, G9681) equal to the volume
of cell culture medium was added in each well. The contents were mixed vigorously for 5 minutes to
induce cell lysis. The plate was incubated at room temperature for an additional 25 minutes to stabilize
the luminescent signal, then luminescence was recorded.

Quantitative real-time RT-PCR

Total RNA was isolated using Macherey-Nagel NucleoSpin RNA I kit (Bioke, Leiden, Netherlands) and
quantified using a Nanodrop ND-1000 (Wilmington, DE, USA). Quantification was measured with
Nanodrop ND-1000 (Wilmington). RNA was then converted to cDNA by using a cDNA Synthesis kit
(TAKARA BIO INC.). Real-time PCR reactions were performed with SYBRGreen-based real-time PCR
(Applied Biosystems®) and amplified in a thermal cycler (GeneAmp PCR System 9700). For cells
collected from murine tissues, glyceraldehyde 3-phosphate dehydrogenase (Gapdh) gene was used as
reference. All gRT-PCR primers are listed in Supplementary Table 1.

Organoid-based tumor formation assay in NSG mice

Five to six weeks old NSG mice were used for in vivo tumorigenesis assay. 2.5*10° mouse or human
organoids together with or without 2.5*10° CAFs in 100ul Matrigel subcutaneously inoculated into the
flanks of the mice. Tumor formation and tumor weight were examined and determined after 1-2
months. Mice were housed in a room maintained on a 12h light/dark cycle (light on at 6 a.m.) with
food and water provided ad libitum. All animal experiments were approved by the Committee on the
Ethics of Animal Experiments of the Erasmus Medical Center.

Flow cytometry assay and cell sorting

For FACS analysis, single cells derived from liver and organoids were suspended in DMEM plus 2% FBS.
Cell suspensions were analyzed using a BD FACSCalibur or BD FACSAriaTM II. For FACS sort, a BD
FACSAriaTM Il cell sorter was used to isolate the target cell population. Single cell suspensions of tumor
cells were labelled with PE anti-human CD140a (PDGFRa) Antibody (Biolegend, 323506), Pacific Blue
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anti-human CD31 Antibody (Biolegend, 102422), FITC anti-human CD326 (EpCAM) Antibody
(Biolegend, 324204), Alexa Fluor 700 anti-human CD45 Antibody (Biolegend, 135906) and PE anti-
mouse CD140a (PDGFRa) Antibody (Biolegend, 135906). For cell sorting, two populations EpCAM+ for
epithelial cells and PDGFRa+ for CAFs were collected and processed for RNA extraction and gRT-PCR.

Immunofluorescence

CAFs were fixed in 4% paraformaldehyde (PFA) for 1 h and permeabilised by incubation in PBS 0.2%
Triton 100 (Sigma) at room temperature for 20 min. Samples were blocked for 1 h at room temperature
in blocking buffer: 5% BSA PBS 0.05% Tween 20 (Sigma). Then cells were incubated with primary
antibody in blocking solution in a wet chamber overnight at 4°C. After three washes of 15 min in PBS,
the samples were mounted and analyzed by using a Zeiss Axioskop 20 microscope.

Tissue histology, immunohistology and immunofluorescence

For histological analysis, tumors were dissected into 10% neutral buffered formalin, embedded in
paraffin blocks and serial sections were taken. Paraffin-embedded tissue sections were rehydrated
before antigen retrieval using pH 6 sodium citrate buffer. After blocking endogenous peroxidase (DAKO
peroxidase block), sections were incubated with primary antibodies overnight. Then sections were
incubated with second antibody for 1 h at room temperature. The slides were placed in DAB substrate
(ab64238) and incubated until desired color is achieved (30s-3min). Consequently, the slides were
counterstained with haematoxylin. Images were acquired with a Zeiss Axioskop 20 microscope.

For immunofluorescence, samples were further dehydrated with 30% sucrose (Sigma-Aldrich, 4°C,
overnight), stored at -80°C and then sectioned at 8 um for further analysis. Images were acquired with
a Zeiss LSM510META confocal microscope.

Drug treatment

Organoids and CAFs were digested by using trypsin-EDTA into single cells. By using FACS sorting, 2000
mouse organoids or 4000 human organoids cells with or without CAFs in a 1:10 ratio were seeded and
treated with Sorafenib (4 uMol/ml) or Regorafenib (3 uMol/ml) for 7 days. The number of formed
organoids were counted and their diameters were measured.

To investigate the paracrine effect of CAFs on tumor organoids, conditioned medium human or mouse
CAFs were prepared. CAFs with 70% confluent were pretreated with 5 uM Sorafenib or 5 uM
Regorafenib in 10% FCS RMPI11640 medium for 12 h. Then the supernatant was removed and the cells
were washed by PBS for three times. CAFs were then cultured in 0% FCS RMPI 1640 medium for
another 12 h. After removing medium and washing three times with PBS, 10 ml OBM was added and
conditioned for 12 h. The supernatant were then collected and filtered by a 40um filter.

For IC50 analysis, 5000 mouse organoids or 10000 human organoids cells were cultured with
conditioned or unconditioned medium with a series of concentrations of Sorafenib or Regorafenib for
10 days of mouse cells and 14 days of human cells. Cell viability was measured by Alamar blue assay.
To study the dynamic response of treatment at different time points, 5000 mouse or human organoids
cells were cultured with conditioned or unconditioned medium with Sorafenib (3.5 uMol/ml) or
Regorafenib (3 uMol/ml) for 0-192 h. Alamar blue assay was used to determine cell viability.
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Online database

We used a database of GEPIA gene expression profiling interactive analysis (http://gepia.cancer-
pku.cn/) to evaluate the association of patient overall survival with the expression of target genes in
tumor and tumor surrounding tissue as well as at different stages of tumors.
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Supplementary Figurel. Bioinformatics analysis between FAP, CD29 and Periostin gene expression and
clinical relevance in liver cancer. (A-C) Gene expression of CAF markers FAP, CD29 and Periostin in
tumors compared to paired adjacent tissues in our HCC cohort (n=75). (D, G, J) Gene expression of CAF
markers FAP, CD29 and Periostin in tumors compared to paired adjacent tissues in an online TCGA
database (n=400, 364 HCC and 36 CCA). (E, H, K) The expression of FAP, CD29 and Periostin in different
tumor stage (n=400). (F, I, L) Overall survival assessed using the online TCGA database at
www.gepia.com. The difference in survival related to CAFs markers alpha-SMA, FAP and Periostin
mRNA expression were compared in each group involving in all patients (n=400). (A-C, D, G, J) *P<0.05,
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Supplementary figure 2. Overall survival and disease free rate based on the gene expression of CD29,
FAP and Periostin in tumor tissue or tumor free tissue of our HCC patients (n=79).
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Supplementary Figure3. Additional CAFs markers like PDGFRB, Alpha-SMA, FSP1, COL1A1, PDGFRA,
CXCL12, CAV1 and Vimentin gene expression in patients with liver cancer through online database. (A,
D, G,J, M, P,S, V) The gene expression of PDGFRB, Alpha-SMA, FSP1, COL1A1, PDGFRA, CXCL12, CAV1
and Vimentin in tumor and adjacent tissue. (B, E, H, K, N, Q, T, W) Overall survival rate between high
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expression and low expression of these genes. (C, F, I, L, O, R, U, X) The gene expression of PDGFRB,
Alpha-SMA, FSP1, COL1A1, PDGFRA, CXCL12, CAV1 and Vimentin in different stage of liver tumors.

Rosa26 promoter Loxp-mT-stop-Loxp, 2 #

mCAFs

Mouse Human

Supplementary Figure4. Establishment of CAFs. (A) Rosa26-mT mouse treated with DEN for 17 weeks,
then waited 30 weeks for tumor formation. Then mouse CAFs were culture according to our protocol.
(B) Representative confocal image of EpCAM, AFP, CD45 and CD31 expression in mouse CAF and
human CAF (magnification 400X).
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Supplementary Figure5. Human organoids cultured with or without CAFs.

400X

Supplementary Figure 6. Representative of mouse co-culture model and reconstruction. (A)
Representative confocal image of mouse co-culture model (magnification 400X). (B) Representative
3D reconstruction of Z-stack of mouse co-culture model.
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Supplementary Figure7. The accuracy of our measurement by measuring the diameter was verified
under immunofluorescence and bright field vision.
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Supplementary figure 8. The reciprocal effects of mouse tumor organoids and mouse CAFs. A. The
number of formed mouse tumor organoids in mono- or co-cultures (n=6 with three replicates). (B-G)
The size of formed mouse tumor organoids in mono- or co-cultures (n=3 with three replicates, each
replicate contained diameters of five randomly measured organoids in each well).
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Supplementary figure 8. The reciprocal effects of human tumor organoids and human CAFs. A. The
number of formed human tumor organoids in mono- or co-cultures (n=6 with three replicates). (B-G)
The size of formed human tumor organoids in mono- or co-cultures (n=3 with three replicates, each
replicate contained diameters of five randomly measured organoids in each well).
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Supplementary figure 10. The reciprocal effects of tumor organoids and CAFs. (A, B) The size of formed
organoids in mono- or co-cultures with different concentration between organoids and CAFs (n=3 with
two replicate, each replicate contained diameters of five randomly measured organoids in each well.
Non-parametric Mann-Whitney U tests were used for statistical analysis. ** p<0.01; ***p<0.001). (C,
D)The number of formed organoids in mono- or co-cultures with different concentration between
organoids and CAFs (n=3 with two replicates).
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Supplementary Figure 11. The reciprocal effects of mouse tumor organoids and mouse CAFs in a trans-
well system. (A) The number of formed mouse tumor organoids in the presence or absence of CAFs in
a trans-well system (n=4). (B) The size of formed mouse tumor organoids in the presence or absence
of CAFs in a trans-well system (n=4 with three replicate, each replicate contained diameters of five
randomly measured organoids in each well. Non-parametric Mann-Whitney U tests were used for
statistical analysis. ***p<0.001). (C-F) The size of formed mouse tumor organoids in the presence or
absence of CAFs in a trans-well system. (G) Growth of mouse liver tumor organoids determined by
Alamar Blue Assay (n=4 with three replicate, Non-parametric Mann-Whitney U tests were used for
statistical analysis. ***p<0.001).
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Supplementary Figure 12. The reciprocal effects of human tumor organoids and human CAFs in a trans-
well system. (A) The number of formed human tumor organoids in the presence or absence of CAFs in
a trans-well system (n=3). (B) The size of formed human tumor organoids in the presence or absence
of CAFs in a trans-well system (n=3 with three replicate, each replicate contained diameters of five
randomly measured organoids in each well. Non-parametric Mann-Whitney U tests were used for
statistical analysis. ***p<0.001). (C-E) The size of formed human tumor organoids in the presence or
absence of CAFs in a trans-well system. (F) Growth of human liver tumor organoids determined by
Alamar Blue Assay (n=3 with three replicate, Non-parametric Mann-Whitney U tests were used for
statistical analysis). (G) The number of formed mouse organoids in a trans-well system (n=3 with two
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replicates). (H) The number of formed human organoids in a trans-well system (n=3 with two
replicates).
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Supplementary Figure 13. Stem cell markers expression profiling for mouse organoids in the presence
or absence of CAFs conditioned medium. (n=8, Non-parametric Mann-Whitney U tests were used for
statistical analysis, *p<0.05)
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Supplementary Figure 14. Stem cell markers expression profiling for human organoids in the presence
or absence of CAFs conditioned medium. (n=8, Non-parametric Mann-Whitney U tests were used for
statistical analysis).
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Supplementary Figure 15. CAFs markers expression profiling for mouse CAFs in the presence or
absence of organoids conditioned medium. (n=8, Non-parametric Mann-Whitney U tests were used
for statistical analysis, *p<0.05, ** P<0.01, ***P<0.001)
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Supplementary Figure 16. CAFs markers expression profiling for human CAFs in the presence or
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for statistical analysis, *p<0.05, ** P<0.01, ***P<0.001)
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Supplementary Figure 17. Expression patterns of the CAF markers for the transplanted and the
endogenous mouse CAFs (Endo, n=4; Ex-vivo, n=8).
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Abstract

The current understanding of cancer biology and development of effective treatments for
cancer remain far from satisfactory. This in turn heavily relies on the availability of easy and
robust model systems that resemble the architecture/physiology of the tumors in patients to
facilitate research. Cancer research in vitro has mainly been based on the use of immortalized
2D cancer cell lines for, which deviate in many aspects from the original primary tumors. The
recent development of the organoid technology allowing generation of organ-buds in 3D
culture from adult stem cells has endowed the possibility of establishing stable culture from
primary tumors. Although culturing organoids from liver tumors is thought to be difficult, we
now convincingly demonstrate the establishment of organoids from mouse primary liver
tumors. We have succeeded in culturing 91 lines from 129 liver tissue/tumors. These
organoids can be grown in long-term cultures in vitro. About 20% of these organoids form
tumors in immunodeficient mice upon (serial) transplantation, confirming their tumorigenic
and self-renewal properties. Interestingly, single cells from the tumor organoids have high
efficiency of organoid initiation, and a single organoid derived from a cancer cell is able to
initiate a tumor in mice, indicating the enrichment of tumor-initiating cells in the tumor
organoids. Furthermore, these organoids recapitulate, to some extent, the heterogeneity of
liver cancer in patients, with respect to phenotype, cancer cell composition and treatment
response. These model systems shall provide enormous opportunities to advance our
research on liver cancer (stem cell) biology, drug development and personalized medicine.

Keywords:

Tumor organoid, Liver tumor, Mouse, Anti-cancer research
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Introduction

Liver cancer is one of the most common cause of cancer-related death worldwide with limited
treatment options available (1). Better understanding of the biology of liver cancer is urgently
needed for facilitating the development of new therapies. However, this in turn heavily relies
on the availability of easy and robust model systems that resemble the architecture and
physiology of the tumors in patients. So far, the cancer research society has mainly used
immortalized cancer cell lines that have been propagated in 2D culture as in vitro model for
decades. Obviously, these cell lines behave very different from the original tumor in many
aspects and cost long time to establish (2). Primary cell culture of liver cancer cells from either
human or mouse has proven to be very difficult (3). Thus, innovative approaches enabling in
vitro propagation of primary liver cancer cells that maximize the modeling capacity of the
patient disease and treatment response will be of particular importance.

The recent development of the organoid technology has driven the stem cell research field
moving forward (4,5). Organoids are initiated in vitro from one or a few adult Lgr5* stem cells
of a particular tissue/organ and self-organize into 3D structures (6,7). They recapitulate the
tissue architecture and lineage hierarchy, allow self-renewal and expansion of the stem cell
population and empower different types of experimental manipulation (8). Many types of
cancers are believed to harbor a subset of cells, termed as tumor-initiating cells (TIC). Thus, it
is conceivable that organoids could be cultured from tumor tissues, if sophisticated 3D cell
culture techniques/conditions are employed. Indeed, tumor organoid models have been
established from primary tumors of colorectal (9), pancreatic (10,11), prostate (12) and liver
cancer (13) patients. This technology is now used to explore many aspects of cancer research,
including studying oncogenic transformation, cancer stem cells, drug development and
personalized treatment (14,15). Our study has presented the successful establishment of
malignant organoid models from mouse primary liver tumors, performed extensive
characterization and demonstrated their applications in liver cancer research.
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Method and material
Tumor/healthy organoid culture

Single cells were isolated from liver tumor tissues using a digestion solution: Collagenase type
X1 (0.5 mg/ml, Sigma-Aldrich), Dispase (0.2 mg/ml, Gibco), 1 % FBS in DMEM medium (Lonza)
(37 °C, 30 min), then centrifuged (600 rpm, 10 min) to collect the cell pellets. Cells were
directly mixed with matrigel (BD Bioscience), seeded on 24/48 well plates and kept at 37 °C
for at least 30 min. After the matrigel formed a solid gel, medium was slowly added. Organoid
culture medium was based on advanced DMEM/F12 (Invitrogen), which is supplemented with
B27 (2% vol/vol) and N2 (1% vol/vol , Invitrogen), N-acetylcysteine (1.25 pM, Sigma-Aldrich),
gastrin (10 nM, Sigma-Aldrich), EGF (50 ng/ml, Peprotech), R-spondin 1 (10% vol/vol,
conditioned medium produced by 293T-H-Rspol-Fc cell line), FGF10 (100 ng/ml, Peprotech),
nicotinamide (10 mM, Sigma-Aldrich) and HGF (50 ng/ml, Peprotech), as described previously
(5). For the initial 3 days, the organoids also need to be supplemented with Noggin (10%
vol/vol, conditioned medium produced by 293T-HA-Noggin cell line) Wnt3a (30% vol/vol,
conditioned medium produced by L-Wnt3a cell line) (5). Medium was refreshed every 2-3 days
and organoids were passaged in 1:2-1:10 split ratio once per week, or according to the growth
of the organoids. The healthy liver-derived organoids were also isolated and cultured by using
the same methodology as tumor organoid culture (stemness-keeping culture condition,
without further differentiation).

Organoid allograft

Cold advanced DMEM/F12 medium was used to collect the organoids. Organoids were
mechanically dissociated into pieces by pipetting (5-10 times) (collect enough amount of
organoids from an entire 24-well plate, averagely 1 x 10°%-1 x 107). After centrifuging,
organoids pellets (broken organoid pieces) were re-suspended in cold advanced DMEM/F12
medium and then mixed directly with matrigel in the ratio of 1:1 with a total volume of 100-
200ul. 4-6 weeks old female NOG/JicTac (CIEA NOD.Cg-Prkdc-scid 112rg-tm1Sug) mice were
purchased from Taconic, and subcutaneously injected with the collected tumor organoids.
Tumor formation was monitored weekly and mice were sacrificed to harvest tumor after
visualizing the tumor (the tumor size reached 1cm). Tumor tissues were stored or cultured as
described above. All animal experiments were approved by the Committee on the Ethics of
Animal Experiments of the Erasmus Medical Center.

Single organoid formation assay and allograft assay

Cold advanced DMEM/F12 medium was used to collect the organoids. Organoids were
mechanically dissociated into small pieces by pipetting (20-30 times) and further digested into
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single cells by TrypLE (Gibco, 37C, 5-10 min). FACS sorter (BD FACSAriaTM II) was used to
further isolate the single living cells. Propidiumiodide (PI) staining was used to exclude dead
cells; FSC-Width with FSC-Area and then SSC-Width with SSC-Area gates were used to select
the single cells. After mixing one single cell with matrigel, a droplet with in total volume of 5
ul was seeded in a well of 96-well plate for organoid initiation. After 1-3 weeks, single
organoids were formed. Cold advanced DMEM/F12 medium was used to collect the single
organoids. After removing the supernatant, matrigel was mixed with the organoid pellet and
transplanted subcutaneously into the NOG mice directly. Tumor formation was monitored as
described above.

Metabolic activity analyses for drug treatment

Different organoid lines were seeded separately in a 24/48-well plate. Sorafenib (1 uM) and
Regorafenib (1 uM) was added to the organoid culture since the initial day. Drugs were
refreshed every 2 days. At the day 7, organoids were incubated with Alamar Blue (Invitrogen,
1:20 in DMEM) for four hours, and then medium was collected for analysis of the metabolic
activity of the cells. Absorbance was determined by using fluorescence plate reader
(CytoFluor® Series 4000, Perseptive Biosystems) at the excitation of 530/25 nm and emission
of 590/35. Each treatment condition was repeated for four times and matrigel only was used
as blank control.

Karyotyping

Karyotyping was performed as previously described (16). Briefly, cultures were incubated with
0.1 ug/ml Karyomax Colcemid (Gibco, 152120-012) for 24 h. Organoids were harvested by cold
organoid basic medium and then kept on ice for 10 min. Then, TrypLE (Gibco) were added for
digesting organoids into single cells. Cells were then incubated with KCL 0.0075 M hypotonic
solution for 10 min in 37°C incubator. Methanol: acetic acid (3:1, freshly prepared) was used
for further fixation. Cells were dropped onto a microscope slide for visualization. Nuclei were
mounted and stained using Vectashield with DAPI (Vector Labs). A minimum of 15 metaphases
per sample were counted.

Statistical Analysis

Prism software (GraphPad Software) was used for all statistical analysis. For statistical
significance of the differences between the means of two groups, we used Mann-Whitney U-
test. For comparing two paired groups, we used Paired T-test. Differences were considered
significant at a p value less than 0.05.
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Results
Successful culture of organoids from mouse primary liver tumors

Diethylnitrosamine (DEN) is widely used as a carcinogen in experimental animal models, in
particular for inducing liver tumors in mice. Similar to the gender disparity in patients, DEN
also preferentially induce liver tumors in male mice (17). Thus, we have mainly used male mice
(53 male; 3 female) to induce liver tumor by DEN (Supplementary Figure 1 and Supplementary
Figure 2). The livers were harvested for organoid culture (Figure 1A and Supplementary
Figure 3). The numbers of visible tumors vary among the harvested mouse livers, ranging from
zero to multiple tumors per liver (Supplementary Figure 1 and Supplementary Figure 4A). In
total, we obtained 129 individual tissue/tumors from these mice, which were subjected to
organoid culture (Figure 1A and Supplementary Figure 3). In general, small organoids could be
visualized since post day 2-7 and passage was required around 7-14 days. We have succeeded
in establishing organoid culture from 91 out of the 129 tumors, representing an efficiency of
70.5% (Supplementary Figure 2 and Supplementary Figure 4). The initiation efficiency varied
from 0% to 100% among individual livers (Supplementary Figure 4B). For the rest 38 tissues
that failed to form into organoids, 12 samples did initiate organoids but stopped proliferation
at an early stage (maintained less than 3-4 weeks, 1-3 passages); whereas the other tumors
had extensive necrosis and did not initiate any organoid from the start.

The successfully established lines could be maintained and propagated in 3D culture for at
least 3 months, by passaging in the ratio of 1:2-1:4 for every 7 days. We further demonstrated
that these tumor-derived organoids can be frozen, stored and re-cultured again without
affecting their growth rate. With respect to the morphology, we (Figure 1C) and others (5)
have observed that organoids derived from the healthy liver have a uniform bubble-like
structure. In contrast, organoids derived from liver tumors presented diverse morphologies,
ranging from bubble-like to condensed and flower-like, as well as an irregular sheet-like
structure (Figure 1D-H). Interestingly, some cultures contained a mixture of organoids with
different morphology (Supplementary Figure 5), which may reflect the heterogeneity of cell
types within the tumors.

Tumorigenicity of expanded organoids in immunodeficient mice

To functionally assess whether these tumor-derived organoids are malignant, we performed
the allograft assay in NOG immunodeficient mice as described previously (Figure 1A and
Supplementary Figure 3) (18). We have subcutaneously engrafted all the established 91
organoid lines and assessed their tumor formation ability in vivo. Within 4-16 weeks, 18 out
of 91 (20%) lines initiated tumor formation in NOG mice (Figure 1A and Supplementary Table
1: The upper panel).
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Organoids could be cultured again from these allograft tumors (Figure 1A-B and
Supplementary Figure 3). These tumor organoids needed to be passaged every 5 days in the
ratio of 1:5-1:10, indicating an increased speed of growth. Importantly, when engrafting into
NOG mice, these organoids are capable to initiate tumors again, with relatively shorter time
compared to engraftment of the primary tumor organoids (Figure 1B and Supplementary
Table 1, allograft tumor vs. primary tumor: 35 days vs 40.6 days). These results firmly
demonstrated that liver tumor derived organoids are malignant and tumorigenic with self-
renewal capability. Furthermore, we have performed karyotyping for the organoid strains
(Figure 2). The majority of the strains from the primary tumors and all the strains derived from
allograft showed irregular chromosome numbers. In contrast, organoids from healthy livers
stably maintain diploid/tetraploid/octoploid chromosome numbers in culture.

A single organoid derived from a single cancer cell is able to initiate tumor formation in
mice

To further consolidate the ability to initiate tumor growth of the organoids, we performed an
organoid formation assay with isolated single cells. We found that isolated single cells from
the tumor organoids can efficiently re-initiate organoids (Figure 1A). More importantly,
subcutaneous transplantation of a single tumor organoid derived from a single cell into
immunodeficient NOG mice rapidly initiated tumor around two weeks, confirming their
malignant property (Figure 1B and Supplementary Table 1: the lower panel). Furthermore,
organoids can be re-cultured from those allograft tumors and exhibited progressive expansion
for over 4 months. These results indicate that 3D tumor organoid system enriches the cells
with the capacity of tumor initiating.

Classically, stem cell markers have been widely used to identify potential TIC, although it is an
ever debating issue of defining qualified TIC markers (19). Based on previous studies (19,20),
we have profiled a panel of potential TIC markers, in comparison with organoids from normal
liver stem cells. We found that the expression profile for stem cell/tumor stem cell markers
varied from different strains (Supplementary file 1). Several markers, including Bmi1, Lgr5,
Oct4, Cd133, Hopx and Sox2 were upregulated in allograft strains compared to normal
organoid or primary tumor-derived organoid strains (Figure 3). CD44 and Tert were
downregulated in allograft strains. By paired analysis of the available paired strains, we
observed the upregulation of Bmil, Lgr5 and Muc5ac and the downregulation of Sox9 and Ck7
(Supplementary Figure 6).
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Figure 1. Establishment and characterization of organoid cultures from mouse liver tumors. (A) The upper panel: An outline
of the experimental strategy used to establish primary tumor organoids. The lower panel: Representative pictures showing
tumor organoids cultured from mouse primary liver tumors, and the formation of allograft tumor in NOG mice. The allograft
tumors can be cultured into tumor organoids again. (B) The upper panel: An outline of the experimental strategy used to
investigate single tumor organoid. The lower panel: Representative pictures showing that allograft tumor can initiate tumor
organoids again. A single cell isolated from the tumor organoid can initiate a single organoid and then initiate tumor in NOG
mice. (C) Example of normal liver organoids. (D-H) Liver tumor organoids with different morphologies.
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Figure 2. Karyotyping of normal and tumor organoids. (A-B) Representative images of organoid metaphases used
for the ploidy analysis (A: normal chromosome number B: irregular chromosome number; Original magnification for
organoids were 2800x%). (C-D) Different analysis methods showing the percentage of ploidy per number of
metaphases counted (at least 15 total), for normal organoid (N), allograft organoid (AL) and primary organoid (PT).
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Figure 3. Comparison of the expression of progenitor/stem cell markers. N: normal liver organoid strains; P: strains
from primary liver tumors; A: strains from allograft liver tumors (*P < .05; **P <.01; ***P <.001).

Tumor organoids express cholangiocyte and/or hepatocyte markers

In patients, primary liver cancer has been traditionally classified into three main types based
on the tumor cell type. These are hepatocellular carcinoma (HCC), cholangiocarcinoma (CC)
and hepatocellular-cholangiocarcinoma (CHCs). Although it remains a challenge to
differentiate these types, hepatocyte (e.g. AFP, HNF4a) or/and cholangiocyte (e.g. CEA, CK19,
C-KIT, EpCAM) markers are often used as one of the approaches to distinguish these types of
liver cancer (21). In this respect, we have characterized the established tumor organoids and
corresponding tissues by staining with HCC (AFP/HNF4a), CC (EpCAM/CK19) marker, H&E
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staining and Gomori's reticulin staining respectively (Figure 4, supplementary file 1-3). Among
the 91 strains which were transplanted into the NOG mice, 25 were lost due to infection in
culture or storage issue later on (Supplementary Figure 4, marked by yellow). Thus, we mainly
focused on the rest 66 strains, as well as the 18 allograft strains. We found distinct expression
patterns among different lines of established tumor organoids. Some with a subset of cells
express AFP and Hnf4a, some express EpCAM and CK19, and others express both markers
(Supplementary file 1). More importantly, some allograft strains maintained the expression
profile as well as the histology, compared to the primary tissue/strains (Figure 5A); whereas
the other strains did not (Figure 5B). These data indicate that murine tumor organoids may
recapitulate the heterogeneity of liver cancer types in patients to some extent. Of note, given
that the etiology of liver is diverse, DEN induced liver tumors in mice do not fully represent
liver cancer in patients (17).

Assessment of anti-cancer drugs in the tumor organoid model

Current treatment options, in particular for advanced liver cancer, are very limited. Sorafenib
is the only FDA-approved first-line systemic therapy for patients with advanced HCC, with
improvement of patient survival for only 3 months (1). Regorafenib is now emerging as a
potential second-line therapy for HCC patients (22). To explore the potential of using liver
tumor organoid models for future drug development, we assessed the feasibility by testing
the effects of Sorafenib and Regorafenib.

We used organoid lines established from nine allograft tumors, as well as four primary-tumor
derived organoid strains. Overall, these two targeted therapies inhibited the growth of the
organoids (Figure 6 and Supplementary figure 7). However, we also observed clear variations
of the responsiveness among these organoids. Thus, we have classified the organoid strains
into three groups. Group 1 is sensitive to both (Figure 6A and Supplementary figure 7A);
whereas Group 2 is only sensitive to Sorafenib but not Regorafenib (Figure 6B and
Supplementary figure 7B); and Group 3 is not sensitive to both (Figure 6C and Supplementary
figure 7C). We further compared the expression profile of stem cell/tumor stem cell markers
between Group 1 with the rest strains. We have observed low expression of Oct4 and high
expression of Sox9 in Group 1 (Supplementary Figure 8).

Page | 116

00000 -17x24_BNW.indd 122 02-06-20 15:06



\
fa%h

Q O
~ 100x

EICAM/DAP HNF4a/DAPI /DAPI
AL23
o 0.031
©
Q.
@© 0.02-
o
—
x 0.014
0.00- T g

T T T T T T T
(~ \ & A N £ % PR SIS S S A
o -\- \ D + g O O < L O &
9 & <> P P W AT L0 DK
Q@' % & ot & N o <§>'Q9 <$§' W VO
Figure 4. An example of the characterization of an organoid strain. (A) IHC straining for the allograft tissue of EpCAM (CC
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cell/tumor stem cell markers of the allograft organoid strains (n=3).
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Figure 5. The characterization of organoid strains and corresponding tissue. (A) The tumor initiated by organoids showed
similar histology and expression patterns of EpCAM and AFP compared to the primary tissue. Black box: the tumor organoid.
(B) The tumor initiated by organoids showed different histology and expression profile of patterns of EpCAM and AFP
compared to the primary tissue.
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Figure 6. Tumor organoids in response to the treatment of the targeted therapeutics Sorafenib or Regorafenib. 13 tumor
organoid lines (AL12, AL18, AL20, AL22, AL26, AL28, AL61, AL71, AL85, AL86, PT102, PT104 and PT105) were analyzed. At day
7, the Alamar blue assay was used to measure the growth of organoids. (*P < .05; **P < .01; ***P <.001, n=4). (A) Group 1:
organoid strains which were both sensitive to Sorafenib and Regorafenib. (B) Group 2: organoid strains which were only
sensitive to Sorafenib, but not Regorafenib. (C) Group 3: organoid strains which were not sensitive to both Sorafenib and
Regorafenib.
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Discussion

This study has demonstrated the establishment of organoids from primary mouse liver tumors.
These organoids can be expanded in long-term cultures and initiate tumors in
immunodeficient mice. Importantly, these organoids recapitulate, to some extent, the
heterogeneity of liver cancer as seen in patients, with respect to phenotype, cancer cell
composition and treatment response.

Classically, the in vitro investigation of liver cancer is based on cell lines, which have the
following limitations: 1) limited number of established cell lines; 2) low efficiency of
establishing new lines from primary tissues; 3) only aggressive tumors have high change to
establish in vitro culture successfully. Thus, the majority of primary tissue (>90%) cannot be
successfully culture in vitro, especially the benign or less aggressive tumors, which also should
be further investigated. Except the traditional cell line culture model, several other methods
have also been explored to model liver cancer in vitro. The rotating wall vessel bioreactor has
been reported to be used to culture HCC cell lines. This system was further used to co-culture
the liver tumor cells with colon carcinoma cells to form liver-tumor hybrid, as a model to mimic
liver metastasis. In addition, 2D or 3D spheroid culture has been applied to culture HCC cell
lines. However, the majority of those in vitro system focus on immortalized cell lines, rather
than primary tissue.

We here adopted matrigel based 3D organoid culture system. This model allows investigation
of healthy adult stem cells, as well as various types of diseases, in particular cancer. Successful
examples have been reported in establishing organoids from colon, pancreas and prostate
tumor tissues. A very recent study has reported the culture of organoids from a few liver
cancer patients (13). Here we reported that we have succeeded in establishing 91 lines from
128 mouse liver tissues/tumors. These organoids are capable of long-term culture and
expansion in vitro. They are capable of initiating tumors in immunodeficient mice upon (serial)
transplantation, confirming their tumorigenic, malignant and self-renewal properties.
However, a subset of the tumor organoid strains did not initiate tumor in the current allograft
transplantation model. First of all, we cannot exclude the possible existence of normal
organoids among these organoid lines established from primary tumors. Secondly, the mouse
model used for allograft transplantation retains part of the immune system which may inhibit
tumor initiation (23).

There is substantial heterogeneity among different organoid strains, in respect to organoid
morphology, tissue histology and marker expression. The diversity of morphology has
previously also been observed in other types of tumor organoids, such as those derived from
colorectal (9), pancreatic (10,11) and prostate (12) cancer. Interestingly, the tumor histology
of the allograft and the corresponding primary tumor is not always matched (Supplementary
Table 2, Supplementary Table 3 and Supplementary figure 9). One possible explanation is that
the current liver organoid culture protocol more favors the growth of stem cell/cholangiocyte
like cells (5,13,24). Secondly, trans-differentiation between hepatocyte and cholangiocyte has
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been well-recognized (25). We speculate that with the current organoid culture approach we
may drive the trans-differentiation of primary HCC cells into cholangiocarcinoma cells. Last
but not the least, in case of a small tumor, tissue was prioritized for organoid culture, left no
representative primary tumor tissue for histology evaluation.

Our results also support the notion that liver tumors contain TIC, and organoids may represent
an innovative model system for studying these cancer cells. TIC is a rare cancer cell population,
but is thought to be the engine of tumor formation, relapse, metastasis and chemo-resistance
in many cancer types (19), including in liver cancer (26). We envision that these tumor
organoid models have potential to circumvent a major bottleneck in the TIC field as these cells
are usually not able to be cultured in vitro. The current research is largely based on phenotypic
description and tumor formation assays in immunodeficient mice (26). Sophisticated in vitro
culture of liver tumor organoids that are capable of long-term propagation ex vivo, as
demonstrated in our study, provides a unique tool for the research field to advance in-depth
research of liver TIC.

We further reveal the heterogeneity of individual lines as well as the differences in
responsiveness between treatments. This provides proof-of-concept that organoids have the
potential to be used as an in vitro model to study anti-cancer drug development in general, as
well as for personalized medicine in cancer treatment. Furthermore, TIC have been proposed
as attractive anti-cancer targets and recent studies have demonstrated the possibility and
efficacy of targeting TIC in animal models. Different allograft organoid strains showed
different expression patterns for the stem cell/tumor stem cell markers, which may be useful
for further investigation of the specific tumor initiating cell/cancer stem cell populations
(Supplementary figure 10). We believe that tumor organoid models have particular privileges
as a platform for facilitating the development of TIC targeted therapies, given that these cells
can be ex vivo cultured from primary tumor tissues.

Organoid model system shall provide enormous opportunities to advance the research on liver
cancer/stem cell biology, drug development and personalized medicine. Of note, organoid
systems do not mutually exclude the use of the classical cancer cell lines, but in fact
complement each other. Finally, more efforts are urgently required to establish robust
organoid models from patient liver tumors.
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Supplementary Figure 1. The livers. The black squares are pictures of the corresponding livers which missed
due to technical issue.
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Supplementary Figure 2. Tumor organoid lines. All the 91 tumor organoid lines, for the genetic background,
gender and primary tumor formation time (counted since the time of first Den injection until the time to
sacrifice the mice).
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Supplementary Figure 4. The organoid strains grouped according to the mice. (A) The organoid strains which
were successfully initiated and maintained are marked by green; The organoid strains which were
successfully initiated (maintained over 3 months), transplanted into NOG mice for tumor initiation but lost
afterward due to storage issue/infection are marked by yellow. (B) The distribution of the organoid
initiation efficiency for individual mouse liver.
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Supplementary Figure 5. Tumor organoids show mixed morphology. Red arrow: “tumor organoid”

morphology; Blue arrow: “normal organoid” morphology.
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Supplementary Figure 6. The panel of progenitor cell markers which compared between paired primary
organoid strains and corresponding allograft organoid strains (*P < .05; **P <.01; n = 8).
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Supplementary Figure 7. Tumor organoids in response to the treatment of the targeted therapeutics
Sorafenib or Regorafenib. (A) Representative pictures taken at day 7, showing that tumor organoids
respond differently to the treatment (n=4). (A) Group 1: organoid strains which were both sensitive to
Sorafenib and Regorafenib. (B) Group 2: organoid strains which were only sensitive to Sorafenib, but not
Regorafenib. (C) Group 3: organoid strains which were not sensitive to both Sorafenib and Regorafenib.
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Supplementary figure 8: The panel of progenitor cell markers which compared between Group 1 (organoid
strains which were sensitive to both treatment) and the rest strains (*P < .05; **P < .01).
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1 B6/CD1

2 B6

2 PT20 16 B6/CD1 41

4 PT22 9 B6 58

5 PT23 5 B6/C3H 58

6 PT26 9 B6 58

7 PT28 13 B6 58

3 PT61 14 B6 36

9 PT71 15 B6 22
PT72 7 B6/C3H 22
PT81 15 B6 66
PT85 7 B6/C3H 40
PT86 8 B6/C3H 40
PT102 14 B6/CD1 33
PT104 13 B6 33
PT105 13 B6 33
PT108 13 B6 16

B6

Supplementary Table 1. Liver tumor organoid can initiate tumor. The upper panel: The primary tumor

organoid lines which formed tumor in the NOG mice, and the corresponding information of tumor
harvesting time and mouse strain; The middle panel: Tumor organoids derived from the allograft (1st
allograft) can re-initiate tumor again (2nd allograft) in the NOG mice; The lower panel: The corresponding
tumor harvesting time of single cell formed organoid derived allograft tumors.
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Primary strain Allograft strain
Normal, Extramedullary
PT12 hematopoiesis AL12 CC or d/d mixed type
Cc with complex papillary

PT18 Normal AL18 structures

HCC, possibly also with an CC with complex papillary
PT20 hemangioma AL20 structures/villi structure.

HCC, possibly also with an
PT22 vascular tumor AL22 Not sure tumor type
PT23 HCC AL23 CcC
PT26 Hemangioma AL26 Not sure tumor type
PT28 HCC AL28 cC
PT61 Small HCC AL61 CcC
PT71 Normal AL71 CcC
PT72 Normal AL72 CC or mixed type
PT81 HCC AL81 HCC
PT85 HCC AL85 CC or mixed type
PT86 HCC AL86 cC
PT102 Normal AL102 Maybe CC
PT104 cC AL104 cC
PT105 | HCC, with hemangioma | AL105 Not sure tumor type
PT108 HCC AL108 Not sure tumor type
PT109 HCC tumor AL109 Not sure tumor type

Supplementary Table 2: The histology for paired primary organoid strain (PT) and allograft organoid strain
(AL). The green mark: the strains which showed consistent histology between primary and allograft tissues.
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Group 1: Normal

Group 2: Tumor histology

Organoid Organoid
code Tissue Histology code Tissue Histology
PT1 Normal PT8 HCC d/d mixed type
PT2 Normal PT9 Mixed type
PT3 Normal HCC(?),
PT6 Normal No obvious Portal
PT7 Normal PT11 traid
PT10 Normal PT13 Necrosis, HCC
PT14 Normal PT32 Necrosis, HCC
PT19 Normal PT68 HCC
PT24 Normal PT79 HCC
PT25 Normal PT82 HCC
PT35 Normal PT90 HCC
PT39 Normal PT93 HCC
PT57 Normal HCC
PT89 Normal With pale bodies
PT91 Normal (fibrinogen), Mallory
PT96 Normal PT97 hyaline
PT112 Normal HCC, steatosis,pale
Group 3: Tumor liver PT98 bodies
Organoid PT100 HCC
code Tissue Histology P01 HEe
PT15 Normal . i
PT30 Normal FTl16 REC
PT87 Normal Group 4: Other diseases
PT107 Normal Organoid
Group 5: Tumor organoid code Tissue Histology
Organoid PT27 Necrosis, Fat liver
code Tissue Histology PT29 Hemangioma
PT16 Normal PT31 A possible tumor
PT21 Normal Gland structure, could
PT36 Normal be maglinant,
PT37 Fat liver cholangiocyte
PT80 Necrosis direction
PT88 Normal PT38 differentation
PT99 Normal PT40 Steatosis liver
PT103 Normal PT49 Fat liver
PT110 Normal PT92 Necrosis
PT111 Normal PT113 Necrosis tumor

Supplementary Table 3: Different groups of organoids which grouped by liver morphology, histology,

organoid morphology. Group 1: 17 out of 55 strains showed normal for all three aspect, thus considering

as “Normal group” (30.9%); Group 2: 16 out of 55 showed tumor organoid morphology with tumor/”norma

histology, considering as tumor organoid group (29.1%). Group 3: 4 out of 55 showed normal organoid

morphology with tumor liver morphology (7.3%); Group 4: 8 out of 55 showed “normal” organoid
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morphology but with normal/other disease histology (14.5%); Group 5: 10 out of 55 showed tumor organoid
morphology but with normal/other disease histology (18.2%);
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Abstract

Cancer stem cells (CSCs) or tumor-initiating cells (TICs) are thought to be the main drivers for
disease progression and treatment resistance across various cancer types. Identifying and
targeting these rare cancer cells, however, remains challenging and unproven with respect to
therapeutic benefit. Here, we report the enrichment of LGR5 expressing cells, a well-
recognized stem cell marker, in mouse liver tumors, and the upregulation of LGR5 expression
in human hepatocellular carcinoma. Isolated LGR5 expressing cells from mouse liver tumors
are superior in initiating organoids in 3D culture and forming tumors in immunodeficient mice
upon engraftment compared to LGR5" cells, featuring candidate TICs. These cells are resistant
to conventional treatment including sorafenib and 5-FU. Importantly, LGRS lineage ablation
significantly inhibits organoid initiation and tumor growth. The combination of LGR5 ablation
with 5-FU, but not sorafenib, further augments the therapeutic efficacy in vivo. Thus, we have
identified the LGR5* compartment as an important TIC population, representing a viable
therapeutic target for combating liver cancer.

Keyword: LGR5; Tumor-initiating cells, Liver cancer; Anti-cancer target.
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Introduction

The key concept underlying the cancer stem cell (CSC) or tumor-initiating cell (TIC) theory is
that tumors are maintained through a hierarchical structure in which different cell populations
have different functionalities in pathophysiology®. The bulk of a tumor is thought to consist of
CSCs/TICs as well as rapidly proliferating cells. CSCs/TICs are responsible for tumor initiation,
resistance to conventional treatment and distant metastasis. Rapidly proliferating cancer cells,
thought to be derived from the tumor stem cell pool, are responsible for volume increment of
the tumor?. A prediction based on this model is that ablation of the relatively small CSC
compartment would ultimately result in cessation of tumor growth and metastasis, and
provoke sensitization of the tumor to conventional treatment as well.

Within the framework of this theory, CSCs/TICs would be characterized by a large capacity for
self-renewal, a potential for differentiation into different cell types that constitute the tumor,
and a resistance to conventional treatment®. These key features largely overlap with those of
normal stem cells, making it extremely difficult to specifically identify CSCs/TICs, but on the
other hand would allow techniques traditionally used for identifying normal stem cells also to
be applied for CSCs/TICs3. LGRS (leucine-rich repeat-containing G protein-coupled receptor 5)
evokes special interest as a potential marker for the CSC/TIC compartment in this respect.
LGRS is a well-characterized stem cell marker in several tissues/organs, including the small
intestine, the colon and the liver*®. In colon and intestine, the LGR5 stem cell pool constantly
proliferates and differentiates into mature cell types to compensate for the loss of functional
epithelial cells. Interestingly, these LGR5 stem cells also participate in the process of
oncogenesis, acting as the cells-of-origin of intestinal cancer’. Importantly, LGR5 marks CSCs
in colon cancer®19, intestinal cancer! and basal cell carcinoma®?. In intestinal adenoma as well
as malignant carcinoma, LGRS cells account consistently for a ratio of 5-10% of tumor cells and
fuel tumor growth®'3, Proof-of-concept showing that specific elimination of LGRS cells delays
tumor growth in colon cancer has been provided®. Given the essential role of CSCs/TICs, these
cells are attractive targets for anti-cancer treatment, whereas their resistance to conventional
therapies impedes the therapeutic development.

In contrast to the colon and intestine, LGR5 stem cells are absent in the homeostatic liver, but
emerge upon tissue injury®*!*. These liver LGR5 cells are likely to be an intermediate
stem/progenitor cell population that responds to injury but they may have a limited
contribution to tissue repair'®. Whether an LGR5* compartment exists in liver cancer remains
obscure and the possible importance of such a compartment in this disease is unexplored.
Nevertheless, research into this possibility is urgently needed as liver cancer is one of the most
common forms of malignancy worldwide, with nearly 800,000 cases reported yearly and it is
characterized by a depressing lack of treatment options®. Hepatocellular carcinoma (HCC) and
cholangiocarcinoma (CC) are the two main types of primary liver cancer. Currently, surgery
remains the only potentially curative therapeutic strategy available but is well-known for its
high recurrence rate following tumor resection. Chemotherapy and targeted treatment are
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generally ineffective, with sorafenib providing some extension of life expectancy to HCC
patients. The unusual treatment resistance of liver cancer is thought to be associated with the
presence of CSCs/TICs, but this notion remains largely unproven®®. Thus, we aimed to
investigate whether LGR5 marks CSCs/TICs in liver cancer, and to explore the potential for
therapeutic targeting of these cells. Our results show that in liver cancer an LGR5*
compartment exists that is superior in tumor initiation and mediates therapy resistance.
Targeting this compartment constitutes a rational novel avenue for combating this disease.
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Results

Enrichment of LGR5 expressing cells in primary liver tumors

Homeostatic livers are reported to be devoid of LGR5* cells, but injury does induce such cells.
Whether LGR5* cells are present in liver cancer is largely unknown. By adopting Lgr5-DTR-GFP
knock-in mice (Fig. 1a), we first investigated the presence of LGR5* cells (GFP co-expressing
cells) in the healthy and injured liver, and during carcinogenesis. Carbon tetrachloride (CCla)
was used to trigger liver injury. Diethylnitrosamine (DEN) was used to induce primary liver
tumor formation (Fig. 1b, and Supplementary Fig. 1). Although LGRS cells are absent in the
homeostatic liver (Fig. 1c), either a single course or repeated administration of DEN can rapidly
trigger the emergence of LGR5-GFP* cells (post DEN induction day 7; relative size of the LGR5-
GFP* compartment following 1 X DEN: 0.025 + 0.05%, n = 3 [mean + SEM]; Supplementary Fig.
2a-b). Animals were monitored for liver tumor formation from 4 to 14 months post DEN
induction (Supplementary File. 1). Analysis of the resulting hepatic neoplasms revealed stable
presence of an LGR5* compartment in these liver tumors (Fig. 1c). The relative abundance of
LGRS cells in the tumors (Supplementary File. 1 and Supplementary Fig. 2c-d) are significantly
higher as compared to those in the tumor surrounding tissues (Fig. 1d) or as detected in CCls
injured livers (Fig. 1c). The LGRS expression levels in the tumor cells show substantial variation,
but are substantially and significantly higher compared to that in injured liver (Fig. 1le).
Immunohistochemistry (IHC) and immunofluorescence (IF) staining of GFP expression further
confirms the presence of an LGR5* compartment and enables detailed analysis of spatial
distribution of LGR5-GFP* cells in the liver (IF: Fig. 1f; IHC: Supplementary Fig. 2e-f). Co-
staining with hepatocyte marker (HNF4a) or cholangiocyte marker (CK19) revealed that a
proportion of LGR5 cells in the tumor express HNF4a or CK19 (Fig. 1g-h), suggesting that LGR5*
cells may give rise to both a HCC-like and a CC-like phenotype, the two main types of primary
liver cancer. Thus, these data have demonstrated the presence of an LGR5* compartment in
primary murine liver cancer.

To examine the clinical relevance, we investigated LGR5 expression in human HCC tumors
from our patient cohort (Erasmus MC cohort). We found that LGR5 expression is significantly
elevated in tumor tissues compared to the paired tumor free liver tissues (Fig. 2a), and also in
some subpopulations of patients with specific etiologies of HCC (Fig. 2b). Survival analysis by
predicting Kaplan-Meier curves revealed a tendency towards worse clinical outcome in
patients with higher LGR5 expression (Fig. 2c). Further analysis of online publically available
datasets confirmed the upregulation of LGR5 expression in HCC (Supplementary Fig. 3a), and
possible association with clinical outcome especially in subpopulations of specific patients
(Supplementary Fig. 3b). Interestingly, with data from the TCGA database and International
Cancer Genome Consortium-France (LICA-FR) and International Cancer Genome Consortium-
Japan (LIRI-JP), we found that the upregulation of LGR5 expression is more pronounced in HCC
tumors with B-catenin mutation (Supplementary Fig. 4). This is in line with LGR5 being a B-
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catenin target gene both in the intestine and liver>'’. Taken together, LGR5 cells are enriched
in both mouse and human liver tumors, and bear substantial clinical relevance.
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Fig. 1 Primary murine liver tumors are enriched with LGR5 expressing cells. a Principle of Lgr5-DTR-GFP transgenic mouse
strategy used in this study. b Principle of the experimental strategy used to induce primary murine tumors in the context of
this study. ¢ The percentage of LGR5* cells, as determined by flow cytometry, is significantly higher in liver tumors from DEN-
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animals (0.11 £ 0.022 %, n = 17) (Welch test, P = 0.0001). d The percentage of LGR5-GFP* cells is significantly increased in liver
tumors (7.29 + 1.76%, n = 55) as compared to the tumor-surrounding tissues (2.93 + 1.15%, n = 34) of the same mice (Welch
test, P = 0.0407). e Liver tumor-derived LGR5-GFP* cells showed increased fluorescence intensity when compared to LGR5-
GFP* cells derived from CCls-injured livers. f Representative images showing LGR5-GFP* cells as present in liver tumors. Yellow
arrow: LGR5-GFP* cell. DAPI: blue. g-h Representative confocal images showing the expression of the cholangiocyte marker
(g, CK19, yellow) and the hepatocyte-specific marker (h, HNF4aq, red) in LGR5-GFP expressing cells. Source data are provided
as a Source Data file.
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Preservation of LGR5 cells in liver tumor-derived organoids and allograft tumors

3D organoid cultures are robust model systems for studying the properties of (cancer) stem
cells'®2°, We have successfully established routine procedures?! for creating organoid cultures
from primary liver tumors of DEN-induced mice (Supplementary Fig. 1). In total, 89 tissues
were obtained from 41 individual murine livers (Supplementary File. 1). 63 out of 89 (70.8%)
tumor/tumor surrounding tissues successfully initiated organoids (8 out of 34 tumor
surrounding tissues did not initiate organoid, 23.5%; 18 out of 55 tumor tissues did not initiate
organoids, 32.7%). These organoids can be maintained and propagated in 3D culture for at
least 5 months. Staining for CK19 and HNF4a demonstrates that these organoids either display
a CC or HCC-like phenotype (Fig. 3a-b). Importantly, these cultured organoids maintain a
population of LGR5 positive cells (Fig. 3c).

To investigate whether these organoid lines are malignant, we transplanted all the 63 strains
into immunodeficient NOG mice (Fig. 3d). One to six months after allografting, eleven out of
63 organoid-strains formed palpable tumors in the immune deficient mice (17.5%). All
contained an LGR5-GFP* compartment as determined by FACS analysis of the tumors (Fig. 3e).

Following re-culture of cells obtained from these allograft tumors as organoids, we observed
substantial diversity of the morphology (Supplementary Fig. 5a-c) and CK19/HNF4a
expression in the corresponding allograft tumors (Fig. 3f and Supplementary File. 2). A
population of LGR5-expressing cells were again observed in these organoid cultures
(Supplementary Fig. 5d), in line with the existence of such a compartment in the allograft
tumors from which these organoid cultures originated (IF: Supplementary Fig. 5e; IHC:
Supplementary Fig. 5f and Supplementary File. 2). In addition, genome-wide transcriptomic
analysis revealed a distinct gene expression signature between LGR5* and LGR5™ cells,
including TATA-box binding protein associated factor 7 like (Taf7l), Sialophorin (Spn), SRY-box
2 (Sox2), Nidogen-1(Nid1), Paralemmin 3 (Palm3), Alpha-1-microglobulin/bikunin precursor
(Ambp), Membrane bound O-acyltransferase domain containing 4 (Mboat4) and Chymase 1
(Cmal), which had higher expression levels in LGR5* compared with LGR5™ population. Kaplan-
Meier curve analysis revealed that all these genes are associated with the survival of liver
cancer patients (Supplementary Fig. 6 and Supplementary File. 3-4). Especially, Sox2 as a
transcription factor is essential for maintaining self-renewal or pluripotency of
undifferentiated embryonic stem cells, and has been reported as a marker for cancer stem
cells in breast cancer and squamous-cell carcinoma??. Gene enrichment analysis of the 196
differentially expressed genes further revealed the involvement of metabolism-related
pathways, including “Oxidation by Cytochrome P450”, “Calcium Regulation”, “Metapathway
biotransformation” and “Purine metabolism”. There are also differentially expressed genes
involved in immune regulation, including “Macrophage markers pathway”, “Kit Receptor
Signaling Pathway” and “IL-6 signaling Pathway”. Furthermore, LGR5* cells had significantly
differentially expressed genes involved in cell proliferation/migration, including “Chemokine

”ou

signaling pathway”, “Matrix Metalloproteinases” and “PPAR signaling pathway”. Interestingly,
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there are differentially expressed genes enriched in “Wnt Signaling Pathway” and “G Protein
Signaling Pathways”. Subsequent experiments were initiated to assess the exact functionality
of LGR5 expressing cells.
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Fig. 3 Maintenance of LGR5 expressing cells in liver tumor organoids and allograft tumors. a-b Representative pictures
showing organoid lines that predominately express the hepatocyte marker HNF4a (a) or the cholangiocyte marker CK19 (b)
(Upper panels: IF staining; lower panels bright-field microscopic pictures). ¢ Representative pictures showing the presence of
LGRS expressing cells in organoids. LGR5-driven GFP: Green. d An outline of the experimental strategy used to transplant
tumor organoid lines into immunodeficient mice. e The percentages of LGR5 expressing cells in allograft tumors and the
corresponding primary tumors (Primary vs. Allograft: 2.8 £+ 0.8% vs. 6.8 + 5.6%, n =11, P =0.3577). f-g Representative pictures
of allograft tumors that mainly express either the hepatocyte marker HNF4a (f) or the cholangiocyte marker CK19 (g). Source
data are provided as a Source Data file.

Dissociated LGR5" cells from liver tumors are superior in organoid and tumor initiation
compared to LGR5 cells

For functional comparison of LGR5* and LGR5" liver cancer cells, we first assessed their relative
clonogenic ability using an organoid initiation assay. Employing FACS (the sorting strategy:
Supplementary Fig. 7a), LGR5-GFP* and LGR5-GFP~ cells were collected from 71 individual
primary murine liver tissues, and cultured in 3D matrigel (Fig. 4a and Supplementary File. 5).
After 2-3 weeks, we observed organoid formation from single cells (Fig. 4b-d). Importantly,
LGR5-GFP* cells have stronger organoid formation ability compared to LGR5-GFP cells (2.13 +
0.67% vs. 0.07 £ 0.02%, n = 30) (Supplementary File. 5: detailed organoid initiation efficiency).
In addition, we also observed that the initiation ability of LGR5* cells showed close correlation
to collected cell number. The average numbers of LGR5* cells collected from tissues that did
initiate organoid (1906 + 442, n = 25) were significantly higher compared to the number that
did not (171 £ 47, n = 46). This was not the case for LGR5" cells (28350 + 8914, n = 60 vs. 13860
+ 3654, n = 11) (Supplementary Fig. 7b-d). This indicates that a sufficient cell number (>1000)
is essential for successful organoid initiation of LGR5 expressing cells from liver tumors.

We next performed organoid initiation for cells derived from the allograft tumors (Fig. 4e).
Similar as observed with primary tumors, LGR5* cells of allograft tumors initiate more
organoids as compared to LGR5" cells (40.5 + 10.2% vs. 9.8 + 3.9%, n = 10) (Fig. 4f). Compared
to cells isolated from primary tissues, allograft tumor cells are more potent with respect to
their potential for organoid initiation (Supplementary Fig. 7e-g). Interestingly, organoids
formed from a single LGR5-GFP* or LGR5-GFP cell produce both LGR5 positive and negative
offspring, suggesting possible self-formation of a hierarchical organization sustaining organoid
growth and differentiation (Supplementary Fig. 7h).

The ultimate measure of potential functionality of LGR5* cells in pathophysiology is their
capacity to form allograft tumors in vivo (Fig. 4g). Hence identical numbers of FACS sorted
LGR5-GFP* and LGR5-GFP™ cells derived from primary liver tumors were subcutaneously
engrafted into NOG mice and tumor formation was monitored (Supplementary File. 6). As
expected, LGR5* cells display a stronger capacity for tumor initiation as compared to LGR5"
cells (LGR5* vs LGR5™: 33.3% vs 11.1% ) (Fig. 4h, Supplementary File. 6). Moreover, tumors
initiated from LGR5* cells contain both LGRS positive and negative populations (Fig. 4i-n).
Additionally, we have performed a tumor formation assay for the cells that were derived from

Page | 149

00000 -17x24_BNW.indd 155 02-06-20 15:06



the allograft tumors (Fig. 40). Again the LGR5* compartment proved markedly more potent in
this respect relative to the LGR5-GFP" compartment (Fig. 4p-q and Supplementary Table. 1).
Collectively, our results are best interpreted that liver tumor-derived LGR5* cells constitute a
bona fide TIC compartment.
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(Paired T test, 2.13 + 0.67 % vs. 0.065 + 0.023 %, n = 30, P = 0.0048). e An outline of the experimental strategy used to study
ex vivo organoid initiation of allograft tumor-derived cells. f Efficiency of organoid initiation by allograft liver tumor-derived
LGR5-GFP* and LGR5-GFP- cells (Paired T test, 40.46 + 10.19 % vs. 9.84 + 3.93 %, n = 10, P = 0.0187). g Outline of the
experimental strategy used to assess in vivo tumor initiation of cells isolated from primary murine liver tumors. h Weight of
tumors initiated by LGR5* and LGR5" cells (LGR5* vs. LGR5: 0.46 + 0.046 g vs. 0.10 + 0.10 g, n = 3)(Formed tumor number:
LGR5* cells--3 out of 9; LGRS cells--1 out of 9). i LGR5 expression in single LGR5* cell-derived allograft tumors and
corresponding primary tumors (17.42 £ 15.29 % vs. 2.47 £ 1.27 %, n = 3). j-n Representative pictures showing that LGR5-GFP*
and LGR5-GFP- cells (k) were isolated from DEN-induced primary liver tumors (j). Then, LGR5-GFP* cells (green arrow) initiated
allograft tumors in immunodeficient mouse (I-n). The initiated allograft tumors sustained LGRS expression (n). o An outline
of the experimental strategy for in vivo tumor initiation assay of cells isolated from allograft murine liver tumors. p Tumor
weight of allografts initiated by LGR5-GFP* cells and LGR5-GFP- cells (isolated from allograft tumors). (0.64 + 0.19 g vs. 0.27 +
0.08 g, n =11, P =0.0418). q Macroscopic aspect of the tumors initiated by LGR5-GFP* cells and LGR5-GFP- cells (isolated from
allograft tumors). Source data are provided as a Source Data file.

Anti-cancer treatment enriches LGR5 expressing cells

CSCs or TICs are presumed to be relatively resistant to conventional anti-cancer treatment. A
prediction would thus be that in liver cancer the LGR5* cells would be more resistant to anti-
cancer treatment as compared to the LGR5 cells. Hence we challenged tumor organoids with
sorafenib, the FDA-approved drug for treating advanced HCC, and compared the relative
potential of LGR5-GFP* and LGR5-GFP- cells to withstand such treatment (Fig. 5a). Treatment
of tumor organoids with sorafenib significantly increased the percentage of LGR5 positive cells
in the population (Fig. 5b-d). This effect became even more profound when the organoids
were treated with the chemotherapeutic agent, 5-fluoro-uracil (5-FU) (Fig. 5a-d).

Subsequently the relative size of the LGR5* compartment following in vivo treatment with
these therapeutic agents was assessed (Fig. 5e). Treatment with either sorafenib or 5-FU to
mice bearing allograft tumors, formed by engrafting tumor organoids, substantially increased
the fraction of the LGR5-GFP* cells in the tumors (Fig. 5f). Also when LGR5-GFP* and LGR5-
GFP" cells were isolated from tumor organoids and used for organoid re-initiation, while
subsequently being treated with 5-FU, the resulting cultures were dominated by LGR5-GFP*
expressing cells, independent from whether LGR5-GFP* or LGR5-GFP- were used as starting
material (Fig. 5g). Of note, LGR5* cells isolated from 5-FU-treated tumors retained the ability
of organoid and tumor initiation (Supplementary Fig. 8). Interestingly, 5-FU treatment
effectively rewired the transcriptome of LGR5* cells (Fig. 5h; Supplementary Fig. 6 and 9).
Gene enrichment analysis of the 1464 differentially expressed genes between 5-FU treated
compared to untreated LGR5* cells revealed the involvement of stem cell-related pathways,
including “Wnt Signaling”, “Notch Signaling Pathway”, “ErbB signaling pathway”, “Hedgehog
Signaling Pathway” and “BMP Signaling Pathway” (Fig. 5i and Supplementary File. 3). These
pathways are commonly activated in many types of solid tumors, associated with cancer
initiation, progression and metastasis?3. Interestingly, there are several pathways, including
“TGF Beta Signaling Pathway”, “EGFR1 Signaling Pathway”, “PPAR signaling pathway”, “G1 to

S cell cycle control”, “Mismatch repair”, “p53 signaling” and “Apoptosis Modulation/Apoptosis
pathway”, are known to be implicated in anti-cancer treatment response and DNA damage
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response?*. These results may partially explain the enrichment of LGR5 expressing cells upon
5-FU treatment. In conclusion, besides resistance, conventional anti-cancer treatment also

triggers the generation and propagation of LGR5 expressing cells.
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Fig. 5 Anti-cancer treatment selects for LGR5* cells. a Outline of the ex vivo experimental strategy used to assess the effects
of drug treatment on the size of the LGR5* compartment. b The fraction of LGR5-GFP* cells is significantly increased upon
treatment with sorafenib or 5-FU (vehicle control vs. 10 uM sorafenib vs. 10 uM 5-FU: 2.6 + 0.5 % vs. 4.6 £ 0.4 % vs. 21.3
1.9 %). c-d Representative FACS plots (c) and confocal pictures (d) demonstrating that the fraction of LGR5-GFP* cells is
increased upon treatment with sorafenib or 5-FU. e An outline of the experimental strategy used for testing the effects of
drug administration in vivo. f The percentages of LGR5-GFP* cells is increased upon administration of sorafenib or 5-FU to
allografted animals (vehicle control vs. sorafenib vs. 5-FU: 0.13 + 0.04 %, n = 6 vs. 0.42 £ 0.13 %, n =8 vs. 0.66 + 0.17 %, n =
7). g Representative confocal pictures showing that both single LGR5-GFP* and LGR5-GFP- cell-initiated organoids contain
LGRS expressing cells and the relative fraction of LGR5 expressing cells is increased in treatment resistant organoids. LGR5-
driven GFP: Green. h A Volcano plot showing the most significantly differentially expressed genes between 5-FU
treated/untreated LGR5* cells. i Gene enrichment analysis (with the library of Wiki2019) within the differentially expressed
genes. Source data are provided as a Source Data file.

LGRS lineage ablation inhibits organoid and tumor growth

From the results described above, we inferred that ablation of the LGR5* compartment should
impair liver cancer growth. To experimentally test this notion, we exploited the co-expression
of the diphtheria toxin receptor (DTR) in the Lgr5-DTR-GFP mice. This would allow us to
specifically deplete the Lgr5-DTR-GFP* compartment through diphtheria toxin (DT)
administration (Fig. 1a). We have previously optimized the concentrations of DT treatment
(1-10 ng/ml) for LGR5 depletion, with organoids derived from healthy Lgr5-DTR-GFP mice*.
Accordingly, we evaluated the effects on organoid initiation and proliferation (Fig. 6a-b), and
sorafenib treatment served as a positive control. DT treatment inhibited the growth of tumor
organoids in an effect that showed close correlation as to the effects on the numbers of LGR5-
GFP* cells (Fig. 6¢c-e). DT treatment did not influence the growth of tumor organoids of
genetically wild type (Fig. 6c: left panel).

We further assessed therapeutic targeting of LGR5 liver cancer cells in vivo. We first evaluated
the effect of DT treatment after formation of visible tumors, following transplantation of
tumor organoids into immunodeficient mice (Supplementary Fig. 10a). 5-FU and sorafenib
served as the positive controls. The effects of LGR5 cell depletion on the growth of formed
tumors was minor (Supplementary Fig. 10c: right panel and 10d: right panel). In contrast,
administration of DT immediately after transplantation of tumor organoids (Fig. 6f) efficiently
delayed tumor initiation and inhibited their growth (Fig. 6h; Supplementary Fig. 10c: left panel
and 10d: left panel). Further analysis of the tumors confirmed the depletion of the LGR5-GFP*
compartment in the DT treated animals (Fig. 6g). Also using absolute tumor size as a measure,
DT-mediated depletion of the LGR5* compartment impaired tumor growth (Fig. 6i). The
enrichment of stem cell markers also differed in control and DT-treated LGR5*- cells
(Supplementary Fig. 11). Interestingly, there was an inverse correlation between tumor size
and the relative size of the LGR5-GFP* compartment at the end of the experiment
(Supplementary Fig. 10e-f), indicating that LGR5 expressing cells are probably more active in
the tumor initiation period. As control, DT treatment did not influence initiation and growth
of tumors formed from the wild type tumor organoids (Supplementary Fig. 12a-b). Thus, LGR5
lineage ablation impedes organoid and tumor initiation and further growth.

Page | 153

00000 -17x24_BNW.indd 159 02-06-20 15:06



a DT/Sorafenib Analyze b DT/Sorafenib  Analyze
| | I —
[ \ 5
Day 0 Day 6 Day0 Day 3 Day 6
c Control High LGR5-DTR-GFP+ Low LGR5-DTR-GFP+
=ns *
*
2500 =0 2000- it 2000- =ns
— Ars Erk
X, ol P
o g . 5 %
; =% i_ v E 1500 & 1500
4 $ T c * ™ % %—
3 = =
S 1000 S S
g R ‘g 1000: $ g 1000-
S 10004 5 ?
E a g ¥ g
2 A T 500 D 50
O s n o o
i - E
Sorafenib - +H+ -+ - - Sorafenib - ++ -+ - - Sorafenib - ++ -+ - -
DT - +H+ -+ DT - - - +H+ -+ DT - - ++ -+
d c DT e c
LGRS+

GFP-FITC.
L3

H
GFP-FITC

T T T T T T
50K 200K 250K 0 50K 200K 250K

|0=]K |5(;K KJIK!K TSKI)K
FSC FSC
f g € DT
o e9
86
k A
e )
e "
RS e RO R
h (e [ORE:
= N N
Tumor Organoid Tumor Formation & DT Administration Analyse
Transplantation
h @ Control }H I P
150 o7 P=NS
12 P=0.0677
L]
= 1.0 °
£ G
E 1o = os
P =
o =) o o
15 ° .
= 2 06
<] & °
= 51
g - E o4 00 Vov
E = 3 .3 vy
23 <5 éo 3
ol te® 838 S
o 5-FU - S + -
DT - - = +
Day 0 7 8 9 Sorafenib = + - a

Fig. 6 LGR5 lineage ablation inhibits organoid and tumor growth. a-b The outlines of the ex vivo experimental strategy to
assess the effects of anti-cancer drug treatment on organoid initiation and delineate its temporal aspect (a) or during organoid
expansion (b). ¢ The response of wild type tumor organoids (Left) and Lgr5-DTR-GFP mice derived tumor organoids, with
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treatment during the expansion period; +/+: DT treatment since the initial culture day. d-e Representative FACS plots showing
that LGR5-GFP* cells are depleted by DT treatment, for high LGR5 expression organoid strains (d) and low LGRS expression
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group (n = 8). i, The weight of tumors from vehicle control, DT, 5-FU or sorafenib-treated groups, on the day of mice sacrifice
(Control vs. sorafenib vs. 5-FU vs. DT: 0.34 + 0.078 g, n = 18 vs. 0.18 £ 0.047g, n = 15 vs. 0.19 £ 0.033 g, n = 15 vs. 0.15 + 0.027
g, n =19). Source data are provided as a Source Data file.

Combination of LGR5 lineage ablation with chemotherapy enhances the anti-cancer
efficacy

As LGR5" cells appear to mediate resistance against conventional anti-cancer treatment, it is
rational to evaluate the combination of LGR5* lineage ablation with conventional anticancer
treatment.

To experimentally test this notion, we first combined DT with sorafenib treatment. However,
with different strategies of combination therapy, no enhanced anti-tumor activity was
observed on allografted tumors (Fig. 7). We next tested the combination of 5-FU and DT.
Allograft tumor-bearing mice were first subjected to 5-FU (which increases the relative size of
the LGR5* compartment) followed by cessation of 5-FU therapy and start of DT treatment as
to kill the LGR5" cells (Fig. 8a and Supplementary Fig. 13a-c). Indeed this approach is effective
in combating allograft tumor formation (Fig. 8b) and is substantially superior to monotherapy
with 5-FU, stand-alone DT treatment (Fig. 8c-d and Supplementary Fig. 14a) or initial
treatment with DT followed by 5-FU therapy (Supplementary Fig. 13d-h). Simultaneous
administration of 5-FU and DT (Fig. 8e) also resulted in robust anti-cancer effects (Fig. 8f-h
and Supplementary Fig. 14b). Thus targeting the LGR5* compartment markedly enhances
efficacy of conventional treatment aimed at combating liver cancer.
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Fig. 7 Combination of LGR5 lineage ablation with sorafenib does not enhance the anti-cancer efficacy. a Outline of the
experimental strategy to assess the combinatory effect of LGR5 lineage ablation with sorafenib. sorafenib and DT were
administrated every other day for in total 10 days since visualization of tumor formation after organoid engraftment. b
Representative growth curves showing tumor volumes in the vehicle control (CTR), sorafenib, DT, and sorafenib + DT treated
groups. Black arrow: onset of administration. ¢ Tumor masses from these four groups (CTR vs. sorafenib vs. DT. vs. sorafenib
+DT:0.45+0.098,n=8,vs.0.25+0.06 g, n=8vs.0.28 +0.043 g, n =8 vs. 0.29 £ 0.09, n = 8). d Images showing tumors from
these four groups. e Outlines of the experimental strategy for assessing the effects of combining LGR5 lineage ablation and
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sorafenib treatment. sorafenib, DT or the combination were administered immediately since transplantation of the organoids
every other day, for in total ten days. f, Representative growth curves showing tumor volumes of the four groups. Black arrow:
onset of administration. g The tumor masses of these four groups (CTR vs. sorafenib vs. DT. vs. sorafenib + DT: 0.21 £ 0.03 g,
n=8vs.0.16+0.03g,n=8vs.0.09+0.02g, n=8vs.0.12+0.03 g, n = 8). h Images showing the tumors from the different
groups. Source data are provided as a Source Data file.
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Fig. 8 Combination of LGR5 lineage ablation with 5-FU results in enhanced anti-cancer efficacy. a Outline of the
experimental strategy to assess the combinatory effect of LGRS lineage ablation with 5-FU. Following tumor organoid
allografting, 5-FU was administrated for the first half of the experiment (every other day, for in total six days). DT was
administrated for the second half of the experiment (every other day, for in total 6 days). b Representative growth curves
showing tumor volumes in the vehicle control group (CTR), the 5-FU monotherapy group, the DT administration-only group,
and the hybrid 5-FU/DT group. Black arrow: onset of administration. ¢ Tumor masses from these four groups (Control vs. 5-
FU vs. DT. vs. 5-FU-DT: 0.33 £+ 0.076 g, n = 12 vs. 0.25 + 0.066 g, n = 8 vs. 0.29 + 0.052 g, n = 8 vs. 0.13 £ 0.020 g, n = 8). d
Representative images showing tumors from these four groups. e Outlines of the experimental strategy for assessing the
effects of combined LGRS lineage ablation and 5-FU treatment. 5-FU, DT or the combination were administered since
organoid engraftment every other day, for in total twelve days. f Representative growth curves showing tumor volumes of
the four groups. Black arrow: onset of administration. g The tumor masses of these four groups (Control vs. 5-FU vs. DT. vs.
5-FU+DT:0.28 + 0.050 g, n =15 vs. 0.21 + 0.048 g, n =8 vs. 0.16 + 0.027 g, n = 11 vs. 0.069 + 0.007 g, n = 8). h Representative
images showing the tumors from the different groups. Source data are provided as a Source Data file.

Discussion

This study has demonstrated that liver cancer contains an LGR5* compartment that has
various hallmarks of TICs/CSCs, including an increased capacity for tumor organoid formation
in culture and allograft formation in mice as well as resistance against conventional anti-
cancer therapy. Functionally, these cells seem more important in tumor initiation, whereas
the LGR5™ compartment appears to bear the proliferative burden. Simultaneously targeting
both compartments as demonstrated in this study by 5-FU treatment in combination with DT-
mediated ablation of the LGR5* compartment was effective in combating experimental liver
cancer. Thus, combining conventional therapy and LGR5*-targeted therapy deserve to be
further explored for the treatment of liver cancer in the clinic. Conceivably, this approach
could be more effective for subset of patients with high levels of LGR5 expression, such as
CTNNB1 mutated or alcohol-related HCC patients?>2, Although LGR5*-targeting therapies are
still largely in their infancy, the analogy with neuroendocrine tumors, which are successfully
combated by radioactive somatostatin analogues (e.g. *”’Lu-Dotate) that target receptors with
homology to LGR5%’, suggests that radioactive drugs (e.g. R-spondin) may be an option for
treating liver cancer?®. Our results, however, indicate that such therapy will be more effective
when combined with particular conventional anti-cancer therapies.

Overexpression of LGR5 has been previously reported in patient HCC’, and we confirmed that
this is more pronounced in B-catenin mutated liver tumors. Although the elevation of LGR5
expression and potential association with clinical outcome have been observed in HCC
patients, whether it can serve as an independent prognostic biomarker remains to be further
investigated in specifically designed tumor marker prognostic studies in patients®.

Of note, these early observations are based on mRNA expression, due to the lack of a reliable
anti-LGR5 antibody. We now used transgenic mice in which LGR5-expressing cells co-express
GFP and we can conditionally ablate these cells with the DT-DTR system3C. This model allows
for the identification and direct visualization of LGR5 expressing cells based on GFP expression,
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as well as isolation of LGR5-GFP* cells for further functional analyses and detailed
characterization.

In intestinal adenomas, LGR5 marks 5-10% of the cells, which keep fueling the growth of
established mouse adenomas*3. We found that the percentages of LGR5-GFP* cells in murine
liver tumors vary from 0.1% up to 55% (7.3 + 1.8%, n = 55). Over 32% of the primary liver
tumors harbor relatively high percentages (over 5%) (Supplementary Fig. 2c). In colon cancer,
the percentage of LGR5 expressing cells has been reported to be associated with different
background of the tumors, especially the accumulation of certain oncogenic mutations®. Thus,
we speculate that the large variation of the abundance of LGRS cells in liver tumors may also
be related to different types of oncogenic mutations, although this hypothesis requires further
investigation. Of note, DEN was used to induce primary liver cancer in this study and this
compound is associated with the accumulation of liver B-catenin mutations3’. Therefore, it is
possible that our results are mainly relevant to liver cancers with deregulated Wnt/B-catenin
signaling and their importance requires future investigation in other mutational backgrounds
(e.g. deregulated TSC/mTOR signaling)3? as well.

Through a series of functional assays, in particular in vitro organoid initiation and in vivo tumor
formation, we have demonstrated the importance of these LGR5 TICs in liver cancer. To define
the potential for therapeutic targeting, we have performed LGR5 lineage ablation in organoids
in vitro and in the tumor-bearing mouse model. Of note, the presence of LGR5 cells in tumors
is likely dynamic. We observed large variations of their percentages among different primary
liver tumors and allograft tumors generally contain lower numbers of LGRS cells (less than 1%).
In colorectal cancer, advanced stages compared to the early stages contain less LGR5 cells33,
A speculative explanation could be that the tumors are derived from LGR5-positive stem cells,
yet these cells are suppressed thereafter during tumor progression33. The dynamics could be
essential for determining at which stage to target LGR5 TICs. When we performed LGR5
ablation in established tumors, we only observed a minor effect, probably due to a low
percentage of LGRS cells as well as their dispensable function at that stage, while depletion at
the early stage yielded optimal anti-tumor effects. This result is in line with previous findings
showing that LGRS cells play distinct roles in primary and metastatic colon cancer®.

Although we have demonstrated the feasibility and value of targeting LGR5 TICs in liver cancer,
therapeutic ablation of these cells remains challenging. Resistance to conventional therapy is
a common feature of CSCs%. We found that treatment with sorafenib or 5-FU enriches LGR5
cells, consistent with the findings in gastric3* and colorectal cancer®®. Different mechanisms
may contribute to treatment resistance. Although LGR5 stem cells are generally fast-cycling in
the intestine35, the existence of quiescent LGR5 cells have been reported in basal cell
carcinoma, which mediate relapse after treatment!?. Cell plasticity could be one of the
potential mechanisms of treatment resistance. The loss of LGR5 stem cells in the intestine can
be compensated by trans-differentiation from other stem cell pools3°, or through plasticity of
their enterocyte-lineage daughters3’. Cancer cell plasticity, shifting dynamically between a
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differentiated and a stemness state, has also been proposed as an important feature
contributing to tumor progression, metastasis and therapeutic response3. We now have
observed the induction of LGR5* from LGR5 liver cancer cells. This may implicates cell
plasticity of LGR5 CSCs, but there could also be other mechanisms regulating the origin and
expansion of LGR5 cells. Eventually, these LGRS liver cancer cells may partially contribute to
treatment resistance.

Currently, several innovative scenarios are being explored to therapeutically target CSCs,
including antibody-drug conjugates®, targeting quiescent CSCs*® and inhibiting CSC-related
pathways?. However, as discussed, different mechanisms could lead to treatment resistance®.
Thus, combined therapies are likely necessary for this respect. With the intention to fully
expand the stem cell pool, cetuximab has been used to first trigger the LGR5 population,
followed by the ablation of these CSCs. This combined therapy has resulted in potent efficacy
against colorectal cancer'®. Similarly, we have observed that the combination of LGR5 lineage
ablation with 5-FU chemotherapy can also lead to enhanced anti-liver cancer activity.
However, combination of LGR5 lineage ablation with sorafenib did not yield enhanced anti-
tumor activity. This is probably related to the mild effect of sorafenib in triggering the LGR5
CSC pool.

Lastly, a potential concern of such strategies is the possible harmful effects on normal LGR5
stem cells. In intestine, colon and skin, although LGR5 stem cells essentially contribute to
tissue renewal at a daily basis>®, their loss can be compensated by trans-differentiation from
other reserve stem cell pools3%#° or through plasticity of their daughter cells®’. Importantly,
antibody conjugated drug targeting LGR5 CSCs in colon cancer has no major impact on the
function of normal LGR5 stem cells®. In liver, LGR5 stem cells are absent during homeostasis,
but only transiently activated upon injury likely without major contribution towards tissue
repair*14. Thus, we envision that our identification of targetable LGR5 TICs in liver cancer bears
important implications for future therapeutic development.
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Materials and Methods
Primary liver tumor model

Lgr5-DTR-GFP transgenic mice (kindly provided by Genentech) specifically co-express the
diphtheria toxin (DT) receptor (DTR) and green florescent protein (GFP) under the control of
the Lgr5 promotor®, Thus, LGR5* cells can be identified by GFP expression, and LGR5-GFP*
cells can be specifically depleted by DT administration. Lgr5-DTR-GFP transgenic mice (3-4
weeks) were administered with Diethylnitrosamine (DEN) by intraperitoneal injection (Sigma-
Aldrich, i.p., 100 mg/kg) weekly for 6-17 weeks*' . DEN is used to induce liver tumor in Lgr5-
DTR-GFP transgenic mice and wild type mice, which could cause liver disease from basophilic
foci, hyperplasic nodules, hepatocellular adenoma and finally lead to HCC34243, Mice were
sacrificed 3-16 months after the last DEN injection and livers/tumors were collected for
further experiments (Supplementary File. 1: In total, 41 mice were monitored; 80.5%, 33 out
of 41, mice formed liver tumors; the expression of LGR5 in each tumor/tumor surrounding
tissues were also listed; Supplementary Fig. 2g-h). For each liver, biopsies were taken from
the tumor and tumor surrounding tissue. If livers contain more than one tumors, individual
tumors were collected and analyzed separately. For CCls induced liver injury, Lgr5-DTR-GFP
transgenic mice were weekly repeated administered with (6 or 17 weeks) intraperitoneal CCls
injection (10 pl/20 g body weight of 10% CCla solution in corn oil or corn oil as control). All
animal experiments were approved by the Committee on the Ethics of Animal Experiments of
the Erasmus Medical Center.

HCC specimens and patient information

HCC specimens (paired tumor tissue and adjacent tumor free liver tissue) were collected from
HCC patients undergoing tumor resection at the Erasmus Medical Center, The Netherlands.
Samples were stored at -80°C and then used for RNA extraction. 74 specimens were obtained
from HCC patients and the corresponding clinica-pathological data are summarized in
Supplementary Table. 2. HCC-specific survival was assessed in all patients and patients were
stratified according to relative LGR5 expression (below and above median — 0.047). The
Kaplan-Meier method was used to estimate survival outcome curves and the log-rank test
was used to compare the survival between the two groups. The hazard ratio (HR) for HCC-
specific survival was estimated using the Cox proportional hazards regression model. The
study was approved by the medical ethical committee of Erasmus Medical Center. In addition,
the study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki.

Online database
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For analysis of Lgr5 mRNA expression, data were retrieved from three independent HCC
cohorts including The Cancer Genome Atlas (TCGA), Wurmbach**, and Roessler®. For survival
analysis based on Lgr5 mRNA expression, the TCGA cohort was used. For analysis of the
relationship between gene mutation and Lgr5 expression, three independent cohorts were
investigated, including TCGA, International Cancer Genome Consortium-France (LICA-FR) and
International Cancer Genome Consortium-Japan (LIRI-JP).

Tumor organoid culture

Digestion solution Il (37°C, 30 min, 500 pg/ml of collagenase type XI, 200 pg/ml of Dnase-1, 1%
FBS in DMEM medium) (collagenase type XI: Sigma-Aldrich; Dnase-1: Sigma-Aldrich) was used
to digest liver or tumor tissues into single cell suspension. Single cell suspension was directly
mixed with matrigel (Corning BV) and then used for culturing, or sorted for further
experiments. Sorted cells were also mixed with matrigel and seeded for organoid initiation.
Cells were cultured in organoid culture medium as previously described*!. For the first 8-12
days, organoids were supplemented with 10 uM Y-27632 (Sigma-Aldrich), Noggin and Wnt3a
conditioned medium. Medium was refreshed every 2 days and passage was performed in split
ratios of 1:2-1:15 weekly. The proposed tumor organoid phenotypes is based on the
expression of EpCAM/CK19 positive for CC-like and HNF4a/AFP positive for HCC-like
phenotype.

Histology, immunohistochemistry and immunofluorescence

Liver or tumor was fixed in 4% paraformaldehyde (PFA) overnight at 4 °C. For
immunofluorescence, samples were further dehydrated with 30% sucrose (Sigma-Aldrich, 4 °C,
overnight), stored at -80 °C and then sectioned at 8 um for further analysis. Images were
acquired with a Zeiss LSM510META confocal microscope. For histology and
immunohistochemistry, materials were dehydrated with 70% ethanol, embedded with
paraffin, and sectioned at 4 um for staining. Images were acquired with a Zeiss Axioskop 20
microscope. All antibodies are listed in Supplementary Table. 3.

Organoid-based allograft tumor model

Cold advanced DMEM/F12 medium was used to collect the organoids. After centrifuging,
supernatant was discarded and organoid pellets (organoid fragmentation size: range from 5~
150 um) were mixed directly with matrigel in a ratio of 1:1 with a total volume of 200 pl. 4-6
weeks old female NOD.Cg-PrkdcSCIDII2rgtm1Wjl/Sz) (NSG) mice, NOG/JicTac (CIEA NOD.Cg-
Prkdc-scid 112rg-tm1Sug) mice or nude mice (NMRI:BomTac-Nude) were purchased from
Taconic, and subcutaneously injected with the collected tumor organoids. The
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characterization of phenotypes for murine allograft tumor is based on the expression of
EpCAM/CK19 for CC-like and HNF4a/AFP for HCC-like phenotype (Supplementary File 2).
Tumor dimensions were measured using calipers and tumor volume was calculated as 0.523
x length x width x width®. Tumor formation was monitored every other day and mice were
sacrificed to harvest tumors after the tumor diameter reached approximately 2 cm. Tumor
tissues were stored or cultured as described above.

Cell ablation by diphtheria toxin and treatment of 5-FU/sorafenib

To ablate LGR5* cells in organoids, DT (Calbiochem, 1-10 ng/ml) was added to organoid
expansion/initiation medium, followed by further analysis!*. For in vivo ablation, DT was
administrated via intraperitoneal injection every other day (50 ug per kg body weight). If mice
suffering from weight loss > 10%, compared to the previous injection, the injection was
omitted. 5-FU/sorafenib were also administrated via intraperitoneal injection every other day
(5-FU/sorafenib: 30 mg per kg body weight) (sorafenib: Bio-Connect BV; 5-FU: Sigma-Aldrich).

gRT-PCR

For freshly FACS-sorted cells and HCC specimens, RNeasy Micro Kit (QIAGEN) was used to
isolate RNA. For organoids, Machery-NucleoSpin RNA Il kit (Bioké) was used. Quantification
was measured with Nanodrop ND-1000 (Wilmington). RNA was then converted to cDNA by
using a cDNA Synthesis kit (TAKARA BIO INC.). Real-time PCR reactions were performed with
SYBRGreen-based real-time PCR (Applied Biosystems®) and amplified in a thermal cycler
(GeneAmp PCR System 9700). For cells collected from murine tissues, glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) gene was used as reference. For quantification of LGR5
mRNA in human tumors and tumor-free liver tissues, Gusb (Beta-glucuronidases), Hprtl
(hypoxanthine phosphoribosyltransferase 1) and Pmm1 (phosphomannomutase 1) were used
as reference genes. All primers are listed in Supplementary Table. 4.

RNA sequencing

Total RNA was isolated using RNeasy Micro Kit (QIAGEN). The quantity of RNA was measured
by a NanoDrop 2000. The collected RNA was further amplified by using SMARTer kit. Then,
RNA sequencing was performed by Novogene with the paired-end 150bp (PE 150) sequencing
strategy. Gene expression was analyzed. The identification of differentially expressed genes is
based on P < 0.05 and absolute values of logFc > 1.5. GSEA with the library of Wiki2019 was
performed to reveal the alteration of signaling pathways.
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FACS analysis

For FACS analysis, single cells derived from liver tumors/tumor surrounding tissues or
organoids were suspended in DMEM plus 2% FBS. Cell suspensions were analyzed using a BD
FACSCalibur or BD FACSAria™ Il. For FACS sorting, a BD FACSAria™ Il cell sorter was used to
isolate the target cell population. Propidium iodide (Pl) staining was performed to exclude
dead cells and CD45 staining was adopted for excluding leucocytes.

Metabolic activity analysis of organoids

Different organoid lines were seeded separately in a 24/48-well plate. sorafenib (10 uM) or 5-
FU (10 uM) was added to the organoid culture since the initial day or post-initiation day 3,
respectively. Drugs were refreshed every other day. At the day 6-7, organoids were incubated
with Alamar Blue (Invitrogen, 1:20 in DMEM) for four hours (37 °C), and then medium was
collected for analysis of the metabolic activity of the cells. Absorbance was determined by
using fluorescence plate reader (CytoFluor® Series 4000, Perseptive Biosystems) at the
excitation of 530/25 nm and emission of 590/35. Each treatment condition was repeated for
four times and matrigel with medium only was used as blank control.

Statistical analysis.

Prism software (GraphPad Software) was used for all statistical analysis. For statistical
significance of the differences between the means of groups, we used Mann-Whitney U-test;
For statistical significance of the differences between groups with inequivalent sample sizes,
we used Welch test (indicated in the legends); For statistical significance of the differences
between paired samples, we used Paired T-test (indicated in the legends); For statistical
significance of the differences between multiple independent groups, we used two-way
ANOVA. Differences were considered significant at a P value less than 0.05.
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Supplementary Figure 1 | General flowchart of the experimental design.
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Supplementary Figure 2 | LGRS5 expressing cells are present in the DEN-induced primary liver tumor.

a, LGR5" cells are present in the liver upon DEN administration (Post DEN induction day 7). b,
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Representative FACS plots showing that LGR5* cells are present in the liver following DEN
administration (Post DEN induction day 7). ¢, Relative LGR5" fraction in DEN-induced liver tumors. d,
Relative LGRS5* fraction in tissue bordering the DEN-induced liver tumors (denominated as
surrounding). e-f, Representative immunohistochemistry pictures showing the microscopic aspect of
the LGR5* cells in liver cancer. Two types of LGR5* cell distribution patterns are apparent, scattered
LGRS5* cell distribution (e) and LGRS5* island-like clusters (f). The pictures show an anti-GFP
immunohistochemistry staining in which LGR5* cells are brown and nuclei are blue. Scale bar = 50um.
g, The percentage of LGR5-expressing cells within each tissue, grouped by tumor collection month
(the month is counted since the first administration of DEN). Mean + SEM. (h) Relative mice number
fraction in all DEN-induced mice, grouped by tumor collection month. Source data are provided as a

Source Data file.
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Supplementary Figure 3 | LGR5 expression in HCC tissues and relation to patient outcome. a, The
upregulated expression of LGR5 in HCC tissues compared with normal tissues from TCGA Liver cohort
(Normal vs. HCC: n =115 vs. n =97, P = 0.085, Fold change: 1.013), Wurmbach liver cohort (Normal vs.
HCC: n=10vs. n =35, P =4.31E”, Fold change: 5.174) and Roessler liver cohort (Normal vs. HCC: n =
200 vs. n =225, P =6.72E-14, Fold change: 2.034). b, Kaplan-Meier curve for HCC of patients based on
different etiology/tumor stage of HCC from TCGA Liver cohort. AJCC_T: American Joint Committee on
Cancer (AJCC) tumor staging system; Stage: Barcelona Clinic Liver Cancer (BCLC) tumor staging system.

Source data are provided as a Source Data file.
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Supplementary Figure 4 | The expression level of LGR5 is upregulated in Ctnnb1 mutated HCC tumors.
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a-b, Upregulation of LGR5 expression in Ctnnb1l mutated compared to non-Ctnnb1 mutated patient

HCC tumors, in ICGC-France, ICGC-Japan and TCGA cohort. c-d, No significant difference of LGR5

expression in Braf mutated compared to non-Braf mutated HCC tumors, in ICGC-France and ICGC-

Japan cohort. e-f, No significant difference of LGR5 expression in Egfr mutated compared to non-Egfr

mutated HCC tumors, in ICGC-France, ICGC-Japan and TCGA cohort. Mean + SEM. Source data are

provided as a Source Data file.

Page | 176

00000 -17x24_BNW.indd 182

02-06-20 15:07



LGR5/DAPI

—h

Supplementary Figure 5 | Allograft liver tumors maintain an LGR5* compartment. a-c, 3-7 days after
initiation of allograft tumor-derived cultures, small organoids were observed and subsequently
passage was performed every 4-7 days, employing splitting ratios ranging from 1:4 to 1:10 as
appropriate. Representative pictures show the different morphologies of the tumor organoids
obtained, which include but also flower-like, irregular sheet-like structures (a), and grape-like,
condensed phenotypes (b), and. relative normal hollow sphere-like aspects (c). d, Representative
confocal pictures showing the maintenance of an LGR5* compartment in tumor organoids (LGR5-

driven GFP: green). e, Representative immunofluorescent pictures showing an LGR5* compartment
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in allograft tumors (LGR5-driven GFP: green; DAPI: blue). f, Representative immunohistochemistry
pictures showing expression of LGR5 promotor-driven GFP in allograft tumors (anti-GFP

immunohistochemistry: brown; nuclei: blue). Scale bar = 50um.

Page | 178

00000 -17x24_BNW.indd 184 02-06-20 15:07



L A ) N\
| Y Y Y
Control-LGRS-  Control-LGR5*  5-FU-LGR5 5-FU-LGRS5*
b Untreated-LGR5* Vs LGRS (;
o~
0 atrix Metalloproteinases
Down regulated Up regulated RS towihapcivmy  MTKMGIES

Non-edorant G protein-coupled receptor

89 107

¢
< : ® C

Wnt Signaling Pathway and Pluripotency

Q
= g, Purine metabolism Peptide G protein-coupled receptor
% ™ 8 TYROBP Causal Network
S 5 ./ () Macrophagemarkers
L So Protein Signaling Pathways
5 o
g . : L@
8) o~ z - 8 " Chemokine signaling pathway
= 2 S
T s =

Kit Receptor Signaling Pathway

IL-6 signaling Pathway

: - % Oxidation by Cytochrome P450
o

Metapathway biotransformation

-20

-4 -2 0 2 -4 0 1
Log: FoldChange -Logi ¢ (Pvalue)

Page | 179

00000 -17x24_BNW.indd 185 02-06-20 15:07



Supplementary Figure 6 | Genome-wide transcriptomic analysis of LGR5* and LGRS cells by RNA-
Seq. a, Hierarchical clustering showed a separation of all four different groups (Untreated LGR5* cells,
Untreated LGRS cells, 5-FU-treated LGRS5* cells, 5-FU-treated LGR5 cells). b, A Volcano plot showing
the most significantly differentially expressed genes between untreated LGR5* and LGR5™ cells. c,
GSEA with the library of Wiki2019 was performed to reveal the alteration of signaling pathways

between untreated LGR5"and LGRS cells. Source data are provided as a Source Data file.
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Supplementary Figure 7 | LGR5" cells have stronger organoid initiation ability. a, The FACS test/sort

strategy for isolating LGR5-GFP* and LGR5-GFP cells obtained from liver/allograft tumors/organoids.

b, The numbers of sorted LGR5-GFP* and LGR5-GFP- cells yielding successful (black dots) or failure

of organoid initiation (green dots), employing material obtained from DEN-induced murine livers

(LGR5*-non-initiation vs. LGR5™-non-initiation vs. LGR5*-initiation vs. LGR5-initiation: 171.4 +47.1,

n =46 vs. 28350 + 8914, n = 60 vs. 1906 + 441.6, n = 25 vs. 13860 * 3654, n = 11, Mean * SEM). ¢, The
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distribution showing the percentage of the number of LGR5* cells which were isolated from primary
liver tumors. d, The cell number distribution for the sorted LGR5* cells which can initiate organoid,
from primary tumors. e, The exact sorted numbers for LGR5* cells and LGRS cells , for organoid
initiated (black dots) and non-organoid initiated (green dots), from allograft tumors (LGR5*-non-
initiated vs. LGR5™-non-initiated vs. LGR5*-initiated vs. LGR5-initiated: 2.0+ 0.6, n=3vs.24.3+22.9,
n=4vs.453.7+220.3,n=9vs.524.3 +£182.9, n = 8). f, Frequency distribution of the relative number
of LGR5" cells obtained from allograft liver tumors. g, Frequency distribution of the number of LGR5*
cells that display successful organoid initiation from material obtained from allograft tumors. h,
Representative pictures tracing organoids initiation and growth from LGRS5* or LGR5" cells. Black
arrow: LGRS expressing cells. Day0/5/7: Scale bar = 50um; Month1/2: Scale bar = 1000um. Source

data are provided as a Source Data file.
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Supplementary Figure 8 | LGR5* cells from 5-FU treated tumors can initiate organoid and tumor. a,
The organoid initiation ability of untreated LGR5* cells (39.5 + 4.8 %, n = 6, Mean + SEM), untreated
LGR5 cells (5.0£2.9 %, n=6), 5-FU-treated LGR5* cells (31.2 + 14.0 %, n = 6) and 5-FU-treated LGR5"
cells (0.8 £ 0.8 %, n = 6). b, The tumor initiation ability of untreated LGR5* cells (0.50 + 0.15 g, n = 15),
untreated LGR5 cells (0.21 + 0.06 g, n = 15), 5-FU-treated LGR5* cells (0.18 + 0.05 g, n = 8) and 5-FU-
treated LGRS cells (0.31 + 0.19 g, n = 8). ¢, Representative picture showing the organoid initiation
ability of above four groups. Black arrow: initiated organoids. Scale bar = 1000um. d, Pictures showing
5-FU-treated LGR5" cells and 5-FU-treated LGR5" cells initiated tumors. Source data are provided as

a Source Data file.
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Supplementary Figure 9 | Genome-wide transcriptomic analysis of 5-FU treatment on LGR5*"" cells.
a, A Volcano plot showing the most significantly differentially expressed genes between 5-FU treated
LGR5* cell/LGR5' cells. b, Gene enrichment analysis (Wiki2019) of the differentially expressed genes
between 5-FU treated LGR5" cell/LGRS5 cells. ¢, A Volcano plot showing the most significantly
differentially expressed genes between 5-FU treated/untreated LGR5™ cells. d, Gene enrichment
analysis (Wiki2019) of the differentially expressed genes between 5-FU treated/untreated LGRS cells.

Source data are provided as a Source Data file.
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Supplementary Figure 10 | Targeting LGRS impedes the tumor growth. a-b, Outline of the
experimental strategies used to test the effect of DT administration during tumor growth (a) and at
tumor initiation (b). c-d, Growth curves showing the effects of DT administration during the entire
experimental period (Left, DT-1) and following DT intervention during tumor growth (Right, DT-M) for

organoid strain 1 (c) and strain 2 (d). Mean + SEM. Red arrow: onset of DT administration (n = 4 for
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each time point). e, Representative FACS pictures (upper channel, with LGR5-GFP* expression) and
tumor pictures (lower channel, with tumor weights) showing that the same tumor strains, collected
from a single mouse, shows variable LGR5 expression. f, tumors collected from six individual mice
(transplanted with same strain and same amount of organoid; collected on the same day, non-treated
tumors) showing that smaller tumors have relatively higher LGRS expression. Source data are

provided as a Source Data file.
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Supplementary Figure 11 | The expression profile of untreated/DT-treated LGR5* and LGR5" cells.

a-p, The expression of stem cell/tumor stem cell markers in LGR5*/LGR5™ and DT treated tumor

isolated LGR5*/LGRS5' cells was analyzed using qRT-PCR and related to a reference gene. Mean = SEM.

Source data are provided as a Source Data file.
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Supplementary Figure 12 | Wide type tumor organoids do not respond to DT administration. a, The
weight of tumors initiated by wild type organoids from control, the DT-treated group following sacrifice
of the animals involved (Control vs. DT: 0.19 + 0.042 g vs. 0.23 £ 0.018 g, n = 8, P = ns, Mean + SEM). b,
Representative growth curve showing tumor volume in the control group and the DT-treated group (n
= 4). ¢, Representative pictures showing the tumors from the control group and DT administrated

group. Source data are provided as a Source Data file.
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Supplementary Figure 13 | Effects of combining DT treatment with conventional anti-cancer therapy.

a, 5-FU control: 5-FU was administrated during the first half of the experiment period and tumor

volume was assessed continuously. b, DT control: animals were treated with DT during the second half

of the experiment period and tumor volume was assessed continuously. ¢, Combination strategy 1: 5-

FU was administrated during the first half and DT was treated during the second half of the experiment

period. Tumor volume was assessed continuously. (a and b are the relevant control groups for c). d,

DT control: DT was administrated during the first half of the experiment period and tumor volume was

assessed continuously. e, 5-FU control:
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experiment period the and tumor volume was assessed continuously. f, Combination strategy 2: First
DT was applied (first half of the experiment) followed by 5-FU treatment (second half of the
experiment) (d and e are the relevant control groups for f). g, Representative growth curve showing
tumor volumes of the control, Combination strategy 1 (5-FU--DT) and Combination strategy 2 (DT--5-
FU) group (n = 4). h, Weight of tumors from the different groups described above at the end of the
experiment. +/-: Treatment was administrated for the first half of the experiment; -/+: Treatment was
administrated for the second half of the experiment; -/-: No treatment. Mean + SEM. Source data are

provided as a Source Data file.
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Supplementary Figure 14 | Combination of LGRS lineage ablation with conventional therapy. a-b,
Pictures showing the tumors from the different groups.
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Supplementary Table 1 | Allograft tumor

00000 -17x24_BNW.indd 199

Allograft Tumor
Initiated | Isolated | Original | Injected | Initiated Tumor Immunodeficient
Tumor Cell Strain Cell Tumor Formation mice type
Code | Popualtion Number | Weight(g) Time
1 LGR5+ SAL1 72 0.58 23 Nude mice
LGRS5- 72 0.27 23 Nude mice
2 LGR5+ SAL1 57 0.44 23 Nude mice
LGRS- 57 0.01 23 Nude mice
3 LGR5+ SALl1 920 0.14 23 Nude mice
LGRS- 90 0.11 23 Nude mice
4 LGRS+ SAL1 167 0.22 23 Nude mice
LGR5- 167 0.08 23 Nude mice
5 LGRS+ AL43 66 2.28 38 Nude mice
LGR5- 66 0.45 38 Nude mice
6 LGR5+ AL43 53 1.11 38 NSG
LGRS5- 53 0.43 38 NSG
7 LGRS+ Al43 57 0.51 38 NSG
LGRS- 57 0.77 38 NSG
8 LGR5+ SAL2 237 0.8 26 Nude mice
LGRS- 237 0.05 26 Nude mice
9 LGR5+ SAL2 699 0.23 26 Nude mice
LGRS5- 699 0.1 26 Nude mice
10 LGR5+ SAL1l 182 0.53 26 Nude mice
LGR5- 182 0.09 26 Nude mice
11 LGRS+ | SALl 127 0.18 26 Nude mice
LGRS5- 127 0.61 26 Nude mice
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Supplementary Table 2 | Clinical-pathological data of Erasmus cohort

Table. Patient characteristics

Characteristic HCC patients (n=74)

Age at surgery (years)

Mean £ SD 60+ 15,9

Median (range) 63 (11-82)

Sex — no. (%)

Male 45 (60,8)

Female 29 (39,2)

Race — no. (%)

White 61(82,4)
African 6(8,1)
Asian 6(8,1)
Not reported 1(1,4)

Etiology — no. (%)

No known liver disease 21(28,4)
Alcohol 16 (21,6)
Hepatitis B 9(12,2)
NASH 8(10,8)
Hepatitis C + Alcohol 6(8,1)
Hepatitis B + Alc/HepC/NASH 5(6,8)
Hepatitis C 5(6,8)
Fibrolamellar HCC 3(41)
Hemochromatosis + NASH 1(1,4)

Hepatitis status — no. (%)

Hepatitis B or C positive 25 (33,8)
Chronic Hepatitis B 14 (18,9)
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Chronic Hepatitis C 12 (16,2)

Cirrhosis — no. (%)

Yes 21 (28,4)

No 53(71,6)

Tumor differentiation — no. (%)

Good 8(10,8)
Moderate 40 (54,1)
Poor 14 (18,9)
Unknown 12 (16,2)

Vascular invasion — no. (%)

Yes 29 (39,2)
No 38 (51,4)
Unknown 7(9,5)

Number of lesions — no. (%)

1 40 (54,1)

>1 34 (45,9)

Size of largest lesion (cm)

Mean + SD 7,7%5,6

Median (range) 6,1 (1-24)

AFP level before resection (ug/l)

Mean + SD 6661,1 +407289,4

Median (range) 8(1-3118700)
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Supplementary Table 3 | Antibody

(H+L) Secondary Antibody,
Alexa Fluor® 594 conjugate

Antibody Antibody clone/ Raised Origin
reference
CD45 56-0451-82 Mouse eBioscience
AFP SAB3500533- Goat Sigma
100UG
HNF4a ab41898 Mouse Abcam
EpCAM ab71916 Rabbit Abcam
Cytokeratin 19 ab52625 Rabbit Abcam
GFP A-11122 Rabbit Invitrogen/Life
Technologies
Alexa Fluor® 488 705-545-147 Donkey Bio-Connect
AffiniPure Donkey Anti-
Goat IgG (H+L)
Donkey anti-Rabbit IgG R37119 Donkey Thermo fisher
(H+L) Secondary Antibody,
Alexa Fluor® 594 conjugate
Donkey anti-mouse IgG R37115 Donkey Thermo fisher
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Supplementary Table 4 | Primer

Gene name Gene Symbo Sequence
Leucine-rich repeat-containing G- Mouse-Lgr5 Fw | CTG ACT TTG AAT GGT GCC TCG
protein coupled receptor 5

Re | ATG TCC ACT ACC GCG ATT AC
Cytokeratin-19 Mouse-Krt19 Fw | GTG AAGATCCGCGACTGGT

Re | AGG CGA GCATTG TC AAT CTG
Transcription factor SOX-9 Mouse-Sox9 Fw | CGA CTA CGCTGA CCATCAGA

Re | GACTGG TTG TTC CCA GTG CT
CD133 Mouse-Prom1 Fw | TCT GTT CAG CAT TTC CTC AC

Re | TCA GTA TCG AGA CGG GTC
CD44 Mouse-CD44 Fw | CGT CCA ACA CCT CCC ACT AT

Re | AGC CGC TGC TGA CAT CGT
Keratin, type Il cytoskeletal 7 Mouse-Ck7 Fw | ATC CGC GAG ATC ACC ATC

Re | ATG TGT CTG AGA TCT GCG ACT
Leucine-rich repeats and Mouse-Lrig1 Fw | AAGGGAACTCAACTTGGCGAG
immunoglobulin-like domains
protein 1 Re | ACGTGAGGCCTTCAATCAGC
Octamer-binding transcription Mouse-Oct4 Fw | CTGTAGGGAGGGCTTCGGGCACTT
factor 4

Re | CTGAGGGCCAGGCAGGAGCACGAG
Homeobox protein NANOG Mouse-Nanog Fw | AGGGTCTGCTACTGAGATGCTCTG

Re | CAACCACTGGTTTTTCTGCCACCG
SRY (sex determining region Y)-box | Mouse-Sox2 Fw | GGCAGCTACAGCATGATGCAGGAGC
2 Re | CTGGTCATGGAGTTGTACTGCAGG
Homeodomain-only protein Mouse-Hopx Fw | CATCCTTAGTCAGACGCGCA

Re | AGGCAAGCCTTCTGACCGC
Telomerase reverse transcriptase Mouse-Tert Fw | GCAGGTGAACAGCCTCCAGACAG

Re | TCCTAACACGCTGGTCAAAGGGAAGC
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RNA-binding protein MEX3A Mouse-Mex3a Fw | ACACCACGGAGTGCGTTC

Re | GTTGGTTTTGGCCCTCAGA

Mucin 5AC Mouse-Muc5ac Fw | GGACCAAGTGGTTTGACACTGAC

Re | CCTCATAGTTGAGGCACATCCCAG

Epithelial cell adhesion molecule Mouse-Epcam Fw | CGCAGCTCAGGAAGAATGTG

Re | TGAAGTACACTGGCATTGACG

SRY-box 17 Mouse-Sox17 Fw | GGCGCAGCAGAATCCAGA

Re | CCACGACTTGCCCAGCAT

Cell surface associated or Mouse-Mucl Fw | CCCCAGTTGTCTGTTGGGGTC
polymorphic epithelial mucin

Re | GGATTCTACCACCACGGAGCC

Glyceraldehyde 3-phosphate Mouse-Gapdh Fw | TCACCACCATGGAGAAGGC
dehydrogenase

Re | GCTAAGCAGTTGGTGGTGCA

Beta-glucuronidases Human-GUSB Fw | CAGGTGATGGAAGAAGTGG

Re | GTTGCTCACAAGGTCACAG

Hypoxanthine Human-HPRT1 Fw | GCTATAAATTCTTTGCTGACCTGCTG
phosphoribosyltransferase 1

Re | AATTACTTTTATGTCCCCTGTTGACTGG

Phosphomannomutase 1 Human-PMM1 Fw | CGAGTTCTCCGAACTGGAC

Re | CTGTTTTCAGGGCTTCCAC

Leucine-rich repeat-containing G- Human-LGR5 Fw | TCAGTCAGCTGCTCCCGAAT
protein coupled receptor 5

Re | CGTTTCCCGCAAGACGTAAC
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Supplementary Note:

Description for Supplementary Data

[1] Supplementary Data 1

Content:

The detailed information for Lgr5-DTRGFP mice which used to induce liver cancer, including:
1)The mice code

2)The mice background

3)Primary Code: The corresponding code of initiated primary organoid strain. Black mark: the
tissue did not initiate an organoid strain or the strain was already lost due to infection in the
following culture.

4)Post Den Time (Month): The sacrifice time after the induction of DEN.

5)DEN Administration (Week): Time passed between administration of DEN and sacrifice.
6)Tissue Type: S: tumor surrounding tissue; T: tumor tissue. S—T: initially marked with tumor
surrounding tissue and then characterized as tumor.

7)Percentage of LGR5-expressing cells (%): The percentage of LGR5-expressing cells within
each tissue.

8)Allograft Strains: The strain code which initiated allograft tumor in the immunodeficient
mice.

Remarks: In total, 41 mice were monitored. 10 (mice code: 8,12,17,18,21,22,29,31,35,41) out

of 41 mice liver did not show obvious tumor formation. After the following characterization,

2 (mice code: 8, 22) out of 10 were proven to be liver tumor.

B6 PT1 7 6 S 0,28
PT2 T 0,16
B6 PT3 7 6 S 0,79
PT4 T 1,1
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12 S 0,16
T 0,18
9 S 0,57
T1 5,66 AL8
T2 0,32
T3 5,61 AL10
9 S 0,22
T 2,5

B6&C3H

B6&C3H
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10 17 S 0,062
T 0,3
13 6 S 0,33
T1 0,47
T2 2,15
13 6 S 0
T1 0,45
T2 0,5
13 6 S 0,12
T 1,71
13 6 S 0,72
13 6 S 0,24
13 6 S 3,41 AL38
T 1,11
16 6 S 0,15
T 0,22
B6 14 6 S 0,33
B6&C3H 7 17 S--T 0,77 AL43
B6&C3H PT44 7 17 S 3,08
PT45 T1 3,29

PT46
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B6&C3H 7 17 S 25
T1 46,1
T2 55,6
T3 51,2
14 6 T 4,63
14 6 S 0,021
T 0
B6&C3H 7 17 T 7,73
8 17 S 20,3
T1 10,7
T2 1,67
T3 0,48
T4 4,66
B6 15 6 S 0,4
B6&C3H PT61 8 17 T1 2,62 AL61
PT62 T2 7,01 AL62
PT63 T3 10,5
B6&C3H PT64 8 17 S 0,3
B6 15 6 S 20,3
T1 1,04
T2 8,03
15 6 T1 47,9
T2 17,4
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B6&C3H

PT81 T 0,14
B6 PT82 13 6 T1 0,29
PT83 T2 5,13
PT84 T3 0,18 AL84
PT85 T4 8.90 AL85

B6&C3H 7 17 T1 14,6

T2 6,82

T3 13,9

B6&C3H 8 17 S 0,21
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A The collected mice liver 89 5.583%
tissue
B The mice liver which did not 8 0.325%
initiate tumor
C Tumor surrounding tissue 34 2.930%
D Tumor tissue 55 7.294%
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[2] Supplementary Data 2
Content:
The H&E/Gomori/EpCAM/AFP/CK19/GFP staining of primary/allograft tissues for all the

allograft strains.
AL62

Allograft: H&E Allograft: Gomori

Allograft AFP Allograft: CK19
- L. ; !

o 3

. Allograft tumor type: CC
Allograft tumor type: unclear i lostd i " .
Strain lost due to stop proliferation ex vivo Suainliostdistolsiomprlifaationsxio

: Gomori Primary:EpcAM

Primary: CK19
4

B d

Allograft tumo; type: Unclear
Strain lost due to stop proliferation ex vivo

Allograft tumor type: CC/CHC
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Prlma|: AFP i

raft: H&E

Allograft tumor type: CC/CHC

Primary: CK19

Allo‘mn: H&E Allograft: Gomori

Allograft AFP__ Allograft: CK19

Allograft Organoid

Allograft tumor type: Unclear
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Primary: EpCAM
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SAL2

Primary: EpCAM Primary: H&E Primary: Gomori Primary: EpCAM

Allograft tumor type: HCC
Strain lost due to stop proliferation ex vivo

Allograft tumor type: CC/CHC

SAL1

Primary: H&E Primary: Gomori Primary: EpCAM

Allog

Allograft tumor type: CC/CHC
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[3] Supplementary Data 3

Content:

Gene enrichment analysis of the differentially expressed genes between Untreated LGR5+
Vs. LGRS5-, 5-FU-treated LGR5+ Vs. LGR5-, 5-FU-treated Vs. Untreated LGR5+ and 5-FU-
treated Vs. Untreated LGR5- cells.
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[4] Supplementary Data 4

Content:

Gene: The differentially expressed genes between untreated LGR5+ cells and LGR5- cells.
Gene description: The gene description.

Survival Analyses: Online database (The Human Protein Atlas, http://www.proteinatlas.org/).

P value for Survival Analyses: Online database (The Human Protein Atlas,

http://www.proteinatlas.org/).

Untreated LGR5+ vs. LGR5-
Upregulated Gene description Survival Analyses P value for
Gene Survival
Analyses
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o
Gm18014
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domain channel
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4
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[5] Supplementary Data 5

Content:

The detailed information for single cells isolated from DEN induced murine livers and allograft

tumors, then used for organoid initiation, including:

1)Code: The corresponding tissues of DEN induced murine livers or allograft tumors. Green

mark: the groups did initiate organoids after sorting.

2) Initiated organoid number for each group.

3) Organoid initiated efficiency (%) for each group.

Remarks: In total 89 tissues were collected. Among them, 71 tissues were sorted for following single
cell initiation; 18 tissues were failed for the sort due to FACS machine issue or other technical

reasons.

0 0 0 1 0 0
1 0 0 7 0 0
10 1 10 17 0 0
307 0 0 8124 0 0
787 2 0.25 39066 20 0.05
PT13 24 0 0 332457 0 0
PT14 140 0 0 44901 0 0
PT15 58 0 0 186498 0 0
PT16 49 0 0 21632 0 0
PT17 59 0 0 221656 0 0
PT18 51 0 0 185640 0 0
PT19 81 0 0 8985 0 0
379 1 0.26 26090 75 0.29
611 1 0.16 13775 39 0.28
PT22 20 0 0 475 0 0
PT23 322 0 0 27748 0 0
PT24 3 0 0 8951 0 0
PT26 32 0 0 87 0 0
17 0 0 19104 30 0.16
17 0 0 8643 3 0.035
62 0 0 10809 22 0.20
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PT30 124 0 0 6680 5 0.075
PT31 140 0 0 2692 0 0
PT32 41 0 0 6430 0 0
PT33 141 0 0 23853 10 0.042
PT34 36 0 0 2355 0 0
PT35 540 0 0 26689 0 0
PT36 265 0 0 86774 0 0
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PT39 1073 0 0 250982 0 0
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PT46 22 0 0 1485 0 0
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[6] Supplementary Data 6

Content:

The detailed information for single cells isolated from DEN induced murine livers, then

injected directly into immunodeficient mice for tumor formation, including:

1)Code: The corresponding tissues of DEN induced murine livers and initiated allograft tumors.

Green mark: the groups did initiate tumors after sorting.

2) Injected cell number for each group.

3) Pictures of primary tumors and corresponding allograft tumors.
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Introduction

Background: The Pregnane X Receptor (PXR) is a principal signal transducer in mucosal
responses to xenobiotic stress. It is well-recognized that inflammatory bowel disease is
accompanied by xenobiotic stress, but the importance of the PXR in limiting inflammatory
responses in inflammatory bowel disease remains obscure at best.

Methods: We stimulate a total of 106 colonic biopsies from 19 Crohn’s disease patients with
active disease, 36 colonic biopsies from 8 control patients, colonic organoids and various cell
culture models (either proficient or genetically deficient with respect to PXR) in vitro with the
PXR ligand rifampicin or vehicle. Effects on NF-kB activity are assessed by measuring
interleukin-8 (IL-8) and interleukin-11 (IL-18) mRNA levels by gPCR and in cell culture models
by NF-kB reporter-driven luciferase activity and Western blot for signal transduction elements.

Results: We observe a strict inverse correlation between colonic epithelial PXR levels and NF-
KB target gene expression in colonic biopsies from Crohn’s disease patients. PXR, activated by
rifampicin, is rate-limiting for mucosal NF-kB activation in IBD. The correlation between
colonic epithelial PXR levels and NF-kB target gene expression was also observed in intestinal
organoids system. Furthermore, in preclinical in vitro models of intestinal inflammation,
including intestinal organoids, genetic inactivation of PXR unleashes NF-kB-dependent signal
transduction whereas conversely NF-kB signaling reduces levels of PXR expression.

Conclusions: Our data indicate that the PXR is a major and clinically relevant antagonist of NF-
KB activity in the intestinal epithelial compartment during inflammatory bowel disease.
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Introduction

Intestinal epithelial cells (IEC) form the physical barrier between the gut content and the milieu
interieur and perform a multitude of functions in cellular physiology including absorption of
nutrients and water but also constitute a first line of defense against pathogenic and
xenobiotic challenge to the body [1, 2]. The interaction between IEC functionality in innate
immunity and xenobiotic detoxification remains largely obscure but is likely relevant in
pathophysiology as pathogenic and xenobiotic stress often occurs concomitantly in the
intestine [3], and breakdown of barrier function by specific epithelial subtypes underpins
inflammatory bowel disease (IBD) [4]. Xenobiotics are often the result of metabolism by
specific bacteria, which fits well with the insight that altered microbial composition is linked
to the clinical course of IBD [5] as well as reaction to therapy [6]. Various receptor systems are
involved in the detection by IEC of xenobiotic components present in the in the intestinal
lumen, in particular the plasma membrane-localized G-protein-coupled receptors GPR41,
GPR43, and GPR109A and the nucleus-localized receptors aryl hydrocarbon receptor,
farnesoid X receptor and pregnane X receptor (PXR) [7]. With respect to the nuclear receptors,
the aryl hydrocarbon receptors protects stem cells against challenge to their genome by
genotoxic compounds through stimulating the production of interleukin 22 by lymphocytes [8]
from the diet, whereas generally speaking this receptor has a regulatory influence on
immunity through Src-mediated stimulation of indoleamine 2,3-dioxygenase 1 [9], an enzyme
that is a key element in relay pathway between arginine and tryptophan metabolism that
mediates immunosuppression [10]. For other xenobiotic-sensing nuclear receptors in general
and PXR in particular, their potential functionality in limiting intestinal inflammation is less
clear-cut.

Intriguingly, however, the PXR locus is associated with susceptibility to IBD, suggesting that
this receptor is clinically relevant in constraining in intestinal inflammation [11, 12]. In
apparent agreement, stimulating PXR in rodents during experimental colitis ameliorates
inflammation and reduces disease [13-17]. Mechanistically these effects may relate to
intestinal NF-kB activation. NF-kB is a master regulator of inflammatory responses of the
genome [18] and its importance for the pathogenesis for inflammatory bowel disease is
undisputed [19]. Importantly PXR deficient mice display more severe NF-kB-driven small
intestinal inflammation than their non-mutant littermates [20] whereas effects of PXR
activation in experimental colitis also correlate to NF-kB activation [21]. It thus rational to
propose that also in human disease, PXR activation constrains NF-kB activation and IBD. The
functionality, however of PXR activation in clinical inflammatory bowel disease and its relation
to NF-kB activation remains, however, largely unexplored.

Prompted by the above-mentioned considerations we decided to explore the role of PXR
activation in human IECs and clinical IBD. Our study shows that PXR activity is the major rate-
limiting pathway constraining mucosal NF-kB activity in active IBD and provides insight into
PXR signals, which are much more important in pathology than previously thought.
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Furthermore, our results imply that modulation of PXR activity holds significant clinical
promise in the management of IBD.

Materials and methods
Cell lines

All cell lines were originally obtained from the ATTC. Human colorectal adenocarcinoma cell
lines CACO2 and LS174t and hepatocellular carcinoma cell lines Huh7 were cultured in
Dulbecco’s modified Eagle’s medium from Invitrogen-Gibco, complemented with 10% fetal
calf serum, 100 IU/ml penicillin and 100 ug/ml streptomycin according to routine procedures
[22]. Cell lines were used to investigate the function of PXR expression. All cell lines needed to
passage twice a week and were cultured according standard culture conditions.

Gene knockdown

To study the NF-kB inhibiting potential of PXR activation, a PXR knockdown LS174t cell was
created to test the specificity of PXR. The LS174t cell line was transduced with the lenti-virus,
containing small interference RNA for PXR (siPXR), similarly as described before [23]. The
transduced cells were cultured with 100 uM puromycin (Sigma-Aldrich) for three weeks to
select for cells that harbor the siPXR.

Reagents

NF-kB was in-vitro activated by 2 ul E. coli lysate (ELI), a centrifuged 50 ml o/n E. coli (DH5alfa,
Invitrogen) culture taken up in 500 ul dH,0. PXR was activated by 100 uM Rifampicin (Sigma-
Aldrich). Recombinant human TNFa (Perotech, USA) was dissolved in phosphate-buffered
saline in stock solution of 100 pg/ml.

Biopsies

This study was conducted with approval of the Ethic committee of the Erasmus MC University
Medical Center in Rotterdam. All patients gave written informed consent. During endoscopy
biopsies were taken from patients with a known history at least 6 months of CD and from
patients referred for colonoscopy but without intestinal abnormalities, further described as
control patients. Also patients were asked for additional blood samples. CD was diagnosed
according to international guidelines and only the results of the control biopsies were used if
there were no abnormalities on pathology, when there was no history of IBD, and no familiar
history of IBD. For each patient the biopsies were taken from the ascending colon (n=3), the
transversum (n=3) and the descending colon (n=3).

Culture of human intestinal organoids
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Human intestinal organoids were cultured as described previously [24]. Briefly, intestinal
tissues were re-suspended in advanced DMEM/F12 (supplemented with 1% GlutaMAX™
Supplement, 10 mM HEPES) with growth factors, and collected by centrifugation. Crypts were
finally suspended in Matrigel (Corning, Bedford, USA), and placed 40 uL/well in a 24-well plate.
Organoids were cultured in expansion medium after the Matrigel had solidified. Organoid
expansion medium was refreshed every 2—3 days, and organoids were passaged every week.

Histology

One biopsy from each location was fixed in 4% formaldehyde solution, dehydrated and
embedded in paraffin for histological scoring. Four microM slices from the formalin fixed
paraffin embedded (FFPE) tissue specimens were stained with hematoxylin and eosin (Sigma-
Aldrich) according to previously described procedures [25]. Three observers have
independently examined each biopsy, in a blinded fashion. Discrepancies were reassessed to
reach agreement.

Stimulation of the biopsies

The freshly taken biopsies were immediately placed in ice-cold regular culture medium
(DMEM) for transport. Before stimulating the biopsies, they were washed three times with
ice-cold PBS containing antibiotics to prevent infection. The biopsies were then stimulated for
18 h at 37 °C with 100 uM Rifampicin (Sigma-Aldrich) or solvent. Stimulated biopsies were
directly lysed in Tripure (Roche, Switzerland) for RNA and protein extraction, according to the
manufacturer’s protocol. After the Tripure extraction, the RNA samples were purified using
the RNA Il extract kit from Macherey Nagel (Bioke) according to the manufacturer’s protocol.

Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMC) were isolated from fresh blood using Ficoll (Gibco)
according standard procedures. The isolated PBMC were stimulated with 100 uM Rifampicin
for 18 h at 37 °C followed by lysing of the PBMC in Tripure (Roche) for RNA isolation.

Quantitative Real-Time Polymerase Chain Reaction (PCR)

Gene expression of GapdH, Ywaz, IL-8, IL-1 , CYP3A4, Sultla, and PXR were measured via
guantitative real-time PCR with the StepOne Real-Time PCR system and the StepOne v2.0
software (Applied biosystem, Darmstadt, Germany). The primer sequences are shown in
Supplementary Table 1. All genes were analysed using the same gPCR program as described
before [26]. Gene expression is plotted as fold change using the deltaCt method [27]. The data
from patients with multiple colonic biopsies were averaged.

Luciferase activity measurement of CACO2-based NF-kB luciferase reporter cell lines

Luciferase reporter cells were created by transducing cells with lentiviral vectors expressing
the firefly luciferase gene under the control of the NF-kB promoters. The luciferase activity
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was measured with a LumiStar Optima luminescence counter (BMG Lab Tech, Offenburg,
Germany). The cells were cultured and measured as described previously [28, 29].

Protein analysis

The p-p65 (catalogue no. 3037, Cell Signaling Technology) and p-Akt (catalogue no. 11055-2,
Signalway Antibody) protein expression was measured using conventional Western blot as
described before [30]. The IL-8 protein expression in the protein solution isolated from the
TriPure fraction was measured using ELISA [31], Human IL-8 ELISA Ready-SET-Go!
(eBioscience). Immunohistochemistry for NF-kB target genes was performed as described
earlier [32].

Statistics and software

All the graphs and the statistical analyses were performed using the Graphad Prism 5.0
software package for Windows. Data from the paired biopsies were non-parametric
statistically analyzed using the Wilcoxon matched pairs test. Correlations were determined
using the Spearman’s rank correlation coefficient. A two-tailed P value <0.05 was accepted as
statistically significant. Images were composed using Adobe Photoshop CS5.

Ethical statement

The work has been approved by the Medical Ethical Committee of the Erasmus Medical Center
(Medisch Ethische Toetsings Commissie Erasmus MC), and that subjects gave informed
consent to the work.
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Results
PXR activation is rate-limiting for mucosal NF-kB activation in IBD

To investigate the effects of PXR stimulation on mucosal NF-kB activation, we decided to
contrast the effect of the canonical PXR ligand rifampicin [33] to solvent control on NF-kB
target gene levels in colonic biopsies. For this experimentation we obtained 106 biopsies from
19 CD patients and 36 biopsies from 8 controls. Demographic patient characteristics are
presented in Supplementary Table 2. Five additional patients with quiescent CD and 4 controls
agreed to donate blood samples. We concluded that this set of patient materials should allow
us to make meaningful statements on potential effects of PXR stimulation on mucosal NF-kB
activation.

The expression of the NF-kB target genes /L-8 and IL-1f3 has been shown previously to
represent a valid reflection of NF-kB-mediated transcriptional activity [34]. Indeed, when non-
stimulated biopsies were investigated for the mRNA levels of these cytokines we observed
that expression of either /L-8 and IL-18 mRNA levels (Figs 1A and 1B, respectively) or IL-8
protein levels (Figs 1C and 1D, respectively) were markedly higher in biopsies of patients with
active inflammation when compared to biopsies from controls or CD patients with quiescent
disease. Thus we decided to use expression levels of these two cytokines as a surrogate
measure for assessing the effect of PXR stimulation on mucosal inflammation. Importantly,
challenge of biopsies with Rifampicin did not significantly reduce the IL-8 or IL-13 mRNA
expression in the biopsies from control and quiescent CD patients (Figs 1A and 1B), indicating
that outside the context of active IBD, PXR activity is not a rate-limiting factor with respect to
NF-kB-directed gene expression. However, Rifampicin stimulation caused a 35 fold reduction
of IL-18 mRNA expression in the biopsies with active inflammation (p<0.01, Fig 1B). Thus PXR
stimulation can constrain inflammatory gene expression in active IBD but does not affect
constitutive levels of inflammatory cytokines in quiescent IBD or in the colonic mucosa of non-
IBD individuals.

PXR activation limits NF-kB activation in the epithelial compartment

Intestinal PXR expression is especially prominent in the epithelium and is less evident in the
stromal and immunological compartment, suggesting that the effects observed following
rifampicin stimulation relate to the epithelial compartment [35]. Nevertheless, since the
biopsies, especially those of patients with active CD, contain a large number of lymphocytes
we wanted to determine if these cells contribute to the observed PXR-mediated reduction of
NF-kB signaling. Therefore, we investigated the effect of Rifampicin on PBMC isolated from
blood. No PXR mRNA were detected in any of the PBMC fractions. Rifampicin stimulation does
not influence the /L-8 mMmRNA expression in PBMC from controls and CD patients
(Supplementary Fig 1A). Furthermore the expression of PXR target gene Sultla is not altered
(Supplementary Fig 1B). Hence, mononuclear cells such as stromal cells do not seem to be
important in the PXR-mediated inhibition of NF-kB in human intestinal biopsies. This notion
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was confirmed in experiments in which we tested the effects of rifampicin in TNFa-stimulated
human colonic organoids, which are devoid of non-epithelial components. In apparent
agreement with the intestinal epithelium being an important mediator of PXR effects, we
observed marked reduction of /L-8 and IL-13 mRNA levels following Rifampicin treatment,
whereas such effects were much less pronounced in intestinal organoids not stimulated by
TNFa (Figs 1E and 1F). In the context of IBD, the organoid derived from the inflamed tissue
show similar cytokines expression pattern with Rifampicin treatment (Figs 1G and 1H). Thus
PXR-mediated inhibition of pro-inflammatory gene expression in the inflamed intestine
prominently involves the IEC compartment.

Mutual repression of PXR and NF-kB signaling in IBD

Having established that the PXR can negatively regulate NF-kB-dependent gene transcription
in IBD, we subsequently we decided to establish the potential relevance this observation. To
this end, we determined PXR expression in our patient cohort and related this expression to
NF-kB pathway activity as judged by /L-8 and IL-1fs mRNA levels. We observed that expression
of PXR is largely similar in control biopsies and in biopsies from quiescent CD patients.
However, although not significant (p=0.15) PXR expression levels seemed to be reduced in
biopsies from active CD patients (Fig 2A). When PXR expression was related to the expression
of NF-kB target genes, we observed a statistically significant correlation between PXR
expression and NF-kB activity (Fig 2B; r=-0.6, p<0.01), suggesting that PXR status is important
for controlling inflammation in IBD.

To further investigate this relationship between PXR expression and NF-kB signaling, patients
were stratified into three groups according to their PXR mRNA expression level after
Rifampicin treatment (Figs 2C and S3): patients that had lower PXR expression following
Rifampicin (n=5), patients that had higher PXR expression following Rifampicin stimulation
(n=10) and four patients that did not show changes in PXR expression following Rifampicin
application. Using this stratification, it emerges that Rifampicin-mediated down regulation of
IL-8 expression correlates well with induction of PXR expression (Fig 2D; p<0.05), further
highlighting the PXR-dependent nature of the anti-inflammatory action of Rifampicin in
colonic biopsies. The overall upregulation of PXR expression seen in the Rifampicin-stimulated
biopsies confirms the efficacy of stimulating PXR expression through the Rifampicin challenge
(Fig 2E). It thus appears that the level of PXR activity is the rate-limiting factor with respect to
NF-kB-directed gene expression in active IBD and conversely the amount of NF-kB activity is
an important negative regulator for PXR expression. The latter notion was supported by
observation made in intestinal organoids. PXR expression was repressed when NF-kB pathway
TNFa stimulate in the intestinal organoids, although PXR still increased with Rifampicin
treatment (Fig 2F). Rifampicin could also stimulate PXR expression in organoids deprived from
IBD patient, but in the inflamed group the increase was held (Fig 2G). Thus it appears that PXR
activation and NF-kB pathway are mutually exclusive in the context of the colon IEC.
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Fig 1. Effects of with rifampicin treatment on cytokine expression in human intestinal biopsies. (A) IL-8 mRNA expression in
human intestinal biopsies. The graph represents the mean IL-8 mRNA expression on a log scale, from biopsies stimulated with
solvent only (0.1 % (v/v) DMSO) or 100 uM Rifampicin for 18 h at 37 °C. CTR are the biopsies from control patients (n=36), ia
CD signifies biopsies from CD patients without active intestinal inflammation (n=66), and a CD indicates biopsies from CD
patients with active intestinal inflammation (n=40). (B) IL-1BmRNA expression in human intestinal biopsies. For this graph
the same labeling applies as in A. The error bar denotes SEM, ** p<0.01. (C) IL-8 protein expression in human intestinal
biopsies. ELISA was used to measure the IL-8 protein concentration from biopsy homogenates. The same biopsies were used
as for the mRNA expression analysis in A and B. The error bar is SEM, ** p<0.01, *** p<0.001. (D) Correlation between IL-8
mRNA levels and protein levels. The IL-8 mRNA expression (dCt=8CT) is plotted against the IL-8 protein (pg/mL) measured per
biopsy. The Spearman correlation is depicted as well, r=0.72, p<0.0001. (E) & (F) IL-8 mRNA levels and IL-1B levels,
respectively, as measured in human intestinal organoids. The graph represents the mean IL-8 mRNA expression stimulated
with solvent only (0.1 %(v/v) DMSO) or 100 uM Rifampicin for 18 h at 37 °C. The TNFa group was treated with 10 ng/ml TNFa
for 24 h while the CTR group was stimulated with solvent only. (G) & (H) IL-8 and IL-1pB expression in the intestinal organoid
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from the patient of inflammation bowel disease. The non-inflamed group represents the organoid derived from non-inflamed
tissue and the inflamed group represents the organoid derived from inflamed tissue of the same patient.
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Fig 2. PXR expression levels and relation to NF-kB activity. (A) PXR mRNA levels in human intestinal biopsies. CTR are the
biopsies from control patients (n=36), ia CD signifies biopsies from CD patients without active intestinal inflammation (n=66),
and a CD indicates biopsies from CD patients with active intestinal inflammation (n=40). The error bar is SEM. (B) Correlation
between IL-8 mRNA levels and PXR mRNA levels in non-rifampicin-challenged biopsies. (C) Flowchart used for dividing CD
patients into groups based on induction of PXR expression by Rifampicin treatment. The CD patients were divided into three
groups: Group 1 (5 CD patients) show lower PXR expression after the Rifampicin treatment; Group 2 (4 CD patients) have
equal expression of PXR before and after Rifampicin treatment; Group 3 (10 CD patients) have increased PXR expression after
the Rifampicin treatment. (D) Effects of rifampicin on IL-8 expression as stratified by the effects of Rifampicin on PXR
expression. The error bar is SEM, *p<0.05. (E) PXR expression in all biopsies with or without Rifampicin stimulation. The error
bar is SEM, p=0.056. (F) PXR mRNA expression in human intestinal organoids. The graph represents the mean PXR mRNA
expression measure when stimulated with solvent only (0.1 %(v/v) DMSO) or 100 uM Rifampicin for 18 h at 37 °C. The TNFa

Page | 231

00000 -17x24_BNW.indd 237 02-06-20 15:07



group was treated with 10 ng/ml TNFa for 24 h while the CTR group was stimulated with solvent only. The error bar is
SEM.*p<0.05. ***p<0.001. (G) PXR mRNA expression in non-inflamed and inflamed intestinal organoids from IBD patient.
The same methodology as in Fig 1G was used. The error bar is SEM. *p<0.05.

PXR mediates NF-kB inhibition

Direct support for the notion that PXR is important for restricting NF-kB activation in the
epithelial compartment came from experiments in which we investigated the effect of PXR
expression per se on NF-kB inhibition. We used the LS174t cells, a generally used model for
colonic epithelial cells that recapitulates many aspects of normal enterocyte physiology [36]
and generated two derivatives, the LS174t (siPXR) clone that lacked PXR expression and LS174t
(nt) as a transfection control (Fig 3A). Consistently, induction of CYP3A4 (the PXR target gene)
was corrupted with PXR gene down-regulation (Fig 3B), but not in the control cells. Following
stimulation of NF-kB with E. Coli lysate, IL-8 expression was enhanced in the cells lacking PXR
as compared to controls, which was significantly higher than its expression in cells with PXR
expression (p<0.05; Fig 3C). We confirmed this difference by showing a decreased p-p65 and
p-Akt protein expression in the LS174t (nt) cell line (Figs 3D and 3E). It demonstrated in this
model cell line, PXR activity also constitutes the rate-limiting step in NF-kB-dependent gene
expression. Conversely, activating NF-kB signaling reduces PXR levels in LS174t (nt) cells (Fig
3F). Thus these in vitro experiments showed that the negative relationship between NF-«kB
and PXR signaling is cell-autonomous and provide strong support for the notion that the
presence of PXR represents an important target constraining NF-kB signalling in the mucosal
epithelial compartment.

Mutual repression of PXR and NF-kB signaling

In order to further understand the relationship between PXR and NF-kB signaling, we also
measured the NF-kB target genes IL-8 and IL-18 the in human epithelial colorectal
adenocarcinoma cell line CACO2 [37]. As expected, NF-kB signaling was inhibited by Rifampicin
treatment in TNFa-challenged monolayers (Figs 4A and 4B). Conversely, induction of PXR by
Rifampicin treatment was constrained in the presence of TNFa (Fig 4C). To establish that the
rifampicin effects observed truly related to differences in NF-kB transcriptional activity we
constructed a CACO2 clone containing a NF-kB reporter as described before [38]. The results
show that also in this experimental system stimulation with rifampicin counteracts NF-kB
activity (Fig 4D). In conclusion, PXR activity is the major rate-limiting pathway constraining
mucosal NF-kB activity in active IBD and conversely active NF-kB signaling represses PXR
expression. Thus targeting PXR emerges as a rational strategy for the management of IBD.
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non-targeting siRNA (nt) or an siPXR. The graph represents PXR mRNA expression in LS174t cells from three independent
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baris SD, * p<0.05. (D) Activated NF-kB subunit p65 protein (p-p65) expression in LS174t cells. The same stimulation methods
were used as in C. B-actin protein expression is used as a loading control. (E) Activated Akt (p-Akt) protein expression in

LS174t cells. (F) PXR mRNA expression in LS174t cells. The error bar is SD, ** p<0.01.
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Discussion

Active IBD is associated with the imbalanced immune response against intestinal microbial
challenge. Xenobiotic and inflammatory signaling in response to microbiological constituents
appear a certain extent mutually exclusive. Hence it is important to understand how
xenobiotic receptor systems interact with epithelial immunity, especially in the context of IBD.
Here we demonstrate that NF-kB signaling on one hand and the PXR receptor on the other
hand restrain each other’s activity and that in the context of active IBD the PXR pathway is a
major rate-limiting factor for NF-kB-dependent epithelial gene expression (Fig 4E). Our
observations have substantial consequences in our thinking of IBD and open the possibility
that by targeting PXR signaling therapeutic benefit may be achieved, especially in those
patients with epithelial hyper-activation of NF-kB signaling.

Earlier studies already demonstrated a role for defective xenobiotic resistance mechanisms in
effector T cells for preventing Crohn’s-like ileitis in experimental animals [39], the present
study extends this concept into the epithelial compartment as well and indicates the
importance of such mechanisms for active inflammatory responses. It is tempting to speculate
why such mechanisms might exist, but a possibility is limiting NF-kB-dependent signaling and
subsequently reduced inflammation facilitates regenerative responses. In apparent
agreement with this notion is that Pregnane X receptor agonists enhance intestinal epithelial
wound healing and repair of the intestinal barrier following the induction of experimental
colitis [13]. Consistent with a critical role for PXR in constraining epithelial inflammatory
responses are also the genetic studies that link genomic variation in PXR in susceptibility to
IBD [11, 12], although a recent meta-analysis revealed that PXR gene polymorphisms may not
be significantly associated with IBD susceptibility. It is, however, tempting to suggest that in
certain patient populations aberrant PXR induction failed to control epithelial NF-kB induction
and thus predisposing to disease. It would thus also be interesting to study the relation
between such polymorphisms and the success of therapy to keep patients in remission, also
in view of the association we see in the present study between PXR signaling and active
disease. Larger studies containing cohorts are thus essential to clarify the association between
PXR polymorphisms and the natural history of IBD. Disregarding the exact importance of
genetic variance in the PXR gene, it is evident from the present study that PXR signaling
constitutes a powerful anti-inflammatory mechanism capable of counteracting epithelial
inflammation in active IBD. Stimulation of PXR may have clinical possibility, not only because
of its capacity to limit inflammation, but also because such an action may improve bone
mineralization [40, 41] and bone mineralization is a problem in inflammatory bowel disease
[42, 43], whereas the lipophilic ligands used for PXR stimulation may conceivably also have
chemopreventive effects with respect to the development of IBD-associated colorectal cancer
[44]. We thus feel that our observation call for controlled studies assessing the potential of
PXR agonists as a rational therapeutic strategy in IBD.
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S1 Fig: The effect of rifampicin on PBMC

Relative expression (log scale)
Sult1a (dCt)

A) IL-8 mRNA expression in PBMC. PBMC isolated from peripheral blood samples of CD patients and healthy individuals were
stimulated for 18h at 37°C with solvent (0.1% (v/v) DMSO) or 100 mM rifampicin. Ctr is the mean IL-8 expression of the
healthy individuals (n=4) and ia CD is the mean IL-8 expression of the inactive CD patients (n=5). The error bar is SD. B) Sultla

mRNA expression in PBMC. Same methodology as used in A was used.
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S2 Fig: Cancer cells with HNF4a stimulation

A) HNF4a target gene Claudin-15 expression in cancer cell lines. Hepatocyte cancer cell line HepG2 and colon cancer cell line
CACO2 and LS174t were stimulated with 240 mM linoleic acid for 18h at 37°C. The graph represents the mean relative Claudin-
15 expression per cell lines and with or without linoleic acid stimulation line. The error bar is SD, * p<0.05. B) HNF4a expression
in cancer cell lines. Same methodology as in A was used. The graph represents the mean expression of HNF4a per cell line.
The error bar is SD. C) HNF4a target gene Mepla expression in biopsies. Biopsies from two CD patients and three healthy
individuals were stimulated with solvent (1% (v/v) PBS) or 240 mM Linoleic acid for 18 h at 37°C. The graph represents the
mean Mepla expression per group. CTR are the controls and iaCD are CD patients with quiescent disease. The error bas is SD.
D) HNF4a expression in biopsies. Same methodology as in C) was used. The graph represents the mean HNF4a expression per
group. The error bas is SD.

Increase
of PXR Eeession

Figure S3: The increase of PXR mRNA expression by Rifampicin treatment

19 samples were treated with Rifampicin to induce the expression of PXR. The samples were divided into three groups: Group
1 (n=5) show lower PXR expression after the Rifampicin treatment; Group 2 (n=4) have equal expression of PXR before and
after Rifampicin treatment; Group 3 (n=10) have increased PXR expression after the Rifampicin treatment. The graph
represents the mean increase of PXR expression. The error bar is SEM.
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S4 Fig: The expression levels of PXR target genes in organoids

A) & B) Cyp3a4 and MDR1 expression in the intestinal organoids from the patient with inflammation bowel disease. The non-
inflamed group represents the organoid derived from non-inflamed tissue and the inflamed group represents the organoid
derived from inflamed tissue of the same patient. Error bar is SEM. Organoids were cultured with (+) or without (-) Rifampicin.
*p < 0.05, ** p<0.01.
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Table S1: Primer sequences

Primer name Sequence from 5’ to 3’
GapdH_fw GCATTGCCCTCAACGACCAC
GapdH_rev CCACCACCCTGTTGCTGTAG
YWHAS_fw ACTTTTGGTACATTGTGGCTTCAA
YWHAS_rev CCGCCAGGACAAACCAGTAT
IL8_fw CACTGCGCCAACACAGAAATTA
IL8_rev ACTTCTCCACAACCCTCTGCAC
IL1b_fw CCCTAAACAGATGAAGTGCTCCTT
IL1b _rev GTAGCTGGATGCCGCCAT
Cyp3ad_fw CAGGAGGAAATTGATGCAGTTTT
Cyp3ad_rev GTCAAGATACTCCATCTGTAGCACAGT
HNF4a_fw ACATGGACATGGCCGACTAC
HNF4a _rev TGCCTCAATCTGGCGAGACG

Claudin-15_fw TGAGGTGGGTGGATTACTTG

Claudin-15_rev  TGTTGAAGGCGTACCAGGAG

Mepla_fw TCAAGCCCTATGAAGGAGAG
Mepla _rev CCTTATAGGCACATCCTTGG
Sultla_fw GCACCCACCCTGTTCTCTAC
Sultla_rev ACCACGAAGTCCACGGTCTC
PXR_fw ATGGCAGTGTCTGGAACTAC
PXR_rev CAGTTGACACAGCTCGAAAG
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Table S2: Baseline characteristics of patients treated with rifampicin

Total number of patients
Mean age, yr (SD)
Gender (M/F)

Mean duration of disease, yr (SD)
# Smoking (%VYes)

# Familiar IBD (%Yes)
Concomitant medication:
- none

- aminosalicylates

- corticosteroids

- immunosuppressives

- biological

# Biopsies colon

CD Control
19 8

44 (16.6) 62 (3.5)*
5/14 3/4

13 (8.8) -

4 (25) 2(33)
5(36) -

1 -

3 -

4 _

9 _

5 -

106 36

* The healthy controls are significantly older than the CD patients p=0.002.
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Table S3: Baseline characteristics of patients treated with linoleic acid

Linoleic acid Linoleic acid +/- Rifampicin

CcD Control CD Control
Total number of patients 2 3 2 3
Mean age, yr (SD) 38(7.7) 49(12.9) 50(0.7) 45(6.4)
Gender (M/F) 1/1 2/1 1/1 2/1
Mean duration of disease, yr (SD) 17(7.1) - 5.5(0.7) -
# Smoking (%Yes) 0(0) 0(0) 0(0) 1(33)
# with familiar link to IBD (%Yes) 0(0) - 1(50) -
Concomitant medication:
- none 0 - 1 -
- aminosalicylates 1 - 1 -
- corticosteroids 0 - 0 -
- immunosuppressives 0 - 0 -
- biological 1 - 0 -
# Biopsies colon 10 8 10 8
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CHAPTER 8

Risk for complications in cancer patients treated
with checkpoint inhibitors
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! Department of Gastroenterology and Hepatology, Erasmus MC-University Medical Center, Rotterdam,
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Abstract

Despite the tremendous progress of cancer treatment, many cancers remain highly refractory
to conventional chemotherapy and only become manifest when curative surgery is no longer
an option. Immunotherapy has emerged as an exciting adjuvant approach and involves
stimulating responses of the immune system to combat cancer. Recently, especially immune
check-point inhibitors have proven instrumental in the management of various cancers by
counteracting the mechanisms that limit the host immune response and have been proven in
various settings to constrain tumor growth. They are considered to have ushered a new era of
cancer management. Unfortunately, the side effects of check point inhibitors substantially
limit their use and adequate management of these side effects without compromising anti-
cancer activity remains a challenge. Here we have performed a study of the published
contemporary literature and conference proceedings and present a theoretical evaluation of
the side effects involved and suggest better tailored treatments based on molecular
characteristics.
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Introduction

Cancer is one of the major causes of mortality throughout the world and is the second leading
cause of death in the United States and thus is a major public health problem [1]. Cancer
remains such a devastating disease mainly because therapies are often ineffective and
recurrence remains unacceptably high. In recent years the use of immunomodulating therapy
applied to treat various cancers has increased. Immunotherapies for cancer specifically
activate the immune system to mount responses against malignant cells and is as thus an
adjuvant therapy. As such therapies are often successful in patients resistant to other type
treatment, they have offered new hope for cancer patients. Among immune therapies for
cancer, checkpoint inhibitors are shown effective. The pathways targeted by these
medications include cytotoxic T lymphocyte associated antigen 4 (CTLA-4) and programmed
death-1 (PD-1) which mediate cell cycle arrest and apoptosis of immune cells attacking cancers
[2]. Constituted from different monoclonal antibody therapeutics to stimulate immune
responses for a variety of cancers, check point inhibitors have in a short time become one the
most successful therapies for cancer.

However, with better understanding of immunoregulatory mechanisms and more inhibitors
approved to be used in clinical settings, more side effect cases related with checkpoint
inhibitors are being reported as well and reveal another side to this apparent success story [3-
5]. Here, we review the application and side effects of check point inhibitors for cancer and
discuss existing and emerging possibilities that translate the promise of immunotherapy into
clinical reality with minimal associated toxicities.

Check point inhibitors

Check point inhibition is an immunomodulatory strategy used to boost immune responses
against the cancer [6]. It is well known that cancer cells have numerous mechanisms to silence
the local immune system and the result is cancer progression even in immunocompetent
individuals [7]. The check point inhibitors physiologically activate immune responses, including
T cell activation, proliferation and cytokine and target lymphocyte receptors to counteract the
immune system tolerance evoked by the oncological process. With respect to the latter,
immunology tolerance of tumors is mainly mediated by the co-stimulatory pathway, and
mainly includes aberrant activity the programmed death-1 receptor (PD-1) and its ligand (PD-
L) and the cytotoxic T lymphocyte associated antigen 4 (CTLA-4) [8,9]. Currently there are
several immune check point inhibitors as commercially available drugs and more drugs are in
clinical trial procedure (Figure 1). Ipilimumab an anti-cytotoxic T-lymphocyte-associate protein
(CTLA)-4 humanized antibody, was the first to be indicated for the treatment of metastatic
melanoma. PD-1 targeting drugs, nivolumab and pembrolizumab, were approved for multiple
advanced malignancies, including non-small cell lung cancer [10].
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Figure 1 general introduction

Checkpoint inhibitors appear to offer an advantage compared with conventional
chemotherapy and the survival curves indicate increased patient remission. But immune
checkpoint inhibitors are hampered by side effects, prominently including IBD-like colitis.

Side effects

Check point inhibitors comes with a broad spectrum of side effects related to excessive
immune activation, and this is reported in many studies. The most common side effects
encountered are colitis and hepatitis and thus involve the gastrointestinal system [11]. Type 1
diabetes and acute kidney injury are also among the most frequently reported side effects of
the immune checkpoint inhibitor therapy (Figure 2). Since in the majority situation five cycles
of therapy would induce pancreatic dysfunction, it is necessary to closely monitor pancreatic
function in addition to the evaluation of other systems [12]. Initiation of steroids and
supportive therapy with medicine for symptom treatment could solve the problems in a
majority of cases. However, there were a few cases that developed side effects without
optimized follow up treatment and failed to consider the cell-based underlying mechanism of
check point inhibitors.
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Figure 2 The common side effects of checkpoint inhibitors.

In this context, we read with interest the case described by Yanai et al in which these
investigators described a patient who developed ulcerative colitis under uveal melanoma-
indicated nivolumab therapy [13]. Nivolumab is an immunologic check-point inhibitor that
combats oncologic disease by removing regulatory control on the T-cell compartment and
thus up-regulating cytotoxic T-cell-mediated antitumor immunity. The resulting up-regulation
of T-cell immunity, however, can be accompanied by autoimmunity, and colitis is especially a
side effect of immune check-point inhibition [14]. In the described case the colitis was
managed successfully by infliximab therapy.

Anti—tumor necrosis factor (TNF)-a medication in general and infliximab in particular has
revolutionized the treatment of inflammatory bowel disease. Intriguingly, however, infliximab
does not counteract colitis through neutralization of soluble TNF-a, as also evident from the
failure of the anti-TNF-a medication etanercept to control colitis [15]. In contrast, infliximab
binds directly to membrane-bound TNF-a on lymphocytes and causes T-cell apoptosis [16].
Indeed, the clinical efficacy of infliximab shows a strict correlation with T-lymphocyte
apoptosis in patients in vivo [17]. Therefore, infliximab should be expected to counteract the
clinical effect of nivolumab in oncologic disease by impairing T-cell-mediated immunity.
Hence, infliximab thus is not a rational choice for counteracting nivolumab-induced colitis.

There are other options to manage nivolumab-associated colitis available that do not interfere
with nivolumab-mediated anticancer immunity (eg, vedolizumab). However, we also would
like to point to the study by Kubo et al that documented the efficacy of mesalazine in
controlling nivolumab-associated colitis [18]. Mesalazine is safe, inexpensive, and is not
expected to counteract nivolumab-induced anticancer immunity. If the observations of Kubo
et al are confirmed, mesalazine would constitute a superior alternative to infliximab [18].
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Discussion

The loss of the immunological balance has been confirmed as one of cancer hallmarks [19].
Check point inhibitors, as a promising anticancer treatment, represents one of the most
successful approach for treating multiple cancers, such as metastatic melanoma, non-small
cell lung cancer (NSCLC) and cervical cancer [20]. Currently, there are two classes of
immunotherapy that have been approved for clinical use. Numerous other cancer types,
including breast cancer, were treated by check point inhibitors in clinical trials [21]. Such
therapy, however, is complicated by side effects, prominently including IDB-like colitis. The
side effect profile of check point inhibitors is consistent with their mechanism of action, which
is the reason that different side effect pattern emerged between CTLA-4 and PD-1 targeting
antibodies. The most common side effects include gastro-intestinal, hepatic and endocrine
events and they are also the most frequent and earliest side effects. Furthermore, side effects
also depend on tumor-related factor, such as the primary site of the cancer.

To understand the immunity and microbiome driving colitis, we decided to evaluate whether
current strategies are rational in terms of the contemporary biomedical literature. We
evaluated studies recent years how the mitigate the effects involved and conclude that some
of the strategies involved, especially anti-TNF, which has proven spectacularly successful in
managing IBD-dependent colitis [22], may not be the best choice to manage the side effects of
these anti-cancer drugs in this respect. Generally speaking, we feel that this issue needs much
more attention to improve quality of life and minimize side effects on patients. Also we would
like to mention that with respect to preventing inflammation-related cancer, in the IBD field
substantial experience might also benefit physicians managing inflammatory liver diseases.
Now days improved techniques for immune cell manipulation and engineering have create
fresh path to new treatment and that may generate more promising immunotherapies, which
will play a more important role in the treatment of cancer.
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CHAPTER9

General discussion and summary
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Liver cancer, a group of diseases that prominently includes hepatocellular carcinoma (HCC)
and cholangiocarcinoma (CCA), shows as rapid increase in an already high incidence and thus
has become one of the most prevalent types of cancers worldwide [1,2]. Also because of
inadequacy of current treatment options, liver cancer represents one of the most common
causes of cancer related death and consequently this group of diseases is considered a major
global public health challenge [3]. Progress with respect to improving clinical management is
frustratingly slow and inadequate [4,5]. The work in this thesis was initiated from the notion
that improved prevention and treatment of liver cancer requires better understanding of the
molecular and cellular factors governing its initiation and that determine treatment success,
including side effects. In addition further understanding of the processes restraining
inflammatory responses in endodermal derivatives per se may also prove useful in this respect.
Thus | also undertook to obtain better understanding of inflammatory bowel disease. The
preceding chapters describe the fruits of these efforts, while in this chapter, | aim to
summarize these results and discuss the main discoveries in light of body of contemporary
biomedical literature.

Understanding the strategy taken requires an overview of existing relevant literature and thus
prior providing an outline of this thesis, in Chapter 1, | provide a concise review on selected
aspects of the intracellular and extracellular signalling pathways controlling physiology in the
liver and the intestine. To this end | discuss 1) the role of mitochondrial dynamics and
mitochondrial electron transport chain in liver cancer; 2) the role of cancer-associated
fibroblasts (CAFs), the major component of tumor microenvironment, in proliferation and
angiogenesis of liver tumor cells , 3) the role of LGR5-marked tumor initiating cells in liver
cancer, 4) the role of PXR levels with respect to NF-kB target gene expression and the side
effects of check point inhibition in inflammatory bowel disease (IBD). Together the knowledge
provided enable me to explain the strategy taken when pursuing this thesis.

Mitochondria and cancer metabolism

Mitochondrial, comprised of outer membrane and inner membrane, play central roles in cell
functions [6]. These cellular biochemical powerhouses show a highly dynamic morphological
aspects in response to the alterations of metabolic environment, driven by constantly fission
(division of mitochondria) and fusion (elongation of mitochondria) [7,8]. Various elements
driving these changes in morphological aspect have been identified and include the outer
mitochondrial membrane proteins Mfnl and Mfn2, and the inner mitochondrial membrane
protein OPA1 [9,10]. Previously, work in my host laboratory had shown that Hepatitis E virus
infection induces mitochondrial fusion to facilitate viral replication by interfering with cell-
autonomous innate immunity (Yijin Wang, thesis, ISBN: 978-94-6169-903-9). The importance
of these morphological alterations in the context of liver cancer had, however, not been
addressed prompting my further investigations in this respect.

In Chapter 2, | present the fruits of these efforts showing that inhibiting mitochondrial fusion
in HCC cell lines and CCA tumor organoids, causes cell growth to be inhibited in vitro and
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abrogates in vivo tumor formation in mice. | found that the inhibition of fusion triggered
apoptosis, pointing to an anti-apoptotic role of mitochondrial fusion in HCC, an effect hitherto
not reported in the biomedical literature. My results appear, however, to be in line with
previously reported findings that mitochondrial fusion proteins are essential for maintenance
of the mitochondrial membrane structure, maintaining mitochondrial matrix homogeneity
and also for mitochondrial genome integrity, which are all vital for cell survival [11,12].
Mechanistically, my findings most likely relate to my observation that dysfunction of
mitochondrial fusion provoked increased ROS production while concomitantly oxygen
consumption and ATP production were compromised in the liver cancer cells examined. This
fits well with previous studies that indicated that mitochondrial dynamics and ROS processes
influence each other in various other types of cancer [13,14]. Clearly, mitochondrial fusion
dysfunction has pleiotropic effects on multiple cell functions and my study has probably only
uncovered a small part of these.

On the other hand, mitochondrial fission and its key regulator Drp1 had already been widely
studied in various types of cancers. Drpl has been reported to be overexpressed in so-called
oncocytic thyroid tumors, but decreased in malignant colon and lung cancer tissues, whereas
no change was observed in breast and prostate cancer [15,16]. Thus, Drp1 effects in oncological
disease are context dependent. Overall, fission is thought to be pro-tumorigenic, although it
remains a matter of debate whether it has pro- or anti-apoptotic function [17]. In MYC
transformed cells, it has been demonstrated that fusion promotes mitochondrial metabolism
to support cell proliferation [18-20]. The lack of clarity in this respect prompted me to
performed genome-wide transcriptomic analysis in liver cancer. Consistent with the work
cited above, the inhibition of fusion affected most predominantly expression of genes
associated with metabolic pathways . Functionally, | demonstrated that the knockdown of
mitochondrial fusion genes inhibited oxygen consumption and ATP production in HCC cell lines
and CCA tumor organoids; as the latter two processes are the hallmarks of mitochondrial
metabolism, it appears that fusion is directly necessary for appropriate mitochondrial
functionality . Although fission has been widely recognized as pro-tumorigenic, it has also been
reported to decrease mitochondrial oxygen consumption rate and ATP production in
malignant cells [21]. The morphodynamics and functions of mitochondria are rather
multifaceted, highly depending on the cancer types and specific context. Thus, the distinct
observations from different studies appear but may not be necessarily in contradiction with
each other. Further investigations are necessary to address this issue.

Besides critical functions for cellular bioenergetics, in cancer mitochondria also provide tumor
cell anabolism, calcium homeostasis, and govern cell death by controlling apoptotic and
pyroptopic processes [22,23]. Metabolic reprogramming universally occurs in cancer [24].
Mitochondrial electron transport chain (ETC) process two electron flows in mitochondrial ETC
to produce ATP: Complex I/Ill/IV, with as a substrate NADH and complex II/Ill/IV, with as a
substrate succinic acid [25]. Due to the large local electron flow, the ETC is the major source of
mitochondrial ROS and is also vital for mitochondrial membrane potential maintenance [26].
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Therefore, mitochondria electron transport chain may provide a valuable therapeutic option
for the future treatment of liver cancer, reminiscent to the situation my colleague dr Changbo
Qu encountered with respect to cell autonomous viral immunity [27,28]. The similarities of
mitochondrial function in viral disease and cancer are intriguing and deserve further
exploration.

To this end in Chapter 3, | targeted mETC complex | and Il by gene knock down or employing
inhibitors such as metformin. It found that liver cancer cell growth was inhibited both in vitro
and during in vivo tumor formation in mice such inhibition stimulated cell apoptosis. These
results indicate mETC may represent intriguing therapeutic targets in liver cancer. Recently an
intensive research effort has been focusing on drugs like metformin, a well-known inhibitor of
complex | [29,30]. Previous studies demonstrated that metformin showed anti-cancer effects
via inhibition of complex | and activation of AMP-activated protein kinase (AMPK) [31]. In
search for more efficient drugs, | analyzed inhibitors of complex I, complex Il, complex Il and
complex IV and found that mETC complex | (ROT and Met) and Il (AMA and MYXO) inhibitors
produced obvious inhibition of HCC cells survival and growth in a dose-dependent manner,
while complex Il (TTFA) and IV (KCN) inhibitors evoked slight inhibition of HCC cell vitality.
However and maybe resembling the situation encountered with hepatitis virus research. the
exact mechanisms by which mitochondrial ETC modulates this apoptotic process remain to be
elucidated. The labyrinthine complexity of the HCC process is an obvious impediment of
progress in this area.

Cancer associated fibroblasts

Following investigations of the liver cancer cell interior, | decided to explore the dependency
of these cells on their environment. The cancer-associated fibroblasts (CAFs), as a major
component of tumor microenvironment, play a role in cancer progression and drug resistance
in general [32,33]. | attempted to study their role in liver cancer by creating a model that is
essentially a co-culture system of CAFs and cancer cells. | reasoned that employing such
cultures | might establish a ‘more clinically relevant’ tumor model to better mimic the real
situation in vivo. Among the possible cellular interactions of cancer cells with the tumor
microenvironment, the interaction between cancer cells and fibroblasts is thought to
contribute to tumor initiation, progression and metastasis in many cancer types, even if its
role in liver cancer remains large uncharacterized [34,35]. Enticingly, these models could also
be used to test anticancer agents [36]. Thus | decided this angle of the liver cancer process.

In Chapter 4, | present an organoid-based co-culture model that integrates tumor organoids
with CAFs. | observe that proliferation of tumor cells is significantly promoted in co-cultures
when compared with the control group. As situation in vivo is more reminiscent to co-cultures
| feel that the reciprocal interaction between tumor organoids and fibroblasts | uncovered
should be interpreted as that the co-culture system would be more suitable for drug screening
as compared to conventional technology. | addition, this system should help dissecting the
role of the tumor microenvironment in the liver cancer process. Underlying mechanisms that
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explain the effects of co-culture include the induction of the epithelial-to-mesenchymal
transition (EMT) in the cancer cells (a precursor of metastasis), induction of increased
stemness (associated with therapy resistance) and metabolic reprogramming (a widely
observed hallmark of cancer cells). In conjunction these CAF-mediated effects on tumor cells
may explain tumor progression and therapy resistance [37-40]. Despite the progress in the field
with respect to understanding CAF biology, | feel my model is significant importance to the
field because most of the current studies are based on in vitro assays working with a limited
number of immortalized cell lines, while my model involves working directly with cells derived
from patients and captures the variety in cell types better. | hope these studies may give more
insight to the activity of CAFs and interaction between CAFs and cancer cells in turn producing
superior therapy.

However, despite the large amount of work that has been done, more efforts are needed in
this area. If, however, they prove successful, it may well prove possible to translate CAF-
directed anti-cancer strategies from the bench to the clinic.

Cancer stem cells

Understanding the biology of cancer stem cells remains challenging, but may ultimately also
lead to improved therapy. In this thesis | tried to use organoids to obtain better understanding
of cancer stem cells. Organoids are stem cell derived organ-like 3D structures. Organoids
system not only offer a promising platform for stem cell research, but could also be used for
modeling a wide range of diseases, including inflammatory bowel disease (IBD) as | showed in
this thesis [41,42]. Stem cells in cancer are considered to be responsible for tumor initiation
and growth, therapy resistance and tumor recurrence [43,44]. LGRS, the leucine-rich-repeat-
containing G-protein-coupled receptor 5, marks a group of stem cells proliferating after liver
injury induced by carbon tetrachloride (CCL4) [45]. LGR5 in cancer cells marks a cancer stem
cell population in intestinal and colorectal carcinoma. The role of this group of stem cells in
liver cancer remained, however, obscure at best.

My study demonstrated LGR5 cells were induced by DEN injection (a procedure that provokes
pre-cancerous liver damage often progressing further). Furthermore, | observed tumor that
LGRS cells have a much stronger initiation ability (the capacity to seed new organoids) in
established organoid culture systems from primary liver tumors and also with respect to in
vivo tumor initiation capacity. | describe the findings involved in Chapter 5 and Chapter 6. |
also observed that the percentage of LGR5 cells was significantly higher in tumor tissue
compared with the tumor surrounding tissue. Studies in colon cancer indicate that depletion

of LGR5 compartment can impede both the growth of the primary tumor as well as metastasis
[46]. Upon tissue injury, reprogramed LGR5 cells are induced apparently by modulating the
Wnt homeostatic program, as well as through activation of epidermal growth factor receptor
signaling [47]. The canonical Wnt/B-catenin signalling governs diverse developmental,
homeostatic and pathological pathways. Without Wnt ligands and R-sponding ligands present,
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the default fate of LGRS cells is to differentiate and | think this especially relates to the effects
seen in this chapter [48].

An important point highlighted by my studies is that targeting the cancer stem cell system is
useful as it abrogates the potential of the cancer to recover from chemotherapeutic insult.
The apparent advantage of specifically targeting cancer stem cells such as LGRS cells is that it
opens a window to more superior therapeutic effect of existing therapies, potentially leading
to long-term clinical benefit. If the observations seen can be extrapolated to other cancers as
well, my studies may thus help generating a framework for developing a novel therapeutic
regimens for oncological disease in general.

Inflammatory bowel disease

IBD has two major distinct phenotypes: Crohn’s disease (CD) and ulcerative colitis (UC). CD is
characterized by trans-mural and patchy inflammation that can occur along the entire Gl tract
but mostly involves the terminal ileum and colon (although not the rectum), while UC is
characterized by superficial inflammation typically involving the large intestine only [49,50]. IBD
is a multifactorial disease of a chronic nature and relatively well accessible to study as for
instance compared to hepatitis. It is thus tempting to study IBD also for understanding how
chronic inflammation in endodermal derivatives can progress to cancer. Indeed, IBD can
progress to IBD related colorectal cancer (CRC) and my host had significantly contributed to
understanding the processes involved and how to manage patients in this respect, further
justifying investigating this disease rather as hepatitis itself in my quest to better understand
the liver cancer process [51-54]. Earlier studies demonstrated defective xenobiotic resistance
mechanisms in effector T cells for preventing Crohn’s-like ileitis in experimental animals [55].
Pregnane X receptor (PXR) agonists enhance intestinal epithelial wound healing and repair of
the intestinal barrier following the induction of experimental colitis [56]. It is fair to say that
the exact functionality of xenobiotic receptors remains poorly understood in IBD. As
xenobiotic signaling is also important in the liver, | decided to investigate the mechanisms
involved better.

In Chapter 7, | investigated correlation of PXR levels with NF-kB target gene expression in IBD
and explored side effects of check point inhibition. Treatment with rifampicin reduces NF-kB
activity showing that PXR activity is a rate-limiting step with respect to CD-associated NF-kB
activity. These effects were also verified in-vitro. Our data suggest that the presence of PXR is
the main mechanism counteracting and limiting the epithelial NF-kB activity in patients with
active IBD. Modulation of PXR activity thus holds therapeutic promise in the clinical
management of CD and it would be interesting to see if also for liver inflammation a similar
situation hold true.

Interestingly, immune check point inhibition is an immunomodulatory strategy used to boost
immune responses and is also explored in the context of liver cancer [57]. Such therapy,
however, is complicated by side effects, prominently including IDB-like colitis. Also building
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substantial expertise in the host laboratory with respect to understanding the immunity and
microbiome driving colitis, | decided to evaluate whether current strategies are rational in the
context of the body of the contemporary biomedical literature [58]. We evaluated studies
recent years how the mitigate the effects involved and conclude that some of the strategies
involved, especially anti-TNF (which has proven spectacularly successful in managing IBD-
dependent colitis, insight to which also my host department contributed [59]) may very well
be not the optimal option to manage the side effects of these anti-cancer drugs in this respect.
| discuss this issue in Chapter 8. Generally speaking, | feel that this issue needs much more
attention to improve quality of life and that oncologists would benefit to seek the opinion of
IBD-specialized physicians before embarking on check point-directed therapy. Also | would
like to mention that with respect to preventing inflammation-related cancer, in the IBD field
substantial experience is now available to might also benefit physicians managing
inflammatory liver diseases.

Overall | have tried in this thesis to address many aspects of cancer and also inflammation in
the field of gastroenterology and hepatology and | hope the studies described in the above of
this thesis will finally contribute to better management of such diseases.
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CHAPTER 10

Nederlandse samenvatting

Dutch summary
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Nederlandse samenvatting.

Met een gewicht van anderhalve kilogram is de lever het zwaarste interne orgaan van het
lichaam. Bij de mens en meeste andere dieren is de lever een belangrijk en veelzijdig orgaan
dat een belangrijke rol speelt in het metabolisme. De lever ligt achter de onderste ribben van
de borstkas, rechtsboven in de buikholte en dus goed beveiligd tegen mechanisch trauma.
Helaas wordt de lever wel vaak het slachtoffer van (chronische) virale infecties (denk aan
hepatitis B en C), chemische toxiciteit (denk aan bijvoorbeeld schimmeltoxines zoals die op
pinda’s kunnen voorkomen) en ook door chronische ontsteking door vervetting. Uiteindelijk
kan dergelijke belasting van de lever uitmonden in leverkanker, een ziekte die ongemeen
dodelijk is omdat ze nauwelijks reageert op therapie anders dan chirurgie. In dit proefschrift
probeer ik zowel ontsteking en haar interactie met giftige stoffen te begrijpen, de
intracellulaire details van de leverkankercel op te helderen, en de rol van de verschillende
cellen zoals die in leverkanker voorkomen te identificeren. Ook ga ik in op over hoe het beste
met de bijwerkingen van nieuwe therapie van leverkanker om te gaan. Samen hoop ik dat
deze studies een nieuw beeld geven van leverkanker en zullen bijdragen aan het ontwerpen
van verbeterde behandeling. Een algemene inleiding alsmede een rechtvaardiging van de
gekozen strategie is te vinden in hoofdstuk 1.

In hoofdstuk 2 en 3 van dit proefschrift neem ik de leverkankercel nader onder de loep en
concentreer ik mij met name op de zogenaamde mitochondria. Een mitochondrion is een
knobbelvormig organel met een diameter van ongeveer 1 micrometer dat de energiesynthese
van de cel verzorgt. Het ligt voor de hand dat in een metabool actieve cel als de levercel
mitochondria belangrijk zijn. Bij de afbraak van energierijke stoffen in het mitochondrion
gedurende de zogenaamde citroenzuurcyclus worden energierijke elektronen geproduceerd
die dan tijdens de oxidatieve fosforylering in de electronentransportketen weer worden
gebruikt om ATP te produceren. ATP is een belangrijke energiebron voor zeer veel reacties in
de cel. Ik laat in mijn proefschrift zien dat mitochondria door met elkaar te fuseren of juist te
delen voortdurend van vorm veranderen. De leverkankercel blijkt erg gevoelig is voor
interventies die ingrijpen op deze intracellulaire vormveranderingen van de mitochondria.
Het ligt dus voor de hand om te suggereren dat dergelijke interventies een belofte inhouden
voor wat betreft behandeling van leverkanker. De studies in dit proefschrift beperken zich tot
experimenten in cellijnen en ook wel proefdieren. Er moet dus meer werk verzet worden
voordat hier hardere uitspraken over gedaan kunnen worden. Gelijkaardig zie ook dat de
electronentransportketen zelf een doelwit voor nieuwe behandeling van leverkanker kan zijn.
Hier geldt echter hetzelfde voorbehoud. Desalniettemin is het duidelijk dat het mitochondrion
een zwakke plek van de leverkankercel is, die uitnodigt tot verder onderzoek en heel wel een
geschikt aangrijpingspunt kan zijn voor radicaal nieuwe vormen van therapie.

Het is echter belangrijk om te realiseren dat levertumoren complexe structuren zijn die een
veelvoud aan celtypes bevatten. Zo zijn er immuuncellen en hun activatie kan helpen de tumor
te bestrijden maar zal ook bijwerkingen kennen (waarover later meer). Maar er zijn ook

Page | 275

00000 -17x24_BNW.indd 281 02-06-20 15:07



fibroblasten en ook niet alle tumorcellen zelf zijn gelijk. Dit aspect van leverkanker diep ik uit
in hoofdstuk 4, 5 en 6. Meestal wordt voor preklinisch onderzoek gebruik gemaakt van

cellijnsystemen die louter een geimmortaliseerde variant van een enkele kankercel omvatten.
Ik laat zien dat de eigenschappen van de kankercel alleen kunnen worden begrepen en
worden geabstraheerd in de kweekschaal als ook de fibroblasten worden betrokken. De
eigenschappen van de kankercellen veranderen als deze cellen meegekweekt worden,
Eigenlijk vervullen deze fibroblasten een functie als warm bad voor de kankercellen, die
daardoor veel minder gevoelig worden voor therapie. Ik postuleer dan ook dat dit de reden is
dat preklinisch onderzoek met betrekking tot leverkanker tot nu toe zo slecht vertaalbaar blijkt
naar de zieke mens. Ook laat ik zien dat een specifieke populatie van kankercellen heel
belangrijk is bij terugkeer van ziekte na bijvoorbeeld chemotherapie. In modellen waarbij deze
kankerstamcellen (een kleine fractie van alle kankercellen) genetisch werden geinactiveerd
bleek chemotherapie veel succesvoller. Dus naast de fibroblast zou ook dit celtype betrokken
moeten worden bij het ontwerpen van rationele therapie voor leverkanker.

In hoofdstuk 7 schakel ik over naar ontsteking. Chronische ontsteking leidt tot kanker. In het
laboratorium waar ik mijn onderzoek heb uitgevoerd is indrukwekkende expertise met
betrekking tot inflammatoire darmziekten, een groep ziektes die veel beter toegankelijk is
voor onderzoek dan ontsteking van de lever. Ik besloot dan ook deze groep ziektes te
bestuderen en wel wat betreft de activatie van zogenaamde xenobiotische receptoren.
Xenobiotica spelen een belangrijke rol bij pathologie van de lever, dus dit was een logische
keuze. |k karakteriseer de interactie van deze receptoren met het immuunsysteem en
suggereer dat dergelijke interacties gebruikt kunnen worden om ontsteking te beperken.
Verder onderzoek moet uitwijzen of dat dit ook voor de lever zou gelden.

De specifieke kennis met betrekking tot de ontsteking van darm aanwezig op de afdeling waar
ik dit promotieonderzoek heb uitgevoerd, heb ik ook benut bij een studie naar de bijwerkingen
van de zogenaamde immunocheckpointinhibitoren. Het antwoord van het immuunsysteem
op kanker wordt vaak beperkt door de zogenaamde immunocheckpoints, die dan ook vaak in
ruime mate in kankers aanwezig zijn. Door inhibitoren te geven van deze checkpoints wordt
de volle kracht van het immuunsysteem bij het bestrijden van de ziekte opgeroepen. Een
probleem zijn de bijwerkingen van deze medicatie en met name ontsteking van de dikke darm
is problematisch. Ik analyseer de strategieén die wereldwijd worden gebruikt om deze
bijwerkingen te verminderen en concludeer dat ze wellicht interfereren met het
behandeleffect van de immunocheckpointinhibitoren zelf. Ik draag mogelijke alternatieve
strategieén aan in hoofdstuk 8.

In hoofdstuk 9 vat ik al deze bevindingen nog eens samen en bediscussieer ze in het licht van
de huidige wetenschappelijke literatuur. Al overschouwend hoop ik met deze dissertatie een
bijdrage te hebben geleverd aan het overwinnen in het gevecht tegen leverkanker.
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