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Abstract

Hepatocellular carcinoma (HCC), the major malignancy of liver cancers, accounts for the third
leading cause of cancer related mortality worldwide in 2020. In spite of the vaccination and
recent advances in screening and diagnosis, most HCC patients are diagnosed at their advanced
stages. Unfortunately, the treatment options for the advanced HCC patients are limited.
Sorafenib and lenvatinib, the molecular-targeted drugs against multiple kinases, are approved
by FDA, yet with slight survival benefit due to the acquired drug resistance. The unsatisfactory
clinical results have therefore prompted us to elucidate the drug resistance mechanism so as to

develop a novel therapeutic strategy against HCC.

To mimic the clinical situation, we have established sorafenib- and lenvatinib-resistant HCC
patient-derived tumor xenografts (PDTXs) through several rounds of drug administration.
RNA sequencing coupled with pathway analysis was performed to compare gene expression
profiles between drug-resistant PDTXs and their mock counterparts. Strikingly, cholesterol
biosynthesis was mostly and commonly upregulated in both drug-resistant PDTXs. Drug-
resistant cells showed enriched liver CSC populations. Therefore, we examined whether
cholesterol biosynthesis was augmented in enhanced liver CSC populations. Firstly, we found
that this pathway was upregulated in enhanced liver CSC populations via in vitro passages of
hepatospheres with administration of chemotherapeutic drugs. Furthermore, we found that this
pathway was preferentially activated in liver CSCs compared to normal liver stem cells by
comparing the genetic profiles between CD133* and CD133" cells from liver regeneration and
HCC mouse models. Using Upstream Regulatory Analysis, sterol regulatory element-binding
protein 2 (SREBP2) was found to be the upstream regulator of the activated cholesterol

biosynthesis in both drug-resistant PDTXs and CSCs-enriched hepatospheres.

Using lentiviral-based CRISPR activation and knockdown approaches, SREBP2-mediated
cholesterol biosynthesis was found to be crucial in the regulation of acquired drug resistance
in HCC via augmentation of liver CSCs with clinical significance. Similarly, exogeneous
cholesterol-treated and high cholesterol-utilizing HCC cells showed enhanced cancer stemness
and drug resistance. Specifically, molecularly targeted drugs, including sorafenib and
lenvatinib, induced the activation of caspase 3 (CASP3), which subsequently induced the

nuclear translocation of SREBP2 from the endoplasmic reticulum, resulting in activation of the



cholesterol biosynthesis-driven sonic hedgehog (SHH) signalling pathway, mediated via 25-
hydroxycholesterol (25-OHC). The correlation among CASP3 activity, SREBP2 and SHH
signalling was further reinforced by the positive correlation among cleaved CASP3, SREBP2
and GLI-1 in HCC clinical samples.

Finally, the therapeutic efficacy of targeting cholesterol biosynthesis by using simvastatin, an
FDA-approved drug in lowering cholesterol, was tested to override the drug resistance in HCC.
The combined treatment of simvastatin and sorafenib/lenvatinib not only suppressed growth of
patient-derived HCC organoids, but also exerted maximal growth suppression in two PDTX

models by inhibiting liver CSC populations.
In summary, our findings reveal that HCC cells expand CSC populations via CASP3-
dependent, SREBP2-mediated cholesterol biosynthesis in combatting the tyrosine kinase

inhibitor therapy and that targeting cholesterol biosynthesis can overcome the drug resistance
in HCC cells.

(472 words)
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CHAPTER 1
INTRODUCTION



1 Introduction

1.1 Hepatocellular carcinoma (HCC)

The liver is the central organ that helps to balance most chemical reactions in the body. The
liver not only restores homeostasis but also disposes of metabolic wastes through the
production of bile. However, similar to other organs, the liver is vulnerable to malignant tumors.
Liver cancer is a stepwise consequence arising from chronic inflammation (1). Liver cancer
begins with damages either from viral infections, alcohol abuse or unhealthy dietary habits (2).
Hepatocellular carcinoma, or HCC, is the major primary liver cancer arising from hepatocytes
and accounts for 75%-85% of all liver cancers (3). When HCC develops, liver regeneration

fails and mutated and damaged liver tissues are not replenished (4).

1.1.1 Epidemiology and etiology of HCC

HCC was the sixth most frequently diagnosed cancer and third leading cause of cancer related
mortality worldwide in 2020 (3). The mortality to incidence ratio is 0.92, indicating that HCC
patients have a high risk for mortality (3). Another signature of HCC is that both the incidence
and mortality rate are 2 to 3 times higher in men than in women across different countries (3),
probably related to the higher chance of exposure to various forms of risk factors in men. Over
the past three decades, a threefold increase in the incidence rate was observed in the United
States partly owing to the outbreak of hepatitis C virus (HCV) infection from 1945 to 1965, as
well as the progressive development of obesity-related fatty liver diseases in developed
countries (5). Nevertheless, developing countries are the main contributor of newly diagnosed
cases, and China accounts for over 50% of new cases and deaths yearly (6). In Hong Kong,
with the most current available data is from 2018, and the trend was consistent with the global
setting. Liver cancer was the fifth most common cancer type in Hong Kong, and it was the

third leading cause of cancer-related death (7).

Major risk factors contributing to HCC are chronic inflammation with hepatitis B virus (HBV)
or HCV, aflatoxin-polluted food, heavy alcoholic intake, obesity, type 2 diabetes and
nonalcoholic fatty liver disease (NAFLD) (3). However, the prevalence of viral- and alcohol-
induced HCC has been declining recently, while fat-related liver diseases have become the

major pathogenic promoters of HCC (8).



The decreased prevalence of HBV and HCV has greatly contributed to the decline in incidence
and mortality rates of HCC since the 1990s in many high-risk countries in Eastern and South-
Eastern Asia, such as Japan, China and the Republic of Korea (9, 10). Vaccination against HBV
and the reduction of exposure to aflatoxin have resulted in great successes for public health.
Although the current situation is encouraging, elimination of viral hepatitis remains the central
strategy for preventing liver cancers worldwide, as HBV and HCV infections account for over
50% and 20% of liver cancers, respectively (11). The situation is particularly severe in
countries without proper medical interventions available. For example, in the African region
where HBV predominates as the cause of liver cancer, only 6% of the population has access to
HBV vaccines (12).

In contrast, regions with previously low incidence rates have recently experienced a major
increase in cases or have maintained case numbers at a high level in recent years. These
countries are mainly in developed regions such as Europe and Northern America (10, 13). This
observation is consistent with the influence of a high-fat and high-sugar diet that contributes to
diabetes and NAFLD in these countries. In particular, the prevalence of NAFLD has increased
dramatically to 25% worldwide (14). NAFLD includes a series of diseases, including
nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepatitis (NASH), which can develop
into cirrhotic liver disease and eventually HCC (15, 16). The prevalence of NASH is estimated
to increase by nearly 60% by 2030 in Japan, China, Spain, the UK, Germany, and the USA
(17). This has therefore prompted a close investigation of disrupted fat metabolism in liver

cancers.

1.1.2 Treatment regimens for HCC

The best curative option for HCC can only be offered when the disease is diagnosed in the
early stages (18). Unfortunately, liver cancer is often ‘silent” and lacks obvious symptoms; thus,
HCC is often diagnosed at late stages (19). At that point, few or limited treatment options can
be offered. However, as for all cancers, it is still critical to design a treatment regimen for HCC.
At present, the American Association for the Study of Liver Diseases (AASLD) and European
Association for the Study of the Liver (EASL) have both adopted the Barcelona Clinic Liver
Cancer (BCLC) staging system, which is regarded as a standard clinical staging system (20).
Treatment options are hence suggested and offered according to different stages in the BCLC

staging system (Figure 1.1) (18). Broadly, according to the staging system, patients with Stage



A HCC (very early and early stage) are subject to curative treatment, including hepatic
resection, orthotropic liver transplantation, or percutaneous local ablative treatment; patients
in Stage B (intermediate stage with asymptomatic but multinodular HCC) are suggested to be
treated with transarterial chemoembolization (TACE); and for Stage C patients (progressive,
invasive and extrahepatic HCC), targeted therapy with sorafenib and lenvatinib is the only
endorsed first-line treatment; however, the effect only lasts for approximately 3 months (21,
22). Unfortunately, for terminal HCC patients, supportive care from family and friends is the
only option available.

Hepatocellular carcinoma

Very early stage (0) Early stage (A) Intermediate stage (B) Advanced stage (C) Terminal stage (D)

Single 2 cm Single or up to 3 nodules Multinodular Portal invasion End-stage liver

Preserved liver function, <3cm Preserved liver function, Extrahepatic spread function®,

ECOGPS O Preserved liver function, ECOGPSO Preserved liver function, ECOG PS3-4

ECOGPSO ECOG P51-2
Potential candidate for Solitary Upto3
liver transplantation nodules
(=3 cm)
g N e Portal pre 2
€ o es p{ Portal pressure
g Bilirubin
a
r
Normal Increased » Associated
diseases
Y
Yus
r

E Ablation Resection ‘ ‘ Transplantation ‘ Ablation | ‘ Chemoembolisation | | Systemic therapyt ‘ Best supportive care
E
:
= | Effective treatments with impact on survival |
S
= | =Syears | >2-5years ‘ >1year | | Imonths
=2
[

Figure 1.1 Treatment options for HCC based on BCLC staging system.

HCC is classified into five stages of prognosis that are each linked to first-line treatment suggestion.
The expected treatment outcome is expressed as median survival corresponding to HCC staging and
treatment received. Reused with permission from Forner, Reig, and Bruix’s work (18). Permission

conveyed through Copyright Clearance Centre, please see Appendi for the copyright approval letter.



1.1.2.1 Surgical therapy

1.1.2.1.1 Hepatic resection

Upon a thorough evaluation of remaining liver function and tumor extent, this potentially
curative method removes the disease-infected part of the liver. However, the disease is still at
a high risk for recurrence (over 70%) within a 5-year window because the remaining part of
liver tissue can develop HCC (23). Therefore, a precise hepatic reserve assessment is carried
out. In Asian countries, the indocyanine green retention test is assessed, whereas clinical traces
of portal hypertension and increased levels of bilirubin are monitored in Western countries (24).
In addition, a model for end-stage liver disease scoring <8 indicates that the preserved part of
the liver functions well and predicts long-term survival (25). However, such one-off treatment

is not recommended for angiogenic and metastatic HCC (26).

1.1.2.1.2 Liver transplantation

Orthotopic liver transplantation removes malignant liver cancer cells and the whole diseased
liver; therefore, it is regarded as the best treatment for HCC. However, given its requirement
for resources, the ability to obtain a suitable liver for transplantation varies across the globe
and by time. Patients who receive liver transplantation have been reported to have a disease-
free survival rate as high as 70% (27). Such definitive treatment requires certain criteria for
screening eligible patients. The standard has been defined, referred to as the Milan criteria, in
which eligible patients have a single tumor that is below 5 cm in diameter or 3 cm in diameter
at most, or up to three lesions (28). Alternatives are offered if the patient does not meet the
requirements. Local or locoregional therapy can be used to decrease the tumor size until it fits

the criteria for organ transplantation (29).

There are two sources of liver donation, living donors and deceased donors. Despite the fact
that living donor transplantation is performed worldwide with Asian countries as the pioneer,
higher risks of morbidity (5-20%) and mortality (0.3%) are recorded with this manner of
transplantation compared to those associated with deceased donor transplantation (30).
Moreover, HCC recurrence is also higher with living donor transplantation (20-30%) than with
deceased donor transplantation (5-15%) (31). This phenomenon can be explained by the fact
that those who receive living donor transplantation have acute liver diseases and can no longer
wait for a suitable deceased donor transplant. Even though these patients may receive new and

healthy liver tissue, intrinsic oncogenesis contributes to recurrence.



1.1.2.1.3 Local ablation treatment

There are two forms of percutaneous ablation, namely, percutaneous radiofrequency ablation
(PRA) and percutaneous ethanol injection (PEI). Ablation is a localized destruction of small
tumors, and therefore, it is used for tumors smaller than 3 cm in size. Patients who do not meet
the criteria for liver transplantation or resection because of either limited medical resources or
liver malfunction are advised to take such alternatives. In terms of completeness of tumor
destruction and 3-year recurrence-free survival rate, PRA has a better performance than PEI,
96% versus 90% and 50% versus 40%, respectively (32). However, PEI is better for tumors

smaller than 2 cm in diameter and can completely eradicate these tumors (33).

1.1.2.2 Chemotherapy

1.1.2.2.1 Transaterial chemoembolization (TACE)

Cancer requires substantial oxygen levels and nutrients to meet its fast proliferation and growth
rate. To achieve this, cancer, particularly HCC, which is a highly vascular cancer, usually
develops its own blood vessels that branch out to the main arteries. TACE targets such newly
formed tumor blood vessels and is performed by infusion of both chemotherapeutic agents and
gel-form particles to block the artery branches and eradicate the cancer. TACE is applied to
patients who have HCC showing no angiogenesis or metastasis that cannot be removed by
resection. The main advantage of TACE is that it causes minimal disturbance to the blood
supply to liver tissues. Additionally, the 2-year overall survival rate in patients receiving
TACE has been shown to be twofold higher than that of patients in the control group (34).

TACE has also recently been used to reduce tumor size before liver transplantation (35).

1.1.2.3 Molecular targeted therapy

1.1.2.3.1 Sorafenib

If locoregional therapy such as TACE fails to eradicate HCC tumors effectively,
chemotherapeutics targeting various molecular signalling pathways can been applied. However,
most HCCs cannot be treated with conventional chemotherapies due to dose-dependent
toxicities, multidrug resistance and unwanted side effects. Among several multikinase
inhibitors, sorafenib was the first FDA-approved drug for treating advanced-stage HCC (21).

Sorafenib, an orally active form of a multikinase inhibitor, targets Raf kinase, receptor for



vascular endothelial growth factor (VEGFR) and receptor for platelet-derived growth factor
(PDGFR), thus reducing cancer proliferation and the development of blood vessels (Figure
1.2). However, despite its significant effect on inhibiting the growth of cancer cells, sorafenib
can only delay the onset of advanced HCC and lengthen the overall survival time by 3 months
compared to the placebo-treated control group (10.7 months versus 7.9 months) (21). In
addition, sorafenib is associated with multiple side effects, including diarrhoea, hypertension,

weight loss and abdominal pain (21).
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Figure 1.2 Molecular targets of sorafenib.

Sorafenib is a multi-kinase inhibitor that can suppress the activity of VEGFR, PDFGR, c-Kit, & RET
so as to decrease angiogenesis, cell proliferation, and metastasis in cancer cells. Referenced with
permission from Wilhelm, Carter & Lynch et al.’s work (36). Permission conveyed through

Copyright Clearance Centre, please see Appendi for the copyright approval letter.

1.1.2.3.2 Lenvatinib
Lenvatinib, similar to sorafenib, is a multikinase inhibitor targeting VEGFR1-3, fibroblast

growth factor receptors FGFR1-4, PDGFR-a, RET and KIT that was shown to be noninferior



to sorafenib in the phase Il REFLECT trial (Figure 1.3). In this trial, nearly 960 patients were
included from approximately 20 countries in the Asia Pacific, European and North American
regions. Patients were divided equally into groups that received either sorafenib or lenvatinib.
The median overall survival time with lenvatinib was 13.6 months, and with sorafenib it was
12.3 months (22). The progression-free survival rate, time to progression and objective
response rate were also improved with lenvatinib (22). Therefore, lenvatinib was approved for
use in the USA, EU and most Asian countries as a first-line targeted therapy in 2018.

e

Lenvatinib
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Figure 1.3 Molecular targets of lenvatinib.

Lenvatinib is a multi-kinase inhibitor that can suppress the activity of VEGFR, FGFR, RET & PI3K
pathway so as to decrease angiogenesis, cell proliferation, and metastasis in cancer cells. Referenced
with permission from Mossenta, Busato, & Baboci et al.’s work (37). Permission conveyed through
Copyright Clearance Centre, please see Appendi for the copyright approval letter.

1.1.2.4 Immunotherapy

Immune checkpoint inhibitors have emerged as an unprecedented treatment option for
advanced-stage HCC (38). The major principle of this approach is to reboot the patient’s own
immune system, which is suppressed by cancer cells via PD-1/PD-L1 or CTLA immune
checkpoints (39, 40). Once these checkpoints are activated, inhibitory signals are transcribed



in immune cells, thus prohibiting them from killing cancer cells. Nivolumab, a human anti-PD-
1 monoclonal antibody, demonstrated a promising result in patients with advanced HCC, where
the objective response rate was 15% in the dose-escalation phase and 20% in the dose-
expansion phase (41). Although side effects are notably present, the overall profile is still
regarded as acceptable when compared to the underlying HCC clinical situation. A recent phase
Il clinical trial (NCTO03434379) evaluating bevacizumab with the PD-L1 inhibitor
atezolizumab showed a superior outcome in terms of overall and progression-free survival rates
compared to the use of sorafenib alone in advanced HCC patients (42). Because of this exciting
result, the FDA has approved the use of bevacizumab in combination with atezolizumab as the

first-line treatment for unresectable HCC patients (43).



1.2 Introduction to Cancer Stem Cells (CSCs)

An early diagnosis provides HCC patients with the best chance for survival. Recent
developments in stem cell biology have revealed that a small but important component of
tumorigenic cell populations, cancer stem cells (CSCs), play a vital role in tumorigenesis (44).
This subset of cancer cells has been found to generate new tumors in xenograft transplantation
studies (45). Furthermore, since CSCs play a central role in cancer development, drug
resistance, metastasis and recurrence, CSCs are a therapeutic target for cancer treatment (46).
By recognizing cell surface markers specifically expressed on CSCs, hepatic CSCs have been
well characterized and identified. To explain the heterogeneity of cancer cells, two models are
suggested (Figure 1.4) (47). One is a stochastic model in which every cell within the tumor
population can initiate new tumor tissue due to intrinsic stochastic factors. On the other hand,
the hierarchical model states that cancer cells are organized in a hierarchical manner
resembling a normal stem cell structure where CSCs sit at the top of the hierarchical structure.

Heterogeneity increases each time CSCs replicate, and genetic changes are involved.

10



[ Clonal Evolution Model

Vo ‘
Serial Mitation  Serial Mutation
Adult Gl -

\.
&

) CC O @ @ oerentiaednonce

Figure 1.4. Proposed models for CSCs.

In the stochastic model, each individual cell has the ability to develop into new tumor tissues. The
heterogeneity of tumors hence comes from the random gene mutation arisen from individual cell. In the
hierarchical model, CSC sits at the top of the hierarchy, undergoing asymmetric cell division and
differentiating into a new but different offspring cell. But at the same time, the hierarchical model
remains vivid when one cancer cell stays undifferentiated so to keep the stemness (47). The figure is
adopted from Afify & Seno’s work under the permission of Creative Commons Attribution 4.0

International License (47). Please see Appendi for the concerned license.
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1.2.1 Functional properties of CSCs

1.2.1.1 Tumorigenicity

Cancer cells have continuously expressed many genes that are promoting stemness properties.
Therefore, these stemness-related genes are regarded as oncogenic and granting the cancer cells
a nonstop proliferation. For example, SOX2, a stemness transcription factor, is overexpressed
and initiating tumor formation in osteosarcoma (48). Meanwhile, the suppression of NANOG,
another stemness transcription factor, reduces the cancer stemness and tumor formation in
HCC (49). For epithelial cell adhesion molecule (EpCAM)*" CSCs, Wnt signalling, which is
well known is to maintains tumorigenicity in cancers (50, 51), is highly activated to drive
tumorigenesis (51, 52). In addition, CD133* CSCs has activated the Notch signalling pathway
to support tumor growth in HCC (53).

1.2.1.2 Self-renewal

In the cancer stem cell model (Figure 1.4), self-renewal ability maintains stemness via driving
asymmetric division that allows other daughter cells differentiate but at least one cell stays as
cancer stem cell. The current cell lineage tracing techniques provide a solid technical support
to identify the origin of CSCs (54). In intestinal cancer, the LGR5* cancer cells not only
generate extra LGR5* cells but also produce other intestinal adenoma cell types (55).
Interestingly, KRT20" cancer cells are found to be differentiated from LGR5" CSCs and
continues to maintain stem cell plasticity in the colorectal cancer (56). Moreover, NOTCH1*
CSCs in colon cancer are capable of producing heterogenous progenies but conserved
undifferentiated NOTCH1" cells via indefinite self-renewal ability (57).

1.2.1.3 Metastasis

Epithelial-mesenchymal transition (EMT) is a process where epithelial cells acquire
mesenchymal features and linked to malignancy, aggressiveness and metastasis (58, 59).
Recently, EMT has been correlated to CSCs in tumorigenesis (60, 61). The induction of EMT
increases the expression of cancer stemness markers such as SOX2 and NANOG (62). This
has further verified in oesophageal squamous cell carcinoma where the SOX expression
promotes EMT progression (63). In addition, the progression of EMT has given rise to
CD447CD24  mesenchymal cells in oesophageal squamous cell carcinoma with stemness
properties for example the self-renewal ability, drug resistance, and migration and invasion

(64). Similar phenomenon is also observed in CD447CD24 breast cancer cells where EMT
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status enhances invasiveness of CSCs than bulk breast cancer cells (65). Further, hypoxia and
inflammation collectively arising in the tumor microenvironment induce EMT in cancer, and

hence promoting matrix remodelling and tumor metastasis (66).

1.2.2 Identification of liver CSC markers

By using both functional and cell surface markers, CSCs, a small subset of cancer cells, can be
detected and characterized. Functionally, CSCs are a side population with a phenotype that can
actively pump the Hoechst 33342 dye (67). In addition, the elevation in aldehyde
dehydrogenase activity is regarded as a differentiation tool between normal stem cells and
CSCs and can be measured by the ALDEFLUOR assay (68). This special property has been
used in HCC in the detection of both normal hepatic progenitor cells and CSCs (69). Recently,
HCC cells with reduced reactive oxygen species (ROS) levels and suppressed 26S proteasome
activity were characterized as CSCs (70). On the other hand, HCC cells expressing the CD133",
CD90", EpCAM, CD13*, CD24*, CD44* and CD47" markers were regarded as CSCs (Table
1.1).

Table 1.1. Summary of liver CSC markers.

CSC markers Functions in liver CSCs References

Induce sphere formation and tumorigenicity; resistant to
CD13 fluorouracil (5-FU) and doxorubicin treatment; protect cells (71, 72)
from ROS-induced DNA damage

Induce sphere formation and tumorigenicity; enhance stemness
gene expression, migration and invasion ability; resistant to
cisplatin; promote STAT3 signalling and NANOG expression;

CD24 ) ) ) o ) (73, 74)
co-express with CD133 to produce inducible nitric oxide
synthase and Notch signalling to enhance secondary tumor

formation

Induce sphere formation and tumorigenicity; stabilize the c-
CD44 ) o ) ) (75)
Met-induced stemness characteristics; resistant to sorafenib

Resistant to sorafenib; promote NF-kB signalling to drive
CDA47 (76, 77)
expression of cathepsin S

Induce sphere formation, tumorigenicity, colony formation,
CD133 ) (77)
and stemness gene expression
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Induce sphere formation and tumorigenicity; enhance invasive
EpCAM ability, resistant to 5-FU, activate Wnt/p-catenin signalling, and (78, 79)
SALL4 expression

Induce sphere formation, tumorigenicity and metastases; Form
ICAM-1 ) ) (80)
an expression loop with NANOG

Induce sphere formation and tumorigenicity; resistant to
LGR5 sorafenib and cisplatin; enhance stemness gene expression; (81-84)

activate Wnt/B-catenin signalling

1.2.3 Signalling pathways of liver CSCs

There are several oncogenic pathways particularly being activated continuously in liver CSCs.
Apart from the well known Wnt/B-catenin and IL-6/STAT3 signalling which support the liver
cancer stemness (85, 86), other signalling pathways have also reported to promote liver CSCs
(Figure 1.5).

In NF-kB signalling cascade, CD47, the marker for liver CSC, has played an important role
(77). In chemo-resistant hepatospheres, CD47 was found to be preferentially expressed in
which the protease cathepsin S was supporting such development. Cathepsin S secreted by
CDA47" hepatospheres activates PAR2 which in term promotes the nuclear translocation of NF-

kB to further increase the transcription and expression level of cathepsin S itself (76).

Stem cell renewal and differentiation is tightly regulated by hippo signalling (87).
Transcription coactivator with PDZ-binding motfi (TAZ), the downstream effector of hippo
signalling, was predominantly expressed in HCC (88). However, the knockdown of TAZ could
alternatively promote the expression of another effector of this pathway, Yes-associated protein
(YAP), together with the expression of CD90, the cells were resistant to 5-FU drug challenges
(89).

The mitogen-activated protein kinase (MAPK) signalling was activated by extracellular stimuli
either by tumor-suppressor proteins such as apoptosis-stimulating protein of p53 or by growth
factors such as hepatocyte growth factor (HGF) (90, 91). HGF secreted by cancer-associated
fibroblasts transactivates the c-Met receptor and induces downstream MAPK signalling to
activate FRA1-mediated transcription of HEY'1 to support the cancer initiation properties in
liver CSCs (90, 91).
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Sonic hedgehog (SHH) pathway has also served an important role in regulating tumorigenesis,
invasiveness, and recurrence via maintaining CSCs in HCC (92). In HCC tissues, the mMRNA
level of SHH signalling molecule, GLI-1, was overexpressed and linked to poorer disease-free
and overall survival (93). Also, the activation of SHH pathway promoted the expression of
CD133 to support HCC development through CSC expansion (94). Our team has previously
reported the linkage between NRF2 and SHH signalling cascade in promoting CSC and drug
resistance in HCC (95).
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Figure 1.5. Key signalling pathways in liver CSCs.

Whnt/B-catenin and IL-6/STAT3 are the main signalling pathways that promote liver cancer
stemness properties. Recent studies have indicated that NF-xB, Hippo, MAPK and SHH
signalling pathways are also playing crucial roles in regulating liver cancer stemness. The
figure is remade with reference to Tsui, Chan & Ng’s work under the permission of Creative
Commons Attribution 4.0 International License (96). Please see Appendi for the concerned

license.

1.2.4 CSCs and drug resistance

Having the ability to self-renew and differentiate into heterogeneous populations of cancer
cells, CSCs are currently suggested to be responsible for drug resistance in response to
therapeutic agents. Although cancer therapy could successfully abolish a bulk of proliferating

tumor cells, a subset of persistent CSCs survives as they can induce cell cycle arrest and hence
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enter quiescent state (97, 98). In glioblastoma multiforme, a small subset of endogenous tumor
cells demonstrating stem-cell properties are in quiescent status and responsible for long-term
tumor development. Therefore, this group of cells leads to cancer relapse through inducing
transient populations of highly proliferative cells (99). Similarly, in bladder cancer, the label-
retaining quiescent CSCs are recruited during the gap periods between chemotherapy cycles
and repopulate residual tumors via an unexpected cell expansion, which is similar to the

mobilization of tissue-resident stem cells in wound repair (99, 100).

CSCs are responsible to DNA damage induced by radiotherapy and chemotherapy (101, 102).
There are several protections against oxidative DNA damage being executed by CSCs. For
example, CSCs expressing a high level of CD44, which controls the intracellular level of
glutathione (GSH), show an enhanced production for GSH, resulting in a strong protective
effect against sorafenib-induced ROS (103). Concomitantly, lower ROS levels have been
reported in CSCs and are associated with enhanced free radical scavenging systems that give
rise to an increased production of GSH, eventually leading to resistant against radiotherapy-
induced ROS (104). In addition, when compared to CD133" tumor cells, CD133" human
glioblastoma cells isolated from glioma patient xenografts and primary glioblastoma patient
specimens preferentially activate the DNA damage repair checkpoint in response to
radiotherapy and hence leading to a more rapid DNA repair (105). Interestingly, the inhibition
of Notch pathway with gamma-secretase inhibitors enhances the sensitivity of glioma stem
cells to radiation via the suppression of PI3K/AKT activation and also upregulation of

truncated apoptotic isoforms Mcl-1, but without affecting the response to DNA damage (106).

In response to oxidative stress and DNA damage, CSCs mediate toxic efflux quickly in HCC
(107). Another effect that CSCs contribute to drug resistance is coming from their plasticity
(107). Furthermore, some stemness markers and RNAs affiliated with CSCs can be therapeutic
targets to address the chemotherapy resistance. For instance, NANOG™ CSCs are associated
with sorafenib resistance (108), whereas the THOR, a conserved long non-coding RNA,
inhibits CSCs and increases HCC sensitivity to sorafenib (109). Moreover, CSCs plasticity
promotes HCC molecular and biological diversity, thus leading to a poor prognosis (110).
Molecularly, CSC-associated marker DDK1 is suggested to be a prognostic indicator for HCC
via CSC analysis (110, 111).
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1.3 The Role of Cholesterol Biosynthesis in Cancers

Accumulating evidence has suggested that cholesterol biosynthesis is important in cancer
development and hence the its targetable therapeutic implications have been gaining attention
in both the prevention and treatment of cancers (112). However, the role of cholesterol remains
controversial in tumorigenicity (113). Contradictory, studies have reported that cholesterol in
cancer development can be tissue- and cancer-specific (114). Hypercholesteremia could lead
to higher risks in breast and prostate cancers (115, 116), but some other prospective cohort
analyses show no association (117, 118).

1.3.1 Dysregulated cholesterol production in cancer cells

Cholesterol is mainly synthesized in the liver and intestine, but cancer cells have hijacked the
process so to produce more cholesterol either for cell expansion or activation of oncogenic
pathways. The de novo cholesterol biosynthesis involves more than 20 enzymes that are located
in different subcellular compartments in the cell, for example the cytosol, endoplasmic
reticulum (ER), or peroxisomes (119) (Figure 1.6). The first step starts from the condensation
of two acetyl-CoA molecules to produce one 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA). Hence, HMG-CoA reductase (HMGCR), the first limiting enzyme involved in this
pathway, converts HMG-CoA to mevalonate (119). Mevalonate is then subsequently converted
to farnesyl pyrophosphate (FPP), squalene, and finally cholesterol under a series of enzymatic
activities (120). FPP, apart from contributing to cholesterol production, is also the precursor of
geranylgeranyl pyrophosphate (GGPP). Both FPP and GGPP drive protein prenylation that is
involved in oncogenic proteins activation, such as Ras GTPases (121-123). In addition to
HMGCR, recently squalene epoxidase (SQLE) has also been considered to be another rate-
limiting enzyme in synthesizing cholesterol (124). The product cholesterol is then secreted into
the bloodstream in the form of apolipoprotein complex, and is either embedded as part of the
plasma membrane, or used for metabolite production to synthesize bile acids or steroid
compounds (125). The synthesis of cholesterol in liver is dominantly regulated by the SREBP2
(126).

SREBP2 has two forms, premature and mature. The former one is synthesized and rest on the
ER membrane (127). The activation of SREBP2 requires two proteolytic activities that happen
in the Golgi apparatus, where site 1 protease (S1P) and S2P cleave consecutively to free the N-
terminal of SREBP2 (127, 128). The N-terminal of SREBP2, or mature SREBP2, now is able
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to enter the nuclear and bind to the promoter region of the genes that contain conserved DNA
region, called sterol regulatory elements (SRE), hence increasing the transcription level of
those genes (129). These genes are particularly involved in the cholesterol biosynthesis, for
examples, HMGCR, SQLE, and low-density lipoprotein receptor (LDLR) (129). The activity
of mature SREBP2 can also be enhanced by mammalian target of rapamycin complex 1
(mTORC1) via suppressing the nuclear entry of lipinl which attenuates mature SREBP2 (130).
In normal cells, the cholesterol biosynthesis via SREBP2 regulation is a negative-feedback
loop: a low intracellular cholesterol level initiates SREBP2 activity while a high intracellular
cholesterol level inhibits SREBP2 activity. However, this feedback mechanism is dysregulated
in cancer cells: SREBP?2 is activated disregard to cholesterol availability (131, 132). In order
to process the excessive amount of intracellular cholesterol, cancer cells enhance the
expression of acyl-CoA: cholesterol acyltransferase 1 (ACAT1), which convers cholesterol to
cholesterol ester that is a storage form of cholesterol in cancer cells. Hence, the stored
cholesterol esters are used as a reservoir for rapid cell expansion (133-135). The inhibition of
ACATL1 using CP-113818 is shown to decrease migration and progression in breast and

prostate cancers (133, 136).
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(a) Cholesterol de novo biosynthesis
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Figure 1.6. Cholesterol biosynthesis in cancer cells.

(A) The simplified de novo cholesterol biosynthesis. (B) cholesterol metabolism involved in key
oncogenic molecular pathways. The figure is adopted from Mok & Lee’s work under the permission of
Creative Commons Attribution 4.0 International License (120). Please see Appendi for the concerned

license.

1.3.2 The relationship between cholesterol and HCC pathogenesis

HCC is the major malignancy of the liver, which is also the primary site in synthesizing
cholesterol and lipoproteins (137). Some studies have revealed that a positive association is
linked between hypercholesteremia and HCC, which can be used as a prognostic marker for
HCC (138, 139). In children with hepatoblastoma and patients with cirrhosis HCC, total
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cholesterol in blood are enhanced dramatically. This situation cannot be seen in patients
without HCC (140-142). As discussed before, the elevated cholesterol is most likely due to the
overriding of cholesterol biosynthesis in HCC cells (138, 143). However, in an all-inclusive
prospective study in Korea including nearly 1.2 million participants, an inverse correlation
between cholesterol levels and liver cancer incidence has been observed (144). Also, the HBV-
and HCV-induced HCC patients show decreased cholesterol, high-density lipoprotein (HDL)-
cholesterol and LDL-cholesterol when compared to those in the normal counterparts (145, 146).
Meanwhile, low serum LDL-cholesterol levels are related to increased risk of HCC mortality
(147). In addition, a low serum cholesterol levels (< 100 mg/dL) in the patients before operative
or liver transplant shows a lower disease-free survival when compared to those patients with
high serum cholesterol levels (> 100 mg/dL) (148). Similarly, in Taiwan, poor prognosis is
observed in patients with low BMI and serum cholesterol in comparison to those patients with

relatively high BMI and serum cholesterol after operative surgery (149).

Hence, current clinical and preclinical studies show a strong connection between alterations in
serum cholesterol levels and HCC. Despite of some studies have suggested that an inverse
correlation between blood cholesterol and HCC incidence and development, it is rarely that
high cholesterol levels would inhibit HCC onset since one of the results of HCC is to produce
high amount of cholesterol. It is therefore crucial to study the role of elevated cholesterol level
because of the contributing factors prior to HCC initiation, such as an unhealthy diet or diabetes,
at different research levels.

1.3.3 The role of cholesterol metabolism in regulation of CSCs

As mentioned in Section 1.2, CSCs have been suggested to play an important role in tumor
initiation, recurrence and chemoresistance, in which dysregulated cholesterol metabolism has
been shown to be involved (150). Although CSCs are a small subset of cancer cells, a growing
body of evidence indicates that the utility of CSCs can explain the failure of current
conventional chemotherapy due to the development of resistance to the drugs over time that
eventually leads to tumor relapse (151). Therefore, by understanding the correlation between

CSC and cholesterol biosynthesis may provide new therapeutic regimen in treating cancers.

By comparing the expression profiles between anchorage-independent tumorspheres and their
differentiated counterparts using global genome expression microarray, cholesterol

biosynthesis has scored the top five out of 15 homeostatic pathways, demonstrating the
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abnormal regulation of cholesterol to support tumor formation via CSCs propagation (152).
Likewise, LDL-cholesterol is shown to regulate stemness properties in colorectal cancer cells,
including spheroid formation ability, stemness gene expression and migration ability, via
MAPK pathway activation (153). Furthermore, genes involved in the superpathway of
cholesterol biosynthesis are found to be overexpressed in patient-derived glioblastoma CSC-
enriched sphere cells by comparing the RNA sequencing data to the differentiated counterparts,
for example farnesyl diphosphate synthase (FDPS) and hydroxymethylglutaryl-CoA synthase
(HMGCS). Therefore, the administration of FDPS inhibitors, alendronate and zoledronate,
abolished the glioblastoma progression (154). Moreover, metformin, an antidiabetic drug, is
demonstrated to lower cellular cholesterol level and hence attenuating the stemness properties
in breast cancer cells (155). Similarly, metformin suppresses EpCAM* HCC cells and hence
the tumor proliferation (156). Interestingly, excessive amount of cholesterol can inactivate
Lpcat3, which is responsible for producing polyunsaturated phospholipid and therefore driving
stem cell proliferation in intestinal cancer (157). The inhibition of Lpcat3 or overexpression of

SREBP2 hence promotes intestinal tumor formation in Apc™"-induced tumor mice (157).

1.3.4 Cholesterol and resistance to cancer therapy

One of the major difficulties in cancer therapy is that patients would develop resistance to
radiotherapy or chemotherapy. Since cholesterol and its metabolites serve as an energy
reservoir for cancer cell proliferation and differentiation, cholesterol has therefore been linked
to treatment failure. In HCC, the increase of mitochondrial cholesterol levels confers
chemoresistance (158). The mechanism is further explained in another study: a toxic oxysterol
which is the oxygenated form of cholesterol, 7-ketocholesteorl, renders the efficacy of
doxorubicin through upregulation of P-glycoprotein via the PI3K/mTOR signalling pathway
(159). Another oxysterol, 25 hydroxycholesterol (25-OHC), decreases the chemotherapeutic
drug efficacy in both in vitro and in vivo in gastric cancer model (160). Even when the
endogenous cholesterol biosynthesis is diminished through the downregulation of FDPS and
OSC, which are two enzymes involved in synthesizing cholesterol, chemo-resistant ovarian
cancer cells increase the cholesterol uptake by enhancing the LDLR expression (161). In
addition, the cholesterol has enhanced the expression of ABCG2 and MDRL1, which are both
drug efflux pump, along with the expression of liver X receptors (LXRs), which is the
cholesterol receptor, and hence reducing the cisplatin and paclitaxel efficacy in ovarian cancer
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(162). Moreover, the overexpression of genes involved in cholesterol biosynthesis conveys
resistance to oestrogen deprivation in oestrogen receptor® breast cancer (163). The enhanced
cholesterol biosynthesis is also linked to poorer survival rate in breast cancer patients (164). In
chronic myeloid leukaemia cells, the overexpression of ACAT1 has rendered the imatinib
efficiency due to the accumulation of cholesterol esters (165). In lung adenocarcinoma,
treatment of cholesterol inhibits the cytotoxic potential induced by oxaliplatin or carboplatin
(166). Meanwhile, the treatment of LDL-cholesterol also decreases sorafenib-induced HCC
cell death (167). Taking all together, it is unarguably that cholesterol has played a crucial role
in developing resistance to cancer therapeutic options. However, the underlying mechanism
need further research so as to better understand if cholesterol of its metabolites directly or

indirectly hampers the drug efficacy.
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1.4 Hypothesis and aims of study

HCC is often diagnosed at an advanced stage, and surgical removal is not feasible.
Unresectable HCC is hence treated with TACE and systemic tyrosine kinase inhibitor (TKI)
therapy. However, the intrinsic plasticity of HCC limits its response rate to TACE. Despite the
significant primary effects of sorafenib and lenvatinib, patients eventually develop acquired
drug resistance. It is therefore important to investigate the mechanisms driving acquired drug
resistance in HCC. Combination treatment may serve as a better therapeutic strategy to prolong
the survival of HCC patients.

Recently, accumulating evidence has suggested the existence of CSCs, which are crucial
factors involved in therapeutic resistance. CSCs contribute to cancer progression via the
promotion of tumorigenicity, metastasis and angiogenesis. Disrupted metabolic pathways
allow for an enormous influx of energy and materials that help cancer cells divide and
proliferate. The surviving repopulated cancer cells are hence resistant to drug interventions.
Despite the successful identification of CSCs via phenotypic and functional methods,
eradicating CSCs remains an unprecedented challenge.

To mimic the clinical situation of acquired drug resistance, sorafenib- and lenvatinib-resistant
HCC PDTXs have been developed in vivo via a series of administrations of corresponding
drugs. RNA sequencing analysis revealed that cholesterol biosynthesis is highly activated in
the resistant clones. This finding is consistent with CSC-enriched HCC hepatospheres and
HCC drug-resistant cells. Through different verification methods, such as immunofluorescence
staining and western blotting analysis, SREBP2, which is the master regulator of cholesterol
biosynthesis, is found to be highly upregulated in these cells. Therefore, we hypothesize that
SREBP2-mediated cholesterol biosynthesis plays an important role in acquired drug resistance
in HCC.

On the other hand, SREBP2 is known to be cleaved by CASP3 during apoptosis, which is a
constant occurrence in HCC tumors during drug treatment. This finding prompted us to
determine whether CASP3 indeed plays an unidentified apoptotic role by regulating SREBP2-
mediated cholesterol biosynthesis and whether drug resistance is acquired during prolonged

challenges.
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Cholesterol has different metabolic functions inside the body. One of these important

physiological roles is to act as a precursor for other sterol compounds that activate stemness-

related pathways, such as SHH signalling. This prompts the investigation of the downstream
effector of the CASP3-SREBP2-cholesterol signalling cascade.

Finally, the therapeutic implications of targeting cholesterol were examined. The FDA has

approved statins as cholesterol-lowering drugs for patients with cardiovascular diseases. Thus,

we investigate whether the combination of statins and TKIs could create synergistic effects in

treating cancers.

In summary, the specific aims are as follows:

1.
2.

To understand the molecular mechanism of how cancer cells acquire drug resistance
To investigate the potential role of SREBP2-mediated cholesterol biosynthesis in the
regulation of drug resistance in HCC by augmenting liver CSCs

To reveal the nonapoptotic role of CASP3 in regulating SREBP2-mediated cholesterol
biosynthesis

To elucidate the downstream effector of any sterol compounds that activate survival
signalling pathways in this CASP3-SREBP2-cholesterol cascade

To evaluate the therapeutic implications of targeting cholesterol biosynthesis in
combination with TKI treatment to cure HCC
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CHAPTER 2
MATERIALS AND METHODS
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2 Materials and methods

2.1 Materials
Table 2.1. Cell lines.

Cell line Pathological condition Source/Vendor

Invitrogen, Thermo Fisher Scientific

HEK293T  Human embryonic kidney cells
(Waltham, Massachusetts, USA)

American Type Culture Collection

HEK293FT  Human embryonic kidney cells o
(Manassas, Virginia, USA)

A gift from Dr. J.R. Chowdhury, Albert

MIHA Immortalized liver cells o o
Einstein College of Medicine, USA
PLC/PRF/5 HCC Japan Cancer Research Bank (JCRB0406)
Liver Cancer Institute, Fudan University,
MHCC-97L HCC .
China
American Type Culture Collection
Hep3B HCC

(Manassas, Virginia, USA)

Table 2.2. Primers for gPCR.

Gene Forward primer (5’-3’) Reverse primer (3’-5°)

SREBP2 CCCTGGGAGACATCGACGA CGTTGCACTGAAGGGTCCA

HMGCR TGATTGACCTTTCCAGAGCAAG CTAAAATTGCCATTCCACGAGC

LDLR TCTGCAACATGGCTAGAGACT TCCAAGCATTCGTTGGTCCC

INSIG1 CCTGGCATCATCGCCTGTT AGAGTGACATTCCTCTGGATCTG

MVD TGAAGGACAGCAACCAGTTC CAGGAGATGGCATTGAGGTAAG

FDPS AGGAATTGATGGCGAGAAGG CCCAAAGAGGTCAAGGTAATCA
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Table 2.3. sShRNA and sgRNA sequences.

Gene Forward primer (5’-3’)
NTC CCGGTTGTGCTCTTCATCTTGTTGCCGGCAACAAGATGAAGAGC
ACCAATTTTTG
CCGGGCAACAACAGACGGTAATGATCTCGAGATCATTACCGTCT
ShSREBP2#66
GTTGTTGCTTTTT
CCGGGACCTGAAGATCGAGGACTTTCTCGAGAAAGTCCTCGATC
ShSREBP2#68
TTCAGGTCTTTTT
CTL GATACGTCGGTACCGGACCG
SgSREBP2#03 GGGCGAGCGAAGCGGTGCGT
SgSREBP2#04 GCACCGCTTCGCTCGCCCAT
Table 2.4. Antibodies.
Target Experiment Condition Vendor
BD Biosciences (San Jose,
Western blot 1:500 o
California, USA)
SREBP2 Immunofluorescence 1:50 Abcam (Cambridge, UK)
Immunohistochemical _
o 1:100 Abcam (Cambridge, UK)
staining
Western blot 1:1000 Abcam (Cambridge, UK)
CASP3 Immunohistochemical 1100 Cell Signalling Technology
staining ' (Danvers, Massachusetts, USA)
Cell Signalling Technolo
Western blot 1:1000 J : &
(Danvers, Massachusetts, USA)
GLI-1
Immunohistochemical 1100 Oncogene Pharma (Shah Alam,

staining

Selangor, Malaysia)
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Cell Signalling Technology

SHH Western blot 1:1000
(Danvers, Massachusetts, USA)
Cell Signalling Technology
SUFU Western blot 1:1000
(Danvers, Massachusetts, USA)
Cell Signalling Technology
PTCH1 Western blot 1:1000
(Danvers, Massachusetts, USA)
Cell Signalling Technology
PTCH2 Western blot 1:1000
(Danvers, Massachusetts, USA)
MilliporeSigma (Burlington,
B-ACTIN Western blot 1:5000
Massachusetts, USA)
HRP-conjugated 1:1000 or GE Healthcare (Chicago,
Western blot L
mouse 1gG 1:6000 [llinois, USA)
PE mouse anti- BD Biosciences (San Jose,
Flow cytometry 6 ul/test L
human CDA47 California, USA)
PE mouse anti- BD Biosciences (San Jose,
Flow cytometry 6 ul/test S
human CD24 California, USA)
PE mouse anti- BD Biosciences (San Jose,
Flow cytometry 6 ul/test S
human CD133 California, USA)
PE mouse I1gG1, x BD Biosciences (San Jose,
Flow cytometry 6 ul/test .
isotype control California, USA)
PE mouse 1gG2a BD Biosciences (San Jose,
Flow cytometry 6 ul/test

isotype control

California, USA)
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Table 2.5. List of other chemicals.

Chemicals Vendor
Lenvatinib Selleckchem (Houston, Texas, USA)
_ LC Laboratories (Woburn, Massachusetts,
Sorafenib
USA)
Simvastatin Calbiochem (San Diego, California, USA)

Dimethyl sulfoxide (DMSO)

MilliporeSigma (Burlington, Massachusetts,
USA)

Puromycin

MilliporeSigma (Burlington, Massachusetts,
USA)

Lipofectamine™ 2000 transfection

reagent

Invitrogen™, Thermo Fisher Scientific

(Waltham, Massachusetts, USA)

Annexin V-FITC reagent

BioVision (Milpitas, California, USA)

10X Annexin V binding buffer

BD Biosciences (San Jose, California, USA)

Methyl cellulose

MilliporeSigma (Burlington, Massachusetts,
USA)

Matrigel™ Matrix Corning (Corning, New York, USA)
MilliporeSigma (Burlington, Massachusetts,
Polybrene
USA)
) MilliporeSigma (Burlington, Massachusetts,
Insulin
USA)
Gibco™, Thermo Fisher Scientific (Amarillo,
B27™

Texas, USA)

Poly (2-hydroxyethyl methacrylate)
(polyHEMA)

MilliporeSigma (Burlington, Massachusetts,
USA)

TRIzol® Reagent

Invitrogen™, Thermo Fisher Scientific

(Waltham, Massachusetts, USA)

PhosSTOP™

Roche (Basel, Switzerland)

29



cOmplete™ EDTA-free protease )
S ) Roche (Basel, Switzerland)
inhibitor cocktail

) ) MilliporeSigma (Burlington, Massachusetts,
Bovine serum albumin (BSA)

USA)
_ MilliporeSigma (Burlington, Massachusetts,
Crystal violet
USA)
_ ) Applied Biological Materials (Vancouver,
BrightGreen 2X gPCR MasterMix-ROX
Canada)

) Advansta (San Jose, California, USA)
WesternBright ECL HRP substrate

MedChemExpress (Monmouth Junction, New

Z-DEVD-FMK (HY-12466) ] USA)
ersey,

GANTG61 (Synonyms: NSC 136476) (HY- MedChemExpress (Monmouth Junction, New
13901) Jersey, USA)
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2.2 Methods
2.2.1 Invivo models

2.2.1.1 Patient samples

Paraffin-embedded specimens from 50 anonymous HCC patients who were diagnosed of
primary HCC were achieved from the Sun Yat Sen University Cancer Centre. Complete
clinical and pathological data were acquired as well. Patients received no chemotherapy nor
radiotherapy before the surgery. The use of data was granted by the Institute Research Medical
Ethics Committee.

91 randomly retrieved HCC samples from patients who received curative resection then
sorafenib treatment from December 2008 to May 2010 were achieved from the Eastern
Hepatobiliary Surgery Hospital. Characteristics of these patients could be found in the previous
literature (168). Sorafenib was given at a dose of 400 mg twice a day. The use of data was

approved by the Ethical Committee of the Second Military Medical University.

2.2.1.2 Patient derived tumor xenografts (PDTXs)

PDTX#1 and PY003 HCC patient tissues were obtained from patients underwent hepatectomy
respectively at Queen Mary Hospital, Hong Kong and Pamela Youde Nethersole Easter
Hospital, Hong Kong. These samples were from patients who received no previous local or
systemic treatment prior to surgery. Consent was adopted and the study was approved by the
ethics committee of the University of Hong Kong. The use of human clinical samples was
granted by the Institutional Review Board of the University of Hong Kong/ Hospital Authority
Hong Kong West Cluster.

2.2.1.3 Establishment of drug-resistant PDTXs

Both drug-resistant PDTXs were established in NOD/SCID mouse upon continuous feeding of
either sorafenib or lenvatinib. For sorafenib-resistant PDTX#1, it was successfully established
after three rounds of 100 mg/kg/day sorafenib administration orally. Each round contained 31

days and the tumour was transferred to the secondary and tertiary mouse recipient.

For lenvatinib-resistant PY003, it was established upon four rounds of 30 mg/kg/day lenvatinib
administration orally. Identical treatment protocol was applied to the secondary and tertiary
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mouse recipient., yet for the quaternary mouse recipient was fed for 16 days due to the large

tumour size.

Successful establishment of drug resistance was evidenced by an observation that there was no
tumour suppression effect upon drug treatment when compared to the mock control arm. The
protocol was approved and performed in accordance with the guidelines for the use of live

animals in teaching and research at the Hong Kong Polytechnic University.

2.2.1.4 Human and mouse tissue processing for isolation of single cells

In order to obtain single cells, human and mouse tissue samples harvested from in vivo
experiments were first cut into smaller pieces which were transferred to gentleMACS C tube
(Miltenyi Biotec, Bergisch Gladbach, Germany) supplemented with 4 pg/ml Liberase and 20
ug/ml DNasel. The mixtures were then dissociated in the gentleMACS dissociator (Miltenyi

Biotec, Bergisch Gladbach, Germany) according to manufacturer’ instructions.

2.2.1.5 Immunocompetent mouse models

In hydrodynamic tail vein injection mouse model, a mixture of plasmids were injected into six-
to-eight-week-old male wild-type C57BL/6N mice according to the procedure previously
described (169). In short, 7.5 pg of plasmids compassing human AKT1 (myristoylated AKT1)
and human neuroblastoma Ras viral oncogene homolog (N-RasV12) together with sleeping
beauty transposase in a ratio of 25:1 were aliquoted in a 2 ml saline (0.9% sodium chloride),
filtered through 0.22 um filter, and injected into the lateral tail vein of the mice in five to seven

seconds.

For chemical carcinogenesis mouse model, N-nitrosodiethylamine (DEN) was
intraperitoneally injected into male wild-type C57BL/6N in a concentration of 1 mg/kg at the
age of two weeks. From age of eight weeks, carbon tetrachloride (CCI4) was as well injected
intraperitoneally of 0.2 ml/kg twice a week for a further 16 weeks. Mice were sacrificed and

livers were harvested for histological analysis at the end of the experiment.

In liver regeneration model, 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) was fed
to six-to-eight-week-old male wild type C57BL/6J for three weeks. The protocol was adopted
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by and performed in accordance to the guidelines for the use of live animals in teaching and

research at the University of Hong Kong.

2.2.1.6 Invivo drug treatment assay

Flanks of BALB/C nude mice were injected with either 1x10% PY003 and 0.5x10° sorafenib-
resistant PDTX#1 cells according to the cell dissociation protocol. Once the tumour reached
approximately to a size of 7 mm (length) x 7 mm (width), the mice were randomly separated
into four groups: DMSO, sorafenib (30 mg/kg), DMSO and simvastatin (4 mg/kg), and the
combined treatment group (sorafenib and simvastatin). Simvastatin was dissolved in water
while sorafenib was first dissolved in DMSO then diluted in water. Mice were treated in a daily
basis according to their treatment orally. Tumour volume and body weight were measured
every three days. Using the formular: volume (cm®) = length x width? x 0.5, tumour volume
was calculated. Upon 21 days, mice were harvested to obtain tumours for further analysis. This
study protocol was approved by and performed in accordance to the guidelines for the use of
live animals in teaching and research in the Hong Kong Polytechnic University. No specific
randomization method was used and the sample size was chosen based on the significant p-

values.

2.2.1.7 Tumorigenicity assay

In order to evaluate in vivo tumorigenicity, human HCC cells were suspended in a 1:1 ratio of
culture medium and Matrigel™ Matrix, and subcutaneously injected into the flanks of the
NOD/SCID mice in order to induce tumour xenografts. In brief, each mouse received two
injections on each side, in total four injections per mouse, from each experimental group (NTC
vs ShSREBP2, CTL vs sgSREBP2, and BCHOLH9" ys BCHOL“*"). Tumours were harvested
at the end of the experiment. Tumour-initiating cell frequency was calculated using Extreme
Limiting Dilution Analysis (ELDA) (170). This study protocol was approved by and performed
in accordance to the guidelines for the use of live animals in teaching and research in the Hong
Kong Polytechnic University. No specific randomization method was used and the sample size

was chosen based on the significant p-values.
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2.2.2 Invitro models

2.2.2.1 Cell culture

Human cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with high
glucose supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 mg/mL
penicillin G, and 50 pg/mL streptomycin at 37°C in a humidified chamber containing 5% CO..
Lentiviral infected cells were cultured in complete DMEM medium supplemented with 2
pg/mL puromycin while CRISPR infected cells were maintained in medium supplemented
with 0.2 pg/mL puromycin and 5 pg/mL blasticidin. Cells were used within 20 passages after
thawing. Culturing medium was refreshed every two to three days and cells were passaged
every three to four days. All cell lines used in this study were obtained between 2013 to 2016,
regularly authenticated by morphologic observation and tested for absence of mycoplasma

contamination (MycoAlert™, Lonza, Basel Switzerland).

2.2.2.2 Lentiviral-based transfection knockdown

Plasmids expressing ShSREBP2 RNA were cloned into the pLKO.1 vector (Addgene,
Watertown, Massachusetts, USA). Clone ID of the two shRNAs directed against SREBP2 are:
TRCNO0000020666 and TRCN0000020668. Scrambled shRNA non target control (NTC) was
purchased from Sigma-Aldrich (St. Louis, Missouri, USA).

2.2.2.3 Overexpression of SREBP2 by CRISPR activation system

Upregulation of SREBP2 was achieved using Edit-R transcriptional activation system
(Dharmacon™, Lafayette, Colorado, USA). In brief, Hep3B cells were first transfected to
stably express dCas9-VP64-p65-Rta (dCas9-VPR) protein. The stable cells were then
subsequently transduced of lentiviral SgRNAs directed against the promoter region of SREBP2.
Product identification of the two SsgRNAs directed against SREBP2 are as follow:
SVC18111602 1-B-03 and SVC18111602 1-B-04.

2.2.2.4 Establishment of drug-resistant HCC cells
Sorafenib- and lenvatinib-resistant PLC/PRF/5 and MHCC-97L cells were established by
continuous administration drug of gradually increasing concentration. For sorafenib-resistant

clones, cells were trained up to 10 uM, while for lenvatinib-resistant clones, cells were trained
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up to 30 uM. Mock controls were produced by giving same volume of DMSO to the cells

during the development of resistant cells.

2.2.3 Exvivo models

2.2.3.1 Organoid culture

Patients’ specimens from which received no previous local or systemic interventions were
obtained at Queen Mary Hospital, Hong Kong. Consents were granted from all patients before
the collection of liver tissues and the study was adopted by the ethics committee of the
University of Hong Kong. Particularly for organoid culturing condition, cells were isolated and

cultured according to published protocol (171).

2.2.3.2 CellTiter-Glo® cell viability assay

CellTiter-Glo® luminescent cell viability assay (Promega, Madison, Wisconsin, USA) was
used to evaluate the cell viability in organoids after the treatment of sorafenib or lenvatinib
and/or in combination of simvastatin for six days, according to the manufacturer’s instruction.

The experiments were repeated at least three times independently.

2.2.4 Functional experiments

2.2.4.1 Sphere formation assay

HCC cells were seeded on a pre-coated polyHEMA 24-well plate. Culturing medium was based
at 0.25% methyl cellulose in DMEM/F12 medium, supplemented with 4 ug/mL insulin, B27™,
One hundred microliters of fresh medium was applied every two days for total eight to ten days.

The spheroids were harvested for subsequent analysis of SREBP2 expression level.

2.2.4.2 Limiting dilution assay

HCC cells were seeded in a serial dilution manner onto a 96-well plate pre-coated with
polyHEMA. Sphere formation was scored after eight to twelve days under a phase contrast
microscope. The frequency of spheroid-forming stem cell was calculated using the ELDA

(170). The experiments were performed at least three times independently.
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2.2.4.3 Migration and invasion assays

HCC cells were seeded on a transwell chamber (Merck Millipore, Burlington, Massachusetts,
USA) of 8 um pore size. Particularly for invasion, transwells were precoated with Matrigel™
Matrix. Inside the chamber, the culturing condition was serum free while outside the chamber,
the condition was a complete medium which acted as a chemoattractant for the HCC cells.
Cells that had invaded through the membrane and/or Matrigel™ Matrix to the outer chamber
were fixed with 2% PFA in PBS and stained with crystal violet. Photographs of five randomly

selected fields were captured and counted using ImageJ.

2.2.4.4 RNA extraction and quantitative PCR (gPCR) analysis

Total RNA was extracted using TRIzol reagent while complementary DNA (cDNA) was
synthesized using PrimeScript RT Reagent Kit (Takara Bio, Kusatsu, Shiga, Japan), both
following manufacturers’ instruction. Detection was performed on QuantStudio™ 7 Flex Real-
Time PCR System (Applied Biosystems™, Thermo Fisher Scientific, Waltham, Massachusetts,
USA) under BrightGreen 2X qPCR Master Mix with primers specific to the genes of interest.
The sequences of the primers were provided in Table 2.2. Relative expression differences were
calculated using 2 22“Tmethod against f-ACTIN.

2.2.4.5 Western blot analysis

Total proteins were extracted using NETN lysis buffer supplemented with protease inhibitor
and phosphatase inhibitor or direct lysis using 2X SDS. The lysates were loaded onto an SDS-
polyacrylamide gel and separated by gel electrophoresis. After the completion in gel running,
the proteins were transferred to a polyvinylidene difluoride membrane. Primary antibodies
being used were: SREBP2 (1:500, #557037, BD Pharmingen, San Jose, California, USA), GLI-
1(1:1000, #3538, Cell Signalling Technology, Danvers, Massachusetts, USA), SUFU (1:1000,
#2520, Cell Signalling Technology, Danvers, Massachusetts, USA), SHH (1:1000, #2207, Cell
Signalling Technology, Danvers, Massachusetts, USA), PTCH1 (1:1000, #2468, Cell
Signalling Technology, Danvers, Massachusetts, USA), PTCH2 (1:1000, #2470, Cell
Signalling Technology, Danvers, Massachusetts, USA) and B-ACTIN (1:5000, #A5316,
Sigma-Aldrich, St. Louis, Missouri, USA). After overnight incubation at 4°C, secondary
antibodies conjugated with horseradish peroxidase either anti-mouse or anti-rabbit were

applied to the membrane. Signals were visualized using enhanced chemiluminescence method.
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2.2.4.6 Flow cytometry

2.2.4.6.1 CSC surface markers analysis

PE-conjugated CD47 (BD Biosciences, San Jose, California, USA) and CD133 (BD
Biosciences, San Jose, California, USA) antibodies were used to detect the surface marker
expressed on HCC cells. In brief, the staining lasted for 30-60 minutes at 4°C with 2% FBS.
Isotype-matched immunoglobulins served as controls. Samples were subjected to BD Accuri
C6 flow cytometer (BD Biosciences, San Jose, California, USA) and analysed in Flowjo™

(BD Biosciences, San Jose, California, USA).

2.2.4.6.2 Annexin-V apoptosis assay

FITC-conjugated Annexin-V (BioVision, Milpitas, California, USA) and propidium iodide (PI)
mixed in Annexin-V binding buffer (BD Biosciences, San Jose, California, USA) were applied

to cells and stained for 30 minutes at room temperature. Samples were subjected to BD Accuri

C6 flow cytometer (BD Biosciences, San Jose, California, USA) and analysed in Flowjo™

(BD Biosciences, San Jose, California, USA).

2.2.4.6.3 lsolation of BCHOLM9" and BCHOL“" populations

Cells were stained with BODIPY-cholesterol (BCHOL) (Avanti Polar Lipids, Alabaster,
Alabama, USA) for 30 minutes on ice. Samples were subjected to BD FACSAria lll
(BD Biosciences, San Jose, California, USA) for cell sorting. A margin was set at 2% to select
both positive/BCHOL™9" and negative/BCHOL" populations. Aliquots of BCHOL"9" and
BCHOL" sorted cells were examined for purity with a BD FACSAria Il (BD Biosciences,
San Jose, California, USA) and Flowjo™ (BD Biosciences, San Jose, California, USA).

2.2.4.6.4 lsolation of CD133* and CD133 populations

Liver cells were purified by revised two-step collagenase perfusion method (171). Samples
were then sorted on a BD Influx Cell Sorter (BD Biosciences, San Jose, California, USA) based
on the CD133 (#11133182, Thermo Fisher Scientific, Waltham, Massachusetts, USA) marker
staining expression. LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (#L34976, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) was used to exclude dead cells. In addition,
CD45 (#559864, BD Biosciences, San Jose, California, USA) and TER119 (#557909, BD

Biosciences, San Jose, California, USA) markers were used to exclude blood cells.
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2.2.4.7 Staining

2.2.4.7.1 Filipin staining

Filipin (#F9765, Sigma-Aldrich, St. Louis, Missouri, USA) was used to stain free cholesterol
in HCC cells. In brief, cells grown on glass coverslips were fixed in 4% PFA in PBS, quenched
the paraformaldehyde group by 10 mM of glycine for 10 minutes. Cells were stained with
filipin at 50 pug/ml for 1 hour. The cells were then washed with PBS, and counterstained the
nucleus with propidium iodide. For frozen tissues, the steps were the same but filipin
concentration was increased to 200 pg/ml. Slides were mounted using VECTASHIELD
Antifade Mounting Medium (#H-1000, Vector Laboratories, Burlingame, California, USA).
Fluorescence signal was visualized using Leica TCS SPE confocal microscope. Intensity of the

staining were quantified using Nikon NIS-Elements Software (Melville, New York, USA).

2.2.4.7.2 Immunofluorescence staining

HCC cells were seeded on glass coverslips and further fixed in 4% PFA in PBS for 15 minutes
in room temperature. 0.1% Triton-X100 was used to permeabilize the cells for 15 minutes after
several washes of PBS and blocked with 5% BSA in TBST for one hour. Primary antibody was
applied and stained at 4°C overnight. Secondary antibody conjugated with FITC together with
DAPI for nucleus staining was added on the next day for 1 hour incubation under room
temperature. Slides were mounted and subjected to Leica TCS SPE confocal microscope
examination. Intensity of the staining were quantified using Nikon NIS-Elements Software
(Melville, New York, USA).

2.2.4.7.3 Immunohistochemistry staining

Xylene was first used to deparaffinize the sections followed by rehydration in graded alcohols
and distilled water. A standard microwave heating technique in Tris-EDTA buffer was
performed to retrieve antigens on the slides. 3% hydrogen peroxide was then used to quench
endogenous peroxidase activities. After that, the slides were immersed in serum free-protein
block solution (DAKO, Santa Clara, California, USA) and subsequently incubated against anti-
SREBP2 (#ab28482, Abcam, Cambridge, UK), cleaved CASP3 (Aspl75) (#9664S, Cell
Signalling Technology, Danvers, Massachusetts, USA), GLI-1 (#UM800063, Oncogene
Pharma, Shah Alam, Selangor, Malaysia). Stained slides were washed thoroughly and
incubated with anti-rabbit secondary Envision™ HRP-conjugated antibody (DAKO, Santa
Clara, California, USA). Signals were visualized using Liquid DAB+ Substrate-Chromogen
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System (DAKO, Santa Clara, California, USA). Mayer’s hematoxylin was used to counterstain

the slides which were examined under light microscope.

With no prior knowledge to the clinicopathological profile of the patients, the protein
expression was quantified individually on two scoring parameters: 1 to 4 in terms of percentage
(P) of expression: <10% stained positive, <25% stained positive, <50% stained positive and
>50 stained positive, respectively; 1 to 3 in terms of intensity (1): weak, moderate, and strong,
respectively. Quick (Q) score was calculated on the formular: Q = P x I. With a maximum
score of 12, specimens scored below 6 were termed as ‘low expression’ while those scored

above 6 were classified as ‘high expression’.

2.2.4.8 Assay Kits

2.2.4.8.1 CH25H ELISA kit

Level of cholesterol-25-hydroxylase (CH25H) was determined by CH25H ELISA Kit (Human)
(#OKCDO01912, Aviva Systems Biology, San Diego, California, USA). In brief, cells were
lysed with NETN buffer, and 20 ng of total proteins were assayed following the protocol.

Result was detected using a spectrophotometer at OD450 nm.

2.2.4.8.2 Cholesterol assay kit

Total cholesterol level was measured by Cholesterol/Cholesteryl Ester Quantitation Assay Kit
(#ab65359, Abcam, Cambridge, UK). Briefly, a total of 1x10° cells were harvested to extract
cholesterol in a solution of chloroform: isopropanol: NP40 in a ratio of 7:11:0.1 in a micro-
homogenizer. Organic phase which contained cholesterol was transferred to a new clean tube
after centrifuging at 15,000g for 10 minutes. The solution was vacuum dried overnight and

resuspended ay the assay buffer. Result was detected using a spectrophotometer at OD570 nm.

2.2.4.8.3 CASP3 activity assay kit

The enzymatic CASP3 activity was assayed using CASP3 Activity Assay Kit (ab252897,
Abcam, Cambridge, UK). In brief, a total of 1x10° cells were harvested and lysis against
Caspase Cell Lysis Buffer provided in the kit. Cell lysates were centrifugated at 10,000g for
10 minutes. Supernatant was then transferred to a clean tube and assayed immediately. Result

was detected by measuring fluorescence at EX/Em= 400/505 nm.
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2.2.4.9 Bioinformatics and statistical analysis

2.2.4.9.1 RNA sequencing

Total RNA of MHCC-97L (NTC and shSREBP2#66) and drug-resistant PDTXs (PDTX#1 and
PY003) and their mock controls were extracted using TRIzol Reagent (Invitrogen™,
ThermoFisher Scientific, Waltham, Massachusetts, USA) according to manufacturer’s
protocol. The quality was confirmed by Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, California, USA) to have OD260/280 of between 1.8-2.0 whereas the RNA integrity
number value was higher than 8.0. The qualified RNA samples were hence sequenced at the
platform of lllumina Solexa sequencing using Hiseq 1500 sequencer (lllumina, San Diego,
California, USA) for performing HiSeq sequencing run (pair-end sequencing of 101bp). Each
sample had an average throughput of 10.8Gb and a total throughput of 21.5Gb. An average of
94% of the bases achieved a quality score of Q30 where Q30 denotes the accuracy of a base
call to be 99.9%. Alignment, expression estimation and tests for differential expression were
processed by RSEM 1.2.21 and EBSeq 1.6.0 Resulting values were indicated by Transcript Per
Million.

2.2.4.9.2 Ingenuity pathway analysis for expression data

We compared the gene expression levels from different phenotypes (i.e., Mock control versus
sorafenib/lenvatinib resistant PDTXs and differentiated progenies versus chemo-resistant
hepatospheres). The Ingenuity Pathway Analysis (IPA) (QIAGEN, Germantown, Maryland,
USA) was used to examine the functional associations among genes and generate a gene
network with a high significance based on more interconnected genes being present than would
be expected by chance. The significance of each network was estimated by the scoring system
provided by IPA. The scores were determined by the number of differentially expressed genes

within each of the networks and the strength of the associations between network members.

2.2.4.9.3 Gene set enrichment analysis for gene expression data

We compared the gene expression levels from different phenotypes (i.e., HCC mouse model
(CD133" over CD133") versus liver regeneration model (CD133" over CD133") and NTC
versus ShSREBP2) and picked up the genes which had significant different expression for Gene
set enrichment analysis (GSEA) by using Molecular Signatures Database (V3.0). GSEA was
carried out by computing overlaps with hallmark gene sets (H), canonical pathways (CP) and
gene ontology (GO) gene sets (C5), obtained from the Broad Institute (172). Genes in Gene
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Set (K), Genes in Overlap (k), k/K and p-value were used to rank the pathways enriched in

each phenotype.

2.2.4.9.4 Statistical analysis

Data obtained from gPCR, ELISA assay kits, limiting dilution assay, flow cytometry analysis
for both stemness marker staining and Annexin-V apoptosis assay, migration and invasion
assays, and the quantification of IF staining, were subjected to Student’s t-test for calculating
the statistical significance. The error bars indicate the means and standard deviations. Statistical
difference of p-value lower than 0.05 was considered significant in the two-sided test (*p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001). Individual data point is excluded if it departs from
the mean with more than 3 standard deviations. During data collection the investigators were
not blinded to the group allocation. There is no assumption of any variations within each
experimental group and the similar variance is statistically compared. For overall and disease-
free survival, Kaplan-Meier survival analysis coupled with a log-rank test was used to

determine the statistical significance.
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CHAPTER 3
CHOLESTEROL BIOSYNTHESIS IS
ACTIVATED IN DRUG-RESISTANT HCC
PATIENT-DERIVED TUMOR XENOGRAFTS
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3 Cholesterol biosynthesis is activated in drug-resistant HCC patient-

derived tumor xenografts

3.1 Introduction

The advancement of TKIs has inarguably improved HCC patients’ overall survival. However,
the development of acquired drug resistance has limited the efficacy of TKIs and hence limits
patients’ long-term survival. TKIs are clinically prescribed to HCC patients in multiple cycles
over a long period of time, but eventually, the residual surviving cancer cells repopulate and

form tumors that are resistant to TKI treatment.

Sorafenib is an oral multikinase inhibitor against VEGFR, PDGFR, and Raf serine/threonine
kinases. This TKI acts as an antiangiogenic agent and was superior for treating patients with
unresectable HCC in the Sorafenib Hepatocellular Carcinoma Assessment Randomized
Protocol (SHARP) investigation (21). However, patients’ median overall survival was only

prolonged by approximately 3 months (Figure 3.1A), and the disease eventually progressed.

Lenvatinib is also an oral multikinase inhibitor that targets VEGFR1-3, FGFR1-4, PDGFR,
RET, and KIT. This novel antiangiogenic TKI is approved as another option for first-line
treatment in unresectable HCC patients. According to an open-label, phase 3, multicentre,
noninferiority trial (REFLECT), lenvatinib was demonstrated to be noninferior to sorafenib
with respect to overall survival in advanced HCC patients: 13.6 months in the lenvatinib arm
compared to 12.3 months in the sorafenib arm (22) (Figure 3.1B). Likewise, lenvatinib
treatment eventually faces the challenge of tumor relapse due to acquired drug resistance.
Therefore, it is crucial to identify the molecular regulator(s) of acquired sorafenib/lenvatinib

resistance to benefit patient overall survival.

To understand the mechanism of sorafenib/lenvatinib resistance in HCC patients, it would be
ideal to obtain fresh clinical samples from patients with HCC before and after sorafenib
treatment. Unfortunately, these samples are not available due to ethical issues. To mimic this
clinical situation, many researchers have employed in vitro establishment of sorafenib-resistant
cells. However, the translational potential of this model is limited because it is not
representative of the true clinical situation. For this purpose, we employed in vivo PDTXs
derived directly from two samples from HCC patients and developed sorafenib- and lenvatinib-

resistant PDTXs in vivo by administration with several collected rounds of sorafenib/lenvatinib
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treatment. Upon successful establishment of these two drug-resistant PDTXs, RNA sequencing
analysis was employed to compare the expression profiles of sorafenib- and lenvatinib-resistant
PDTXs and their corresponding mock controls. Identification of the crucial pathways involved
in acquired drug-resistant HCCs was further achieved using IPA. Next, we confirmed the
potential pathway using protein expression analysis.
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Figure 3.1. Survival curves adopted from the SHARP and REFLECT clinical trials.

(A) Sorafenib improves patients’ overall survival by 3 months (21). Reproduced with permission
from Llovert, Ricci, & Mazzaferro et al., Copyright Massachusetts Medical Society, see Appendi for
the concerned license. (B) Lenvatinib was shown to be noninferior to sorafenib in advanced stage
HCC (22). Reused with permission from Kudo, Finn, & Qin et al.’s work (22). Permission conveyed
through Copyright Clearance Centre, please see Appendi for the copyright approval letter.
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3.2 Experimental outline

(1) Sorafenib- and lenvatinib-resistant PDTXs were established. (2) Resistant tumors and their
mock counterparts were collected for RNA sequencing; the data were then analyzed using IPA
and GSEA. A summary of the experimental design is shown below (Figure 3.2).

0 Establishment of sorafenib- and lenvatinib-resistant PDTXs

Three rounds in total
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E— : & -

Mock tumor
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Figure 3.2. Experimental outline in Chapter 3.

The diagram summarizes the methods used to identify the altered pathways in sorafenib- and
lenvatinib-resistant PDTXs.
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3.3 Results

3.3.1 Successful establishment of sorafenib- and lenvatinib-resistant PDTXs

To mimic the clinical situation in which acquired drug resistance develops in HCC patients in
response to sorafenib or lenvatinib treatments, two drug-resistant HCC PDTXs were developed
(Figure 3.2). Primary tumors were harvested from HCC patients who did not receive any cancer
treatments in prior to the operation and subsequently dissociated and inoculated into
NOD/SCID mice as described in the Methods. PDTX mice were administered sorafenib or
lenvatinib orally per day. After completion of one round of feeding, tumors were harvested,
dissociated, and reinoculated into secondary mouse recipients. This cycle was repeated until
successful establishment of a resistant tumor was achieved. Three rounds in total were needed
to develop sorafenib resistance, whereas four rounds were needed for lenvatinib resistance, and
both were verified to induce no tumor suppression treatment when compared to their control

counterparts (Figure 3.3).
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Figure 3.3. Tumor growth curves of both drug-resistant and drug-responsive PDTXs.

(Upper, left) Sorafenib-resistant PDTX#1 was established by administering sorafenib orally at 100
mg/kg for three rounds. (Upper, right) Lenvatinib-resistant PY003 was established by administering

lenvatinib orally at 30 mg/kg for four rounds. The dose response curves showed that there was no
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reduction in tumor volume in response to sorafenib/lenvatinib administration when compared to their

corresponding mock controls. (Lower, left) Sorafenib-responsive PDTX#1 was harvested at day 31

and proceeded to next round of drug feeding. (Lower, right) Lenvatinib-responsive PY003 was

harvested at day 21 and proceed to next round of drug feeding.
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3.3.2 Cholesterol biosynthesis is the most upregulated pathway in both drug-resistant
PDTXs

After successful establishment of drug-resistant PDTXSs, total RNA was extracted using the
protocol mentioned in the Methods. Samples were processed to perform RNA sequencing, and
the expression profiles of the mock control and drug resistant PDTXs were then compared.
Surprisingly, the superpathway of cholesterol biosynthesis was the most upregulated pathway
in both resistant PDTXs, according to IPA (Figure 3.4A). Genes associated with cholesterol
biosynthesis were commonly deregulated, as shown by a heat map illustration (Figure 3.4B).
Moreover, filipin staining revealed that free cholesterol or cholesterol deposition was
consistent with the sequencing results. Both drug-resistant PDTXs exhibited consistently

higher cholesterol deposition than their mock counterparts (Figure 3.5).

48



PDTX#1 Mock vs Sorafenib-resistant

Ch iosynthesis Il (via 24,25-dihydrol
[« is Il (via D

2888

paiejndas ausd o %

[ I X

Pathways

§
=

;-3

[

3
-
N B>
(anjead)oT3or-

3 =1 1] 1 2 3
Activation z score

PY003 Mock vs Lenvatinib-resistant

5 hway of Ch Biosynthesi

Ch ol Biosy is |

.

Ch Biosynthesis Il (via 24,25-dihy ) ® a0

n cl 1l (via De ) ® 50

§ NER Pathway

] PPARa/RXRa
&
o

Sirtuin

P53 O
Pancreatic Adenocarcinoma Sig: g
Oxidative Phosphorylation

(anjead)ordol- pajendai auad jo %

)
-
whHanaum

-2

2

[
Activation z score

PDTX#1 PY003

HMGCS2
ACAA2
CYPS1A1-AS1
ACAT1
DHCR24

-1 0 1

Log2(Fold change)
Resistant/mock LSS

NSDHL
GGPS1
IDI1
FDFT1
DHCR7
ACAT2
SCSD
SQLE
MVD
HSD17B7P2
TM7SF2
| EBP
FDPS
MSMO1

Undetectable

Figure 3.4. Cholesterol biosynthesis is commonly enriched in both drug-resistant PDTXs.

(A) IPA showing the top ten most dysregulated canonical pathways in sorafenib- and lenvatinib-
resistant PDTXs, among which the superpathway of cholesterol biosynthesis and cholesterol
biosynthesis | were most commonly upregulated compared to their corresponding mock controls.
(B) A heatmap analysis was performed based on the quantity of different genes in cholesterol
biosynthesis. The level of gene expression is indicated by the color index. Colors from blue to red
indicate low to high expression, respectively, for the log2-fold change of resistant compared to
mock.
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Figure 3.5. Filipin staining of cholesterol deposition in drug-resistant PDTXs.

Representative filipin staining of tumors from sorafenib- and lenvatinib-resistant PDTXs and their
mock controls. Filipin intensity was quantified using Nikon NIS-Elements Software. Blue: filipin
staining; Red: propidium iodide. Scale bar: 25 um. Error bars indicate mean+SD (n = 3-5). **p<0.05

from Student’s t-test.



3.3.3 SREBP2 is the upstream regulator of drug-resistant-mediated cholesterol

biosynthesis
Cholesterol is the product of a series of complicated metabolic sequences that consist of

different regulators and effectors. It is therefore important to identify the key signalling
molecule involved in acquired drug resistance-mediated cholesterol biosynthesis. Upstream
regulator analysis consistently found that SREBP2 was the upstream regulator in the
abovementioned setting (Figure 3.6). In sorafenib-resistant PDTX#1, the activation z score
reached 2.979, whereas in lenvatinib-resistant PY003, the activation z score was 3.002. Based

on these findings, sorafenib- and lenvatinib-resistant HCC cells exhibited increased cholesterol

biosynthesis due to SREBP regulation.
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Figure 3.6. Upstream regulatory analysis of drug-resistant PDTXs.

SREBP2 was shown to be the upstream regulator of changes in cholesterol biosynthesis with
activation z scores of 2.979- and 3.002-fold in the sorafenib-resistant PDTX#1 and lenvatinib-

resistant PY003, respectively.
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3.4 Discussion

The invention of sorafenib and lenvatinib and their approval for the treatment of advanced
HCC has been a breakthrough for treating this disease though the overall survival benefit is
rather unsatisfactory. One potential hurdle, as discussed in this Chapter, is the development of
the acquired drug resistance to the TKIs. The establishment of both sorafenib- and lenvatinib-
resistant models provides a first step that approximates the clinical setting to study the
characteristics, mechanisms, and expression profiles of acquired drug resistance against these
two first-line treatments for HCC.

Through continuous drug administration, the establishment of in vitro sorafenib-resistant HCC
cell lines has been reported to be a practical method of investigating drug resistance (173). The
cell line used for the development of resistant cells was experiencing a gradual increase of
sorafenib dosage, from low to high slowly every few weeks. This process continues until the
maximum tolerated dose has been reached. A mock control counterpart is produced by giving
equal amount of DMSO over the same amount of time. The entire experimental setup is hence
moved to the development of drug-resistant clones in vivo using a patient-derived tumor
xenograft (PDTX) mouse model. Two PDTX models, PY003 and PDTX#1, were used for the
development of the sorafenib-resistant and lenvatinib-resistant clones, respectively. The cells
were derived from two clinical HCC tissue samples. These preclinical models may more
accurately reflect what is occurring in patients, and these results may have a greater potential
for clinical applications. The cells were subcutaneously injected into NOD-SCID mice, and
these animals were treated with 100 mg/kg sorafenib for one month or 30 mg/kg lenvatinib for
21 days. After the end point of the first round of treatment, the tumors were harvested and
reinoculated into a secondary mouse recipient to continue the process. For the successful
development of sorafenib-resistant PDTX#1, it took three such rounds in total, while it took
four rounds to fully develop lenvatinib-resistant PY003. The resistant tumors were not different

from the size or volume of the mock control, even in response to the drug treatments.

The role of cholesterol dysregulation in cancer remains controversial. Certain cholesterol
metabolites, such as dendrogenin A, were found to suppress the growth of melanoma and acute
myeloid leukaemia (174). In contrast, cholesterol metabolism alterations have been shown to
lead to the formation of oncometabolites that support tumor growth in breast and prostate

cancers (175, 176). A similar situation is observed in HCC. Cholesterol and cholesterol esters
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were found to play a role in NAFLD-induced HCC (177), while cholesterol was also reported
to suppress HCC (178), as it is a critical component for the proper development of immune
cells (179). Although current understanding of cholesterol is still context-specific, our findings
showed that cholesterol biosynthesis was indeed critical for the regulation of drug resistance.
Using both sorafenib- and lenvatinib-resistant PDTX models, the upregulation of cholesterol

biosynthesis was not specific to individual drugs.

Both the increased endogenous synthesis of cholesterol and exposure to high circulating levels
of cholesterol favor cancer progression. On the one hand, cholesterol is a critical structural
component of lipid rafts, dynamic plasma membrane domains rich in RTKs and multiple-drug
resistant efflux transporters (180). On the other hand, like other lipids, cholesterol acts as a
second messenger that can activate oncogenic and stemness-related pathways, such as
MTORC-1- and hedgehog-dependent pathways (114). The upregulation of cholesterol
biosynthesis is also observed in drug-resistant colon cancer cells, non-small cell lung cancer,
and breast cancer (114). Gene Ontology analysis revealed that the key enzymes involved in
synthesizing cholesterol, or the mevalonate pathway, were enhanced in in vitro models (181).
Such findings are consistent with our result of the enhanced expression of cholesterol
synthesizing proteins in drug-resistant clones, for example, 7-dehydrocholesterol reductase
(DHCRY7), squalene epoxidase (SQLE) and farnesyl-diphosphate farnesyltransferase 1
(FDFTY).

Among the transcription factors that control the expression of the mevalonate pathway and
cholesterol metabolism genes, the most active are SREBPs and LXRs. Both families play a
role in drug resistance using either cholesterol metabolism-dependent or -independent
mechanisms. Specifically, in the liver, SREBP2 is the predominant protein in the SREBP
family (182). This is also consistent with the current findings, as SREBP2 was shown to be the
upstream regulator of drug resistance-induced cholesterol biosynthesis. SREBP2 was
previously reported to regulate cisplatin resistance in ovarian cancer cells by increasing the
expression of LDLR, HMGCR, and FDFT1 genes (183). This again reinforces our current
findings that SREBP2-induced cholesterol biosynthesis is not drug-specific or tissue-specific
and that several cancers and drug mechanisms can activate this identical pathway to develop

drug resistance.
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In summary, cholesterol biosynthesis was shown to be upregulated in sorafenib- and
lenvatinib-resistant clones along with prediction of SREBP2 as the upstream regulator of this
process. Further investigation will elucidate the direct regulatory role of SREBP2 on
cholesterol biosynthesis in CSCs, which are currently regarded as the primary driving force

contributing to the plasticity of HCC.
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Chapter 4
CHOLESTEROL BIOSYNTHESIS IS
PREFERENTIALLY ACTIVATED IN LIVER
CSCS
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4 Cholesterol biosynthesis is preferentially activated in liver CSCs

4.1 Introduction

In Chapter 3, cholesterol biosynthesis was highly activated in drug-resistant HCC PDTX
models. Recently, our team and others have demonstrated that drug-resistant HCC cells are
endowed with enriched CSC populations (76, 77). Based on this solid evidence, we hypothesize
that HCC cells acquire cancer stemness and drug resistance via regulation of cholesterol
biosynthesis. To test this hypothesis, we utilized in vitro and in vivo models to enrich liver CSC
populations and confirm the potential correlation between cholesterol biosynthesis and cancer

stemness.

The first model we adopted was the culture of hepatospheres over 16 serial passages in vitro
under continuous challenge with chemotherapeutic drugs, namely, doxorubicin and cisplatin,
as a strategy to enrich the CSC populations. When comparing the drug-resistant hepatospheres
to their differentiated counterparts, CSC properties, including tumorigenicity, self-renewal,
expression of stemness-associated genes, and CSC surface marker expression, were all highly
elevated (76). Using cDNA microarray analysis, the expression profiles between enriched liver
CSC populations and their normal counterparts were analyzed. Identification of critical altered
pathways preferentially deregulated in enriched liver CSC populations was further analyzed by
IPA. Next, we further confirmed the potential targets by protein expression analysis.

Given that normal liver stem cells share similar properties to liver CSCs, it is crucial to examine
whether cholesterol biosynthesis is preferentially activated in liver CSCs but not in normal
liver stem cells. Therefore, we utilized mouse models to compare the expression profiles
between liver regeneration and two HCC models using immunocompetent mice. First, we
injected 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) to induce liver regeneration
in mice (184). Next, for the HCC models, we (1) injected plasmids of activated NRAS/AKT
hydrodynamically into the tail vein of mice to induce HCC (169) and (2) administered
diethylnitrosamine (DEN)/carbon tetrachloride (CCl4) to the mice to induce fibrosis-related
HCC (185). Upon harvesting, the livers were excised, and cell sorting was performed to sort
CD133" and CD133" populations using a CD133-specific antibody (186). Similar to the first
model, the expression profiles between CD133* and CD133" populations in liver regeneration
and HCC models were analyzed by RNA sequencing analysis, and the altered pathways were

analyzed by GSEA. With these two models, we could determine whether cholesterol
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biosynthesis was preferentially activated in liver CSCs for specific therapeutic targeting against
liver CSCs.

S7



4.2 Experimental Outline

(1) Invitro and (2) in vivo liver CSC enrichment models were utilized to examine the potential
activation of cholesterol biosynthesis in CSC-enriched liver populations. In in vivo HCC
models, a mouse liver regeneration model was also included to examine the specificity of

cholesterol biosynthesis in liver CSCs. A summary of the experimental design is shown below

(Figure 4.1).
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Figure 4.1. Experimental outline in Chapter 4.

The diagram summarizes the methods used to identify the altered pathways in enriched liver CSC

populations.
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4.3 Results

4.3.1 SREBP2-mediated cholesterol biosynthesis is the most upregulated pathway in
CSC-enriched hepatospheres

First, drug-resistant hepatospheres and their differentiated counterparts derived from
PLC/PRF/5 cells, which phenotypically differed from their self-renewal and tumorigenicity
(76), were compared. In brief, we established drug-resistant hepatospheres derived from
PLC/PRF/5 cells via the administration of chemotherapeutic drugs, including cisplatin and
doxorubicin, over 16 serial passages. Equal volumes of DMSO were administered to the
PLC/PRF/5 counterparts. Persistently, the superpathway of cholesterol biosynthesis was the
pathway most dysregulated with the highest activation z score via IPA analysis in the drug-
resistant clones (Figure 4.2A). Using upstream regulator analysis, SREBP2 was repeatedly
shown to be the master regulator of the cholesterol biosynthesis pathway, with an activation z
score of 4.318 (Figure 4.2B). This result was confirmed by filipin staining of cholesterol
deposition and IF staining of SREBP2 translocation in the PLC/PRF/5 hepatospheres (Figure
4.3A). Cholesterol and its upstream regulator SREBP2 were both enhanced in hepatospheres
compared to the differentiated controls. Upon quantification, filipin was enhanced by 6-fold,
while cytoplasmic and nuclear SREBP2 were enhanced by 7-fold and 3-fold, respectively, in
the hepatospheres. The findings were further confirmed by western blot analysis probing for
the expression of SREBP2 (Figure 4.3B). Both premature and mature forms of SREBP2
exhibited enrichment of approximately 1.6-fold.
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Figure 4.2. SREBP2-mediated cholesterol biosynthesis was upregulated in CSC-enriched HCC

populations.

(A) IPA revealed that the superpathway of cholesterol biosynthesis was the mostly highly activated
pathway with the greatest activation z score in drug-resistant hepatospheres compared to their
differentiated counterparts. (B) Upstream regulator analysis revealed that SREBP2 was the upstream

regulator of the overexpressed cholesterol biosynthesis in the drug-resistant hepatospheres.
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Figure 4.3. SREBP2-mediated cholesterol biosynthesis was enhanced in CSC-enriched

hepatosphere population.

(A) Filipin and SREBP2 immunofluorescence staining in hepatospheres and differentiated
counterparts were analyzed. Filipin and SREBP2 intensities were quantified using Nikon NIS-
Elements Software. Blue: filipin staining; Green: SREBP2 staining; Red: propidium iodide. Scale
bar: 75 um. Error bars indicate mean£SD (n = 3-5). *p<0.01, and ***p<0.001 from Student’s t-
test. (B) Western blot analysis of SREBP2 expression levels in hepatospheres and their

differentiated counterparts. Expression levels were quantified using ImageJ.
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4.3.2 Cholesterol homeostasis is increased in CD133* liver CSCs, but not in

regenerating liver cells

It is critical to evaluate whether cholesterol homeostasis is preferentially activated in CSCs but
not in normal liver stem cells, although both stem cells and CSCs share molecular similarities.
First, regeneration and HCC livers were induced in C57BL/6 mice. The regeneration model
was achieved by feeding mice a 0.1% DDC diet. Meanwhile, two different methods for
inducing HCC livers were employed, either by hydrodynamic plasmid transfection of activated
forms of NRAS/AKT (169) or via DEN/CCI4-induced fibrosis-related HCC (185). Livers were
harvested upon completion of the treatments and subsequently subjected to cell sorting based
on CD133 marker expression. Through negative selection of CD45 and TER119, pure
hepatocytes were selected and compared for their CD133 expression levels. RNA sequencing
analysis was performed to evaluate the expression profiles between CD133"and CD133" sorted
cells among these three models. Upon Gene Set Enrichment Analysis (GSEA), cholesterol
homeostasis was found to be the most highly upregulated pathway in CD133* HCC cells
compared to CD133" liver stem cells (Figure 4.4). This finding highlights the significance and
uniqueness of cholesterol activation in driving CSCs and acquired drug resistance.
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Figure 4.4. GSEA enrichment plot of CD133" HCC models and regenerating liver cells.

Cholesterol homeostasis was positively correlated with CD133* CSCs in HCC models but
negatively correlated with CD133" stem cells in regenerating liver. Normalized enrichment score:
1.61; nominal p-value: 0.003 & FDR g-value: 0.048.
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4.4 Discussion

In this chapter, we found that cholesterol biosynthesis was crucial for the regulation of liver
CSCs originating from mice and humans. Strikingly, this biosynthesis was preferentially
activated in liver CSCs but not in normal stem cells.

This phenomenon was also found in several previous studies. Tontonoz and colleagues (157)
demonstrated that Lpcat3, a phospholipid remodeling enzyme, stimulates cholesterol
biosynthesis when it is inhibited and hence regulates intestinal stem cells and progenitor cells.
The study also found that enhanced availability of cholesterol also stimulated crypt organoid
growth, either by providing excessive cholesterol or by activating the SREBP2-mediated
cholesterol biosynthesis pathway. These findings underline the importance of the SREBP2-
mediated cholesterol cascade in tumorigenesis.

A similar effect has been observed in breast cancer stem cells (187). Using PDTX-derived
spheres to enrich CSC populations, Ehmsen and colleagues found that proteins associated with
de novo cholesterol synthesis were highly increased compared to their control counterparts
(187). They also found that the relationship had clinical relevance, as increased cholesterol
biosynthesis predicted shorter recurrence-free survival in a breast cancer patient cohort (187).
Moreover, the use of cholesterol-lowering drugs, statins, was effective in eradicating the
formation of breast tumors, which indicates a therapeutic benefit of targeting cholesterol in
cancer therapy (187).

On the other hand, intact cholesterol homeostasis was found to regulate the dormancy of
hematopoietic stem and multipotential progenitor cells (HSPCs) (188). The study demonstrated
that hematopoiesis and corresponding hematopoietic lineage decisions were controlled by the
internal level of cholesterol. The deficiency of cholesterol transporters could dramatically
increase HSPC mobilization. This connection was also reported in another setting of
leukocytosis and augmented atherosclerosis when cholesterol homeostasis inhibited the
proliferation of HSPCs (189).

Nevertheless, our findings and others have critically outlined the importance of cholesterol

biosynthesis in tumorigenicity and acquired drug resistance mediated by CSCs. In addition, we

reported in this chapter that the relationship was connected through SREBP2, and we will
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further investigate the functional role of SREBP2-mediated cholesterol biosynthesis in CSCs

and the mechanistic role of driving acquired drug resistance.
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Chapter 5
SREBP2-MEDIATED CHOLESTEROL
BIOSYNTHESIS REGULATES LIVER CSCS AND
HAS CLINICAL SIGNIFICANCE
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5 SREBP2-mediated cholesterol biosynthesis regulates liver CSCs and has

clinical significance

5.1 Introduction

In Chapters 3 and 4, we demonstrated that cholesterol biosynthesis was preferentially activated
in liver CSCs, which play a critical role in regulating resistance to cancer therapies. This was
echoed the PDTX models in which this pathway was highly upregulated in both drug-resistant
PDTXs. Moreover, the above models concomitantly indicated that SREBP2, the master
regulator of cholesterol biosynthesis, was predicted to be an upstream regulator. Therefore, we
investigated the functional role of SREBP2-mediated cholesterol biosynthesis in CSCs and

drug resistance in the following chapters.

The SREBP family, which is a basic-helix-loop-helix leucine zipper (b0HLH-Zip) transcription
factor, contains three isoforms to date, including SREBP1a, SREBP1c and SREBP2 (190).
From a distinct chromosomal location (22q13) than its subfamily members, SREBP2 is
encoded by the separate SREBP2 gene (SREBF2) (128). Currently, only one transcript from
this gene has been observed. Surprisingly, SREBP2 regulates sterol metabolism in every tissue
(191). The protein structure of SREBP2 resembles a tripartite structure comprising (1) an N-
terminal transcription factor domain; (2) a central hydrophobic region containing two
transmembrane segments; and (3) a C-terminal guiding domain (128). SREBP2 is bound to the
endoplasmic reticulum and nuclear envelope membranes in a hairpin manner, stretching the
long N-terminal and C-terminal domains toward the cytoplasm and residing in the middle
region inwards the lumen of the organelle (192). In the N-terminal domain, it simulates many
of the transcription activators beginning with an acidic domain. When this segment is deleted,
the protein loses the ability to activate transcription, as it fails to bind to the corresponding
DNA sequence (193). Similar to many other bHLH-Zip family proteins, SREBP2 can
recognize E boxes in vitro, but in the nucleus, it specifically binds to a conserved sequence of
5’-ATCACCCCAC-3’, which is distinguished as a SRE (128). This DNA element is
categorically found in the promoter regions of genes involved in cholesterol synthesis and
uptake pathways, such as HMGCR, LDLR and insulin-induced gene 1 (INSIG1).

Cancer cells are rapidly dividing cells that exhibit amplified demands for macromolecules and

energy. Increasing evidence suggests that the primary functions of activated oncogenes and

inactivated tumor suppressors are to rewire cellular metabolic pathways to drive tumorigenesis.
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SREBP2 was found to be overexpressed in colon cancer, prostate cancer and breast cancer
(181, 194, 195), and its overexpression is related to cell proliferation, migration and invasion
and drug resistance (183, 196, 197). The mevalonate pathway, which is an alternative name of
the cholesterol synthesis pathway, is increased in many cancers, conceivably through mutations
in p53 and SREBP2, suggesting that statins (an FDA-approved drug inhibiting HMGCR, which
makes mevalonate) could be potential cancer treatment agents (198). In a breast cancer study,
using spheroid assays and genome-wide expression analysis, breast tumors were found to
harbor mutated p53 and SREBP2 on SREBP2-controlled genes, leading to disruption of the

mevalonate pathway in the breast tissue architecture (181).

SREBP?2 has also been reported to be correlated with CSCs. In prostate cancer cells, SREBP2
promotes and regulates the stem cell population, prostate formation ability, tumorigenicity, cell
growth and metastasis via transcriptional activation of c-Myc (199). Moreover, in colon cancer,
knockdown of SREBP2 attenuates the expression of stemness markers such as CD44 and
CD133 and inhibits tumor growth in vivo in xenograft models (197). However, a mechanistic
relationship for how SREBP2 regulates stemness is lacking. Interestingly, as the final product
of the mevalonate pathway, cholesterol was also reported to be the primary driver of stem cell
proliferation in intestinal cancer (157). The availability of cholesterol, either through activation
of SREBP2 or by exogenous administration, enhances intestinal cancer cell proliferation in
vivo (157).

Taken together, both SREBP2 and cholesterol biosynthesis are critically involved in regulating
cancer development through alteration of metabolism via a series of oncogenic pathways.
However, the clinical relevance and functional role of SREBP2-mediated cholesterol
biosynthesis in HCC remain poorly characterized. Whether this process regulates liver CSCs
has not been explored. In this chapter, we examine the role of SREBP2-mediated cholesterol
biosynthesis in cancer stemness by manipulating the expression levels of SREBP2 in HCC
cells through lentiviral-based knockdown and CRISPR activation approaches and functionally

characterizing them using a variety of CSC functional assays.
5.2 Experimental outline

(1) Upon successful genetic knockdown and overexpression of SREBP2 in selected HCC cells,
(2) in vitro and (3) in vivo liver CSC functional assays were utilized to examine the potential

relationship of SREBP2-mediated cholesterol biosynthesis in liver CSCs. (4) Rescue
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experiments were attempted via administration of exogenous cholesterol. (5) A bioavailable
cholesterol probe was further used to track the utilization of cholesterol in HCC cells if they
possessed stem cell-like properties. (6) Finally, clinical relevance and significance were
analyzed in patient cohorts. A summary of the experimental setting is shown below (Figure
5.1).
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Figure 5.1. Experimental outline in Chapter 5.

The diagram summarizes the methods used to examine the role of SREBP2-mediated cholesterol
biosynthesis in regulating CSC properties in HCC cells and the potential clinical relevance.
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5.3 Results

5.3.1 SREBP2 expression and cholesterol levels in a panel of HCC cells

In a panel of HCC cell lines, using MIHA cells, a nontumorigenic normal liver cell line, as a
control, the expression of premature and mature forms of SREBP2 in a variety of HCC cells
was compared (Figure 5.2A). Four out of the five HCC cell lines tested exhibited dramatic
increases in both forms of SREBP2, including PLC/PRF/5 and MHCC-97L cells. However,
the remaining cell line, Hep3B, showed only mild expression of SREBP2 compared to MIHA
cells. Correspondingly, the cholesterol level of these cells was aligned to the SREBP2
expression level. MHCC-97L cells contained the highest level of intracellular cholesterol,
while Hep3B cells displayed the lowest cholesterol levels (Figure 5.2B). Therefore, for
subsequent experiments, PLC/PRF/5 and MHCC-97L cells were selected to knockdown
SREBP2 levels, while Hep3B cells were selected to overexpress SREBP2.
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Figure 5.2. Expression of SREBP2 and level of cholesterol in a panel of HCC cells.

(A) Using western blot analysis, MIHA, a nontumorigenic normal liver cell, exhibited the lowest
expression of premature and mature SREBP2 compared to other HCC cell lines. Quantification was
performed using ImageJ. (B) Among the three chosen HCC cell lines, low SREBP2-expressing
Hep3B cells showed the lowest cholesterol levels compared to high SREBP2-expressing PLC/PRF/5
and MHCC-97L cells.
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5.3.2 SREBP2 regulates cholesterol biosynthesis genes and cholesterol levels in HCC

cells

SREBP2 knockdown and overexpressing cells were successfully genetically engineered using
lentiviral-based knockdown and CRISPR activation approaches, respectively. The SREBP2
protein levels of both forms, verified by western blot analysis, were decreased in the
knockdown clones derived from PLC/PRF/5 and MHCC-97L cells and were enhanced in the
overexpressing clones derived from Hep3B cells (Figure 5.3A). The alteration in SREBP2
levels correspondingly affected the total cholesterol levels (Figure 5.3B). The mRNA levels of
genes responsible for de novo cholesterol biosynthesis, namely, SREBP2, HMGCR, LDLR,
INSIG1, MVD, and FDPS, were also altered, corresponding to the SREBP2 levels in the cells
(Figure 5.3C).
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Figure 5.3. SREBP2 regulates cholesterol gene expression levels and total cholesterol levels.

(A) SREBP2 protein levels in non target control (NTC), ShSREBP2 (#66 & #68) derived from
PLC/PRF/5 and MHCC-97L cells, and control (CTL), sgSREBP2 (#03 & #04) derived from
Hep3B cells were determined by western blot analysis. Quantification was performed using
ImageJ. (B) Total cholesterol levels were decreased in SASREBP2 cells but increased in sgSREBP2
cells. (C) Similar effects were observed in genes responsible for cholesterol biosynthesis
corresponding to SREBP2 genetic alterations. Error bars indicate mean+SD (n = 3-7). *p<0.05,
**p<0.01, and ***p<0.001 from Student’s t-test.
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5.3.3 SREBP2 regulates the self-renewal and tumorigenic ability of HCC cells

The role of SREBP2 in regulating CSC properties in HCC was further examined with respect
to its ability to promote self-renewal and initiate tumor formation. The in vitro self-renewal
ability of SREBP2 knockdown and overexpressing clones was determined by limiting dilution
sphere formation assay. Knockdown of SREBP2 significantly reduced the incidence of cancer
stem cell frequency (Figure 5.4A). In PLC/PRF/5 cells, shSREBP2#66 and sShSREBP2#68 led
to a decrease in the frequency of spheres formed by more than 8-fold. In MHCC-97L cells, the
fold change was over 5 times higher in these two SREBP2 knockdown clones than in the NTC
clone. Similarly, overexpression of SREBP2 promoted increased cancer stem cell frequency in
Hep3B cells (Figure 5.4A). sgSREBP2#03 and sgSREBP2#04 cells displayed at least a 2-fold
increase in the number of spheres observed in the assay. Next, an in vivo tumorigenic assay
was performed to study the effect of SREBP2 manipulations on tumorigenicity in HCC cells.
SREBP2 knockdown and overexpressing cells were subcutaneously inoculated into the flanks
of NOD/SCID mice at several dilutions of cells to determine the tumor frequency. In both
PLC/PRF/5 and MHCC-97L cells, SREBP2 knockdown resulted in a decrease in the size and
number of tumors developed (Figure 5.4B). By calculating the tumor incidence rate, there was
at least a 2-fold decrease in PLC/PRF/5 SREBP2 knockdown clones, whereas a dramatic 5243-
fold decrease in MHCC-97L SREBP2 knockdown clones was observed (Table 5.1&
Table 5.2). In contrast, the tumorigenicity of Hep3B cells was elevated in response to SREBP2
overexpression (Figure 5.4B). Overexpression of SREBP2 enhanced the tumor frequency by

8-fold (Table 5.3). In addition, tumor size was markedly increased compared to the CTL clone.
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Figure 5.4. SREBP?2 regulates self-renewal and tumorigenicity in HCC cells.

(A) In vitro limiting dilution sphere formation analysis showing the role of SREBP2 in regulating
CSC self-renewal ability. (B) Left: knockdown of SREBP2 in PLC/PRF/5 and MHCC-97L cells

showed suppressed tumorigenicity compared to that of NTC clones. Representative pictures have

been shown at cell density of 500 and 1000 cells per injection site. Right: overexpression of SREBP2

enhanced tumorigenicity in Hep3B cells compared to that of CTL. Representative images are shown

at a cell density of 5x10° and 1x10° cells per injection site. Scale bar: 1 cm. *p<0.05, ***p<0.001
and ****p<0.0001 from Student’s t-test.
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Table 5.1. Primary engraftment of PLC/PRF/5 cells.

Tumor incidence rate Extreme limiting dilution

Estimated
PLC/PRF/5 500 1000 5000
CsC 95% CI p-value
cells cells cells
frequency
NTC 6/7 6/7 5/5 1/373 1/740-1/188
shSREBP2#66 0/6 4/6 2/5 1/4331 1/10447-1/1795 | <0.0001
shSREBP2#68 3/6 4/6 5/5 1/818 1/1732-1/386 0.121

Table 5.2. Primary engraftment of MHCC-97L cells.

Tumor incidence rate Extreme limiting dilution

Estimated
MHCC-97L 100 | 500 | 1000 | 10000 | 50000
CsC 95% CI p-value
cells | cells | cells | cells | cells
frequency
NTC 0/5 | 4/4 4/4 4/4 4/4 1/1 1/123-1/1
1/14495-
SshSREBP2#66 | 0/5 | 1/4 1/4 3/4 4/4 1/5243 <0.0001
1/1896
1/41642-
SshSREBP2#68 | 0/5 | 1/4 2/4 2/4 3/4 1/15574 <0.0001
1/5825
Table 5.3. Primary engraftment of Hep3B cells.
Tumor incidence rate Extreme limiting dilution

Estimated
1x10° | 5x10° | 1x10°
CsC 95% ClI p-value
cells cells cells
frequency
1/52790550-
CTL 0/5 0/5 1/5 1/7511347
1/1068759
1/2170005-
sgSREBP2#04 1/5 2/5 3/5 1/940728 0.0199
1/407819
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5.3.4 SREBP2 regulates the expression of liver CSC markers in HCC cells

The link between SREBP2 and cancer stemness was investigated by examining the expression
of liver CSC markers in response to SREBP2 alterations. Expression of CD47 and CD133 was
selected and analyzed using flow cytometry analysis (Figure 5.5). Repression of SREBP2
resulted in a significant decrease in the expression of CD47 and CD133 in both cell lines. In
PLC/PRF/5 cells, SREBP2 knockdown led to at least 1.3-fold and 1.1-fold decreases in CD47
and CD133, respectively. In MHCC-97L cells, CD47 expression decreased by at least 1.8-fold,
while CD133 expression decreased by at least 1.4-fold in SREBP2 knockdown clones. In
contrast, overexpression of SREBP2 increased the expression of CD47 and CD133 in Hep3B

cells, with an approximately 1.3-fold enhancement.
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Figure 5.5. SREBP2 regulates expression of CSC markers in HCC cells.

Top and Middle: knockdown of SREBP2 suppressed expression of liver CSC markers, including
CD47 and CD133 expression, in PLC/PRF/5 and MHCC-97L cells. Bottom: overexpression of
SREBP2 increased CD47 and CD33 expression in Hep3B cells. Data were analyzed by a flow
cytometer and analyzed using FlowJo. Error bars indicate mean+SD (n = 3-5). *p<0.05, and
**p<0.01 from Student’s t-test.

5.3.5 SREBP2 regulates the migration and invasion abilities of HCC cells

CSCs are considered to be the primary driving force of metastatic precursors due to their EMT
promotion properties (200, 201). Since SREBP2 was found to regulate liver CSCs, we
hypothesized that SREBP2 would exert a similar regulatory effect on the migration and
invasion abilities of cancer cells. This relationship of SREBP2 to the invasiveness of HCC cells
was evaluated using cell migration (transwell) and invasion (Matrigel™ matrix-coated
transwell) assays (Figure 5.6). Cell migration and invasion abilities were dramatically
repressed in response to SREBP2 knockdown in PLC/PRF/5 and MHCC-97L cells. A 2.5-fold
and 1.7-fold decrease was recorded in the number of migrated cells in ShSREBP2 clones
compared to the NTC clone in PLC/PRF/5 and MHCC-97L cells, respectively. Meanwhile, a
moderately similar fold difference, 1.8- and 1.6-fold decreases, was observed in the number of
invaded cells of sShSREBP2 clones correspondingly in PLC/PRF/5 and MHCC-97L cells. In
contrast, SREBP2 overexpression promoted the migration and invasiveness of Hep3B cells,
leading to an approximately 1.5-fold increase in the number of migrated and invaded cells.
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Figure 5.6. SREBP2 regulates the migration and invasion abilities of HCC cells.

Migration was examined using uncoated transwells, while invasion was assayed using Matrigel™
matrix-coated transwells. Top & Middle: suppression of SREBP2 in PLC/PRF/5 and MHCC-97L
cells decreased the number of cells migrated or invaded cells. Bottom: overexpression of SREBP2 in
Hep3B cells increased the number of migrated and invaded cells. Scale bar: 250 pm. Error bars

indicate mean+SD (n = 3-5). *p<0.05, **p<0.01 and ***p<0.001 from Student’s t-test.

5.3.6 Cholesterol biosynthesis is the major effector of SREBP2-mediated CSC signalling

To further confirm the role of cholesterol biosynthesis as the downstream effector of SREBP2
in mediating CSC function, exogenous cholesterol was added to SREBP2 knockdown HCC
cells, followed by CSC functional assays. Since cholesterol was dissolved in methyl-i-
cyclodextrin (MRCD) to aid in attaining the maximal availability of insoluble cholesterol to
cells, the same amount of MRCD was added as a control for the following experiments. With
consistent findings of ShSREBP2 in regulating CSC properties, including self-renewal ability,
liver CSC stemness marker expression, and migration and invasion aggressiveness, these
properties were downregulated in response to SREBP2 levels compared to the NTC clone
(Figure 5.7A-C). Strikingly, after administration of 5 uM cholesterol, these CSC properties
were not only enhanced in NTC clones but also rescued the inhibitory effects of SREBP2
knockdown clones in MHCC-97L cells (Figure 5.7A-C).

In addition, exogenous cholesterol administration also enhanced HCC organoid expansion
(Figure 5.8). Using a CellTiter-Glo® assay, exogenous administration of cholesterol at various
doses (15 and 30 uM) increased the size of both HCC organoids and their proliferation rate in
a dose-dependent manner. There was a 4- and 5-fold increase in proliferation when cholesterol
was administered to the HCC organoids. Representative images are shown.
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Figure 5.7. Cholesterol biosynthesis is the major effector of SREBP2-mediated CSC functions

in HCC cells.

(A) In vitro limiting dilution sphere formation assay showed the role of cholesterol at 5 uM rescues
the suppressed self-renewal ability in sShSREBP2 MHCC-97L cells. (B) The addition of cholesterol
not only enhanced expression levels of CD47 and CD133 in NTC clones, but also recovered the
abolished expression of Sh\SREBP2 MHCC-97L cells. (C) Addition of cholesterol enhanced both
migration and invasion abilities in NTC and shSREBP2 MHCC-97L cells. Error bars indicate
meanzSD (n = 3-6). *p<0.05, **p<0.01, and ***p<0.001 from Student’s t-test.
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Figure 5.8. Cholesterol increases the size and proliferation rate of HCC cells ex vivo.

The growth of two HCC patient-derived organoids (HK-HCC P1 and HK-HCC P2) was significantly
enhanced upon administration of cholesterol at 15 and 30 uM for 6 days using CellTiter-Glo® assay.
Representative images of organoids treated with MBCD and cholesterol at 15 and 30 uM on day 6

are shown. Scale bar: 100 um. Error bars indicate mean+SD (n = 3-5). *p<<0.05 from Student’s t-test.
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5.3.7 High cholesterol-utilizing HCC cells exhibit enhanced liver CSC properties

In addition to investigating the role of exogenous cholesterol, we were interested in examining
the role of endogenous cholesterol utilization in the regulation of liver CSCs. For this purpose,
we utilized a special live cell dye, BODIPY-conjugated cholesterol (BCHOL), which is a
fluorescent reporter, BODIPY, bound to cholesterol that can be taken up by cells and allows
for signal detection. We first labelled PLC/PRF/5 cells with BCHOL and subjected them to
FACS to separate them into two populations. PLC/PRF/5 cells with high uptake of BCHOL
(BCHOLM9") were indicated to have high utilization of cholesterol. In contrast, cells with low
uptake of BCHOL (BCHOL"") were indicated to have low utilization of cholesterol. Before
cell sorting, the staining efficiency was approximately 72% (Figure 5.9A). Successful isolation
of BCHOLM9 and BCHOL"" was confirmed by the percentage of BCHOL in the
corresponding population. The BCHOL" population had only 1.42% staining, but the
BCHOLM9" population had an unprecedented 92% positive staining. Using an in vitro limiting
dilution sphere formation assay, BCHOL"9" PLC/PRF/5 cells exhibited enhanced cancer stem
cell frequencies compared to BCHOLM" PLC/PRF/5 cells (Figure 5.9B). The frequency was
increased by 4.6-fold. Moreover, the in vivo tumorigenicity assay presented a trend of higher
tumorigenicity in BCHOLM9" PLC/PRF/5 cells than in BCHOL-Y PLC/PRF/5 cells, which
was increased by 3-fold, from 1 stem cell in 3862 cells to 1 stem cell in 1192 cells (Figure 5.9C
& Table 5.4).
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Figure 5.9. HCC cells with high cholesterol utilization exhibit enhanced liver CSC properties.

(A) Postsorting analysis showing that the BCHOL"9" cells were 91.5% positive, while the
BCHOL™" cells were 1.42% positive. (B) In vitro limiting dilution sphere formation assay showing
that BCHOLM9" cells were endowed with enhanced self-renewal ability compared to their BCHOL""
counterparts. (C) In vivo tumorigenicity assay showing that BCHOL"9" cells were endowed with
increased tumorigenic ability compared to their BCHOL " counterparts. 1000 cells per injection site
are shown. Scale bar: 1 cm. ****p<0.0001 from Student’s t-test.

Table 5.4. Primary engraftment of PLC/PRF/5 cells.

Tumor incidence rate Extreme limiting dilution

PLC/PRF/5 Estimated CSC
500 cells 1000 cells 95% ClI p-value
frequency
BCHOLHigh 1/5 4/6 1/1192 1/2887-1/492
BCHOLw 1/5 1/6 1/3862 1/15617-1/955 | 0.14
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5.3.8 SREBP2-mediated cholesterol biosynthesis promotes poor prognosis in HCC

patients

Previous data have shown that SREBP2 mediates cholesterol biosynthesis in HCC and its
relationship to liver CSCs. The clinical relevance of SREBP2 was then examined in two online
available databases and one in-house clinical cohort consisting of 50 HCC patients. Expression
of SREBP2 mRNA was significantly upregulated in HCC tumor tissues compared to nontumor
liver tissues in both the publicly available GSE14520 dataset and The Cancer Genome Atlas
(TCGA) dataset (Figure 5.10A). In the in-house cohort, a tissue microarray consisting of 50
HCC samples and their corresponding paired nontumor liver tissue samples demonstrated that
patients with high SREBP2 expression had shorter disease-free survival (p=0.0002) (Figure
5.10B). Although it did not reach a significant value, patients with high SREBP2 expression
tended to experience poorer overall survival as well (p=0.3467). In addition, it was further
shown that patients with high SREBP2 expression had a higher chance of experiencing HCC
recurrence; 19 patients with high SERBP2 expression experienced recurrence of the disease,
while 18 patients with low SREBP2 expression showed no relapse (p=0.0006, x2 test).
Representative images of IHC staining are shown as a reference (Figure 5.10C). In the paired
samples, case 49 exhibited low SREBP2 expression in both nontumor and tumor samples,
while case 13 presented minimal SREBP2 expression in the nontumor sample but strong

cytoplasmic and nuclear (mature form of SREBP2) staining in the corresponding tumor slide.
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Figure 5.10. SREBP2 overexpression is correlated with poor prognosis.

(A) In publicly available datasets, including GSE14520 and TCGA, SREBP2 mRNA was
significantly upregulated in HCC tumor tissues compared to nontumor liver tissues (***p<0.001
from Student’s t-test, GSE14520 dataset: nontumor sample number = 239 & tumor sample number
= 247; TCGA dataset: paired cases = 50). (B) A tissue microarray consisting of 50 tumor tissues and
corresponding nontumor liver tissues was subjected to IHC analysis. Patients with high SREBP2
expression (n = 28) displayed shorter disease-free survival (p=0.0002) than those with low SREBP2
expression with a higher recurrence rate (p=0.006). (C) Representative paired images are shown.
Case 49 presents low SREBP2 expression, while case 13 shows a high amount of SREBP2. Scale
bars: 50 and 200 pm.
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5.4 Discussion

CSCs are regarded as the origin of tumor formation. In addition, CSCs have also been linked
to metastasis induction via EMT regulation (202). Overexpression of SREBP2 has been
observed in many cancers and is related to poor clinical outcome. However, limited studies
have investigated the mechanism of SREBP2-mediated cholesterol biosynthesis in
tumorigenesis. Whether SREBP2 regulates CSCs remains largely unknown. In this chapter, the
functional role of SREBP2-mediated cholesterol biosynthesis in regulating liver CSCs was

analyzed using a variety of CSC functional assays.

The effect of SREBP2 on cholesterol biosynthesis in HCC cells was first examined by gPCR
and cholesterol quantification analyses. The important genes involved in cholesterol
biosynthesis are regulated by the master regulator SREBP2. The final product cholesterol is
also altered in response to SREBP2 genetic manipulations. This observation is consistent with
previous reports showing the role of SREBP2 in cholesterol metabolism (191) by binding to
the promoter region of genes that consist of the conserved SRE sequence (203). Abolishing the
N-terminal domain, which is the mature form of SREBP2, was also reported to result in loss
of the ability to activate transcription, as it fails to bind to the corresponding DNA sequence
(193). This further highlights the efficacy of SREBP2 knockdown and overexpression on its
mature form (Figure 5.3A).

After successful establishment of SREBP2 knockdown and overexpression in HCC cells, the
effects of SREBP2 on self-renewal ability and tumorigenicity were investigated by limiting
dilution sphere formation assay and in vivo tumorigenicity assay. In the sphere formation assay,
only cells that harbor self-renewal properties can grow in serum-deficient anchorage-
independent culture conditions (77). CSCs are therefore enriched in this floating culture and
form spheroids that exhibit enhanced CSC marker expression (203, 204). In addition, the
contribution of SREBP2 to tumorigenicity was reported in different cancers, such as colon,
prostate, and breast cancers (181, 194, 195). Both assays were based on limiting dilutions,
which is widely used for the determination of CSC frequency (204, 205). Data from both assays
were then subjected to extreme limiting dilution analysis, which is used to calculate the CSC
frequency (170). Taken together, our results also revealed that the expression level of SREBP2
was associated with the viability of CSCs in HCC, affecting the sphere formation ability of
malignant cells. SREBP2 alteration also impaired tumorigenicity when SREBP2 was
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suppressed but promoted tumor formation when SREBP2 was enhanced. Therefore, our

findings consolidate the role of SREBP2 in regulating self-renewal and tumorigenesis.

Next, we assessed the expression of CSC surface markers, including CD47 and CD133, in
response to manipulation of SREBP2 levels. CD47 has been reported to be a CSC marker in
various cancer types, such as lung and liver cancers, and it is associated with drug resistance
and poor prognosis in cancer patients (76, 206-208). In a previous study, our team reported that
CDA47 overexpression in HCC cells conveyed CSC properties (76). There are two ongoing
clinical trials, NCT02216409 and NCT02367196, focusing on neutralizing CD47 as an
immunotherapeutic strategy. CD133 is considered a marker of CSCs in liver, colon, ovaries,
and prostate cancers (209-212). CD133" HCC cells exhibited increased proliferation,
tumorigenicity, and in vivo clonogenicity and reduced levels of mature hepatocyte markers
than CD133  HCC cells (212, 213). Moreover, in the CSC-enriched sphere culture system,
CD133 was significantly enriched (202). Knockdown of SREBP2 significantly reduced
expression of these two important tumorigenic stem cell markers. Therefore, this indicates a
direct role of SEBP2 in regulating liver CSC populations.

CSCs are reported to promote EMT to induce tumor migration and invasion (202). This is also
linked to a key anabolic pathway related to SREBP, the PI3K-AKT-mTORC1-SREBP
pathway (214). This activated pathway has implicated in many different classes of cancer and
is involved in abnormal proliferation, malignant transformation, anti-apoptosis, resistance to
cancer-treatment drugs and induction of metastasis (214). SREBP2 controls the synthesis of
cholesterol, as we also demonstrated here. Many oncogenic proteins, such as p53, PTEN, and
PI3K, converge on the PISK-AKT-mTOR pathway, highly expressing both protein and
cholesterol biosynthesis to respond to nutrient demands for cell growth (181). Based on our
observations, SREBP2 plays an important role in regulating the aggressiveness of CSCs in

HCC cells in terms of the migration and invasive abilities of CSCs in HCC cells.

In mammals, cholesterol is either synthesized de novo or absorbed from the daily diet.
Nevertheless, de novo cholesterol biosynthesis remains the primary powerhouse for
intracellular cholesterol synthesis. Nearly 70-80% of cholesterol inside the human body is
synthesized by the liver, 10% by the small intestines, and the remaining cholesterol is derived
from daily absorption (215). Cholesterol homeostasis has been previously linked to
hematopoietic stem cell proliferation through regulation of IL-23/GCSF (188, 189). More
recent studies have demonstrated that excess cholesterol through the inactivation of LpCat3
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induces the proliferation of intestinal stem cells and promotes tumorigenicity in Apc™"* mice
(157). In our study, we also demonstrated that cholesterol was a crucial downstream effector
of the SREBP2-mediated signalling cascade in regulating liver CSC properties. By
supplementing bioavailable cholesterol to cultured cells, cholesterol directly and efficiently
rescues the suppressive effects of SREBP2 knockdown on CSC properties. More importantly,
exogenous cholesterol supports the exponential growth of HCC organoids, further

consolidating the role of cholesterol as a downstream effector in tumorigenesis.

Meanwhile, with the advancement of chemical labelling and fluorescent techniques, BODIPY -
cholesterol has been developed to tackle the lack of a vivid photostable fluorescent cholesterol
probe (190). This probe behaves similarly to natural existing cholesterol in both normal and
cholesterol-retaining diseased cells. Originally, this probe was developed to monitor the
movement, membrane partitioning and trafficking of cholesterol in cells. Our team first utilized
this probe to investigate the role of endogenous cholesterol in mediating CSC properties. With
high utilization of cholesterol as represented by the uptake of BODIPY cholesterol, these cells
exhibited stem cell-like properties, as evidenced by the increase in self-renewal and

tumorigenicity.

Taken together, the results in this Chapter provide solid evidence demonstrating the clinical
significance of cholesterol biosynthesis in the regulation of cancer stemness in HCC cells. In
the next chapter, we functionally characterized and elucidated the role of cholesterol
biosynthesis in the regulation of drug resistance, which is believed to be one of the distinct

properties of CSCs.

89



Chapter 6
SREBP2-MEDIATED CHOLESTEROL
BIOSYNTHESIS IS A CRITICAL
DETEREMINANT OF DRUG RESISTANCE IN
HCC CELLS
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6 SREBP2-mediated cholesterol biosynthesis is a critical determinant of

drug resistance in HCC cells

6.1 Introduction

In Chapter 5, we investigated the functional role of SREBP2-mediated cholesterol biosynthesis
in regulating cancer stem cell properties, including self-renewal, tumorigenicity, cell
invasiveness and expression of liver CSC markers, by altering SREBP2 expression in HCC
cells. In addition, we found that SREBP2 expression has clinical relevance in publicly available
datasets as well as our in-house HCC tissue microarray. Based on the observation that
SREBP2-mediated cholesterol biosynthesis was upregulated in sorafenib- and lenvatinib-
resistant PDTXs in Chapter 3, it is reasonable to hypothesize that this process might be crucial

for the development of acquired drug resistance to sorafenib and lenvatinib treatments.

SREBP2 and de novo cholesterol biosynthesis have been reported to regulate chemotherapy
drug resistance in different cancers. In cisplatin-resistant ovarian cancer cells, SREBP2 was
highly upregulated among 12 transcription factors when comparing the transcription regulatory
network analysis of the cisplatin-resistant arm to the cisplatin-sensitive counterpart (183). More
importantly, suppression of SREBP2 by RNA interference resulted in sensitization of ovarian
cancer cells to cisplatin treatment (183). Using another chemotherapy drug, paclitaxel,
SREBP2 was significantly upregulated in surviving ovarian cancer cells, highlighting the
importance of SREBP2 signalling to survive throughout drug treatment. Furthermore,
suppression of SREBP2 led to increased cell death upon paclitaxel treatment. However, the
role of SREBP2-mediated biosynthesis in the development of drug resistance in HCC is unclear.
In this chapter, we first functionally characterize the role of SREBP2-mediated cholesterol
biosynthesis in drug resistance using lentiviral-based knockdown and CRISPR activation
approaches. In addition, the corresponding mechanism in SREBP2 activation was elucidated
using inhibitor and genetic knockdown approaches. Finally, the clinical relevance of SREBP2-
mediated cholesterol biosynthesis was studied in a cohort of HCC samples is response to

treatment with sorafenib.

91



6.2 Experimental outline

(1) SREBP2-mediated cholesterol biosynthesis was first examined in drug-resistant, SREBP2-
knockdown, and SREBP2-overexpressing HCC cells. (2) A mechanistic study of SREBP2
activation in response to sorafenib/lenvatinib treatment was performed. (3) Investigating the
role of CASP3 activity in the regulation of SREBP2-mediated cholesterol biosynthesis was
confirmed using inhibitor and genetic knockdown approaches. (4) Finally, verification of
CASP3 and SREBP2 in online available clinical cohorts and an in-house HCC tissue

microarray was executed. A summary of the experimental design is shown below (Figure 6.1).
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Figure 6.1. Experimental outline in Chapter 6.

The diagram summarizes the methods used to examine the role of SREBP2-mediated cholesterol

biosynthesis in drug resistance in HCC cells and its potential upstream regulator.
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6.3 Results

6.3.1 SREBP2-mediated cholesterol biosynthesis is activated in drug-resistant HCC
cells

Consistent with the observation in drug-resistant HCC xenografts, sorafenib- and lenvatinib-
resistant HCC cells derived from PLC/PRF/5 and MHCC-97L cells exhibited enriched
SREBP2-mediated cholesterol biosynthesis, as demonstrated by filipin and SREBP2
fluorescent staining (Figure 6.2). An increase in SREBP2 has been demonstrated in both
cytoplasmic (premature form) and nuclear (mature form) regions in drug-resistant HCC cells.
The intensity of filipin was further quantified using Nikon NIS-Element Software. In
PLC/PRF/5 cells, the sorafenib-resistant clone increased filipin staining by approximately 3-
fold, while filipin staining was increased by approximately 2-fold in the lenvatinib-resistant
clone. In addition, in MHCC-97L cells, filipin intensity was enhanced by approximately 2-fold

in both sorafenib- and lenvatinib-resistant clones.
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Figure 6.2. Cholesterol and SREBP2 are activated in drug-resistant HCC cells.

Filipin and SREBP2 immunofluorescence staining in (left) drug-resistant PLC/PRF/5 cells and
(right) MHCC-97L cells. Increased cholesterol deposition was consistently observed in both cell
lines and was quantified using Nikon NIS-Elements Software. Cytoplasmic and nuclear SREBP2
(indicated by arrows) were concomitantly enhanced. Blue: filipin staining; green: SREBP2 staining;
red: propidium iodide. Scale bar: 25 um. Error bars indicate mean£SD (n = 3-5). **p<0.01, and
***p<0.001 from Student’s t-test.
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6.3.2 SREBP2-mediated cholesterol biosynthesis regulates the sensitivity of HCC cells

to sorafenib/lenvatinib treatments

Successful knockdown and overexpression of SREBP2 was established and demonstrated CSC
regulatory properties in Chapter 5. Therefore, we next examined another important
characteristic of CSCs in monitoring drug resistance in HCC cells. Utilizing SREBP2
knockdown and overexpressing clones, the cells were subjected to sorafenib/lenvatinib
treatments for 48 hours and assayed using an Annexin-V apoptosis assay (Figure 6.3). In
PLC/PRF/5 cells, shSREBP2 clones exhibited a 1.2-fold increase in apoptotic cells in response
to treatment with sorafenib and a 2-fold increase in response to lenvatinib treatment. In MHCC-
97L cells, SREBP2-suppressed clones demonstrated a 1.5- to 2-fold increase in apoptotic cells
after sorafenib treatment and a 1.3- to 1.6-fold increase after lenvatinib treatment. The
protective effect of SREBP2-mediated cholesterol biosynthesis was exemplified in SREBP2-
overexpressing Hep3B cells, which displayed maximal 2.5-fold and 4.3-fold reductions in

apoptotic cells when treated with sorafenib and lenvatinib, respectively.

To further examine whether cholesterol biosynthesis is the major downstream effector of
SREBP2-mediated drug resistance, an apoptosis assay was performed in SREBP2 knockdown
HCC cells treated with exogenous cholesterol (Figure 6.4). In SREBP2 knockdown MHCC-
97L cells, administration of 5 uM exogenous cholesterol offset the effects of SREBP2-
mediated drug resistance in response to both sorafenib and lenvatinib treatments. The decrease
was 2.7- and 4.3-fold when comparing the ShSREBP2 clone to the cholesterol-supplemented

ShSREBP?2 clone in the apoptosis assay.

95



PLC/PRF/5 MHCC-97L Hep3B

shSREBP2 shSREBP2 sgSREBP2
NTC #66 #68 NTC #66 #68 CcTL #03 #04

8

Lenvatinib DMSO  Sorafenib DMSO
< w1 e ] g’ w g
s e w l

5.28% 5.52

5

N
n

114.19 114,53 19.78

3. 384 3.72{
w
49, 35.7
.
6.09" 8.05%
2 E- e
i,. B e
> . »
0.40% | 123.59 ,!-

Figure 6.3. SREBP2 regulates the sensitivity of HCC cells to sorafenib and lenvatinib.
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Figure 6.4. Cholesterol attenuates the efficacy of sorafenib and lenvatinib in ShSREBP2 HCC
cells.

Apoptosis of Sh\SREBP2 clones derived from MHCC-97L cells induced by either sorafenib (15 uM)
or lenvatinib (40 pM) were evaluated using an Annexin-V apoptosis assay. Error bars indicate
meanzSD (n = 3-5). *p <0.05, and ***p<0.001 from Student’s t-test.
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6.3.3 Cleavage of SREBP2 occurs in response to drug treatment

To further elucidate the mechanism of acquired drug resistance mediated by SREBP2, we first
aimed to detect whether there were any changes in SREBP2 expression in response to short-
term drug treatment. Starting at 2 hr, HCC cells were administered sorafenib/lenvatinib, and
the levels of SREBP2 were analyzed using western blot analysis. Interestingly, translocation
of SREBP2, as demonstrated by a decrease in the immature (125 kDa) form and an increase in
the mature (60 kDa) form of SREBP2, was observed when compared to the DMSO control in
response to both sorafenib and lenvatinib in PLC/PRF/5 and MHCC-97L cells (Figure 6.5A).
Quantification using ImageJ showed that the activation of SREBP2 was increased by at least
1.57-fold and up to 4.61-fold. Concomitantly, immunofluorescence staining of SREBP2
demonstrated similar results (Figure 6.5B). The translocation of SREBP2 was indicated by the
elevated intensity of SREBP staining inside the nuclear region. The magnitude of SREBP2
activation was also consistently higher in MHCC-97L cells than in PLC/PRF/5 cells, as shown

by both western blot analysis and immunofluorescence staining.
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Figure 6.5. Short stress induced by drugs activates SREBP2 translocation.

SREBP2/
DAPI

(A) Expression of immature (125 kDa) and mature (60 kDa) SREBP2 in response to 2 hr, 4 hr, and
8 hr of sorafenib/lenvatinib treatment was evaluated by western blot analysis. Quantification was
performed using ImageJ. (B) Increased nuclear SREBP2 (indicated by arrows) was demonstrated
corresponding to the designated time points in PLC/PRF/5 and MHCC-97L cells. Green: SREBP2
staining; blue: DAPI staining. Scale bar: 10 pm.
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6.3.4 CASP3-mediated SREBP2 activation occurs in response to drug treatment

CASP3 has been shown to cleave SREBP2 in response to stress stimuli (216, 217). Based on
this study, we hypothesized that CASP3-mediated SREBP2 activation is crucial for the
development of acquired drug resistance to sorafenib/lenvatinib treatment. To test this
hypothesis, we first utilized the CASP3 activity assay kit to examine its activity levels in drug-
resistant PDTX samples. Consistently, sorafenib-resistant PDTX#1 and lenvatinib-resistant
PY003 exhibited elevated CASP3 activity (Figure 6.6A) by 2-fold. This phenomenon was
consistently observed in sorafenib- and lenvatinib-resistant PLC/PRF/5 and MHCC-97L cells
(Figure 6.6A). Next, CASP3 activity was also examined in HCC cells in response to
sorafenib/lenvatinib treatment. Under short-term treatment with sorafenib/lenvatinib, CASP3
activity levels were markedly induced in both PLC/PRF/5 and MHCC-97L cells (Figure 6.5B).
The fold change showed a general trend that sorafenib induced higher CASP3 activity levels
than lenvatinib, with over 100-fold versus 2-fold changes. The upregulation of CASP3 in drug-
resistant cells and short-stress cells was confirmed by the increased expression of SREBP2, as

demonstrated in previous chapters.

To further consolidate the relationship of CASP3 in activating SREBP2 in response to
sorafenib/lenvatinib treatments, we employed both inhibitory and genetic knockdown of
CASP3 approaches in MHCC-97L cells. First, using a specific CASP3 inhibitor, Z-DEVD-
FMK, it was shown that the activation of SREBP2 was abolished, even in response to
sorafenib/lenvatinib-induced stress (Figure 6.7A). By first focusing on DMSO and Z-DEVD-
FMK treatment alone, the inhibition of CASP3 retained SREBP2 translocation, as observed by
an increase in the premature form (125 kDa) and a decrease in the mature form (60 kDa) of
SREBP2. Next, comparing drug alone to combination treatment, the induction of SREBP2 was
decreased overall as the premature form of SREBP2 exhibited higher expression levels than
that of the drug alone, whereas the mature form of SREBP2 presented lower expression in the
combination treatment. The retention of SREBP2 leading to inhibited production of cholesterol
due to CASP3 inhibition was demonstrated by filipin staining (Figure 6.7B). The protective
effect of SREBP2-mediated cholesterol biosynthesis against drug treatment was also
resensitized after the inhibition of CASP3 by Z-DEVD-FMK, as shown by the Annexin-V
apoptotic assay (Figure 6.7C). Addition of a CASP3 inhibitor further enhanced the apoptotic
cell rate induced by sorafenib and lenvatinib by 1.5-fold and 2.2-fold, respectively.
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Figure 6.6. The activity of CASP3 is upregulated in response to drug challenges in HCC.

(A) CASP3 activity was increased in sorafenib- and lenvatinib-resistant HCC cells derived from
PDTX#1, PY003, PLC/PRF/5 and MHCC-97L cells. (B) Increased CASP3 activity was observed in
PLC/PRF/5 and MHCC-97L cells after treatment with sorafenib and lenvatinib. Error bars indicate
meanSD (n = 3-5). *p <0.05, **p<0.01, and ***p<0.001 from Student’s t-test.
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Figure 6.7. CASP3 induces SREBP2 activation in response to drug treatment in HCC cells.

(A) Expression of premature (125 kDa) and mature (60 kDa) SREBP2 in MHCC-97L cells treated
with either sorafenib/lenvatinib, Z-DEVD-FMK or their combination was evaluated by western blot
analysis. Quantification was performed using ImagelJ. (B) Decreased filipin staining was observed in
response to sorafenib/lenvatinib treatment in combination with Z-DEVD-FMK. The intensity of
filipin staining was quantified using Nikon NIS-Element Software. Blue: filipin staining; red:
propidium iodide. Scale bar: 10 um. (C) Inhibition of CASP3-induced SREBP2 activation sensitized
MHCC-97L cells to sorafenib/lenvatinib treatments. Analysis was performed using an Annexin-V
apoptosis assay. Error bars indicate mean+SD (n = 3-5). *p <0.05, **p<0.01, ***p<0.001, and
****p<0.0001 from Student’s t-test.

6.3.5 The clinical relevance of SREBP2 overexpression in drug resistance and its

correlation with CASP3 expression

Using publicly available HCC datasets, we identified a crucial role for the CASP3/SREBP2
signalling axis in HCC clinical samples, with evidence of an increase in CASP3 mRNA
expression in paired tumor and nontumor samples in the TCGA cohort and a positive
correlation between CASP3 mRNA and SREBP2 mRNA expression in the TCGA cohort
(Figure 6.8A&B). Finally, we examined the clinical relevance of SREBP2 expression in HCC
patients treated with sorafenib. In a tissue microarray consisting of 91 HCC samples from
patients who received sorafenib in their treatment regimen, patients with high SREBP2
expression demonstrated reduced disease-free survival (p<0.0001) along with a higher chance
of tumor recurrence (p=0.00002) (Figure 6.8C&D).
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Figure 6.8. Expression of CASP3 and SREBP2 exhibit clinical significance and are correlated.

(A) mRNA levels of CASP3 were elevated in HCC tumor tissues compared to nontumor liver tissues
in TCGA datasets (paired samples, n = 50). *p<0.05 from Student’s t-test. (B) CASP3 is positively
correlated with SREBP2 mRNA expression levels in TCGA HCC clinical samples (r=0.4573,
***¥*n<0.0001, n = 371). (C) A tissue microarray consisting of 91 tumor tissues after sorafenib
treatment was subjected to IHC analysis. Representative cases are shown: case 19 exhibited low
expression of SREBP2 while case 68 displayed high SREBP2 expression. Scale bars: 50 and 200
um. (D) Patients with high SREBP2 expression (n = 54) had shorter disease-free survival than those
with low SREBP2 expression (n = 37). ****p<0.0001 from Log-rank t-test. The same pattern was
consistent in the recurrence analysis: patients with high SREBP2 expression had a higher chance for

tumor relapse. ***p=0.0002 from y2 test.
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6.4 Discussion

The underlying mechanisms of the regulatory role of CASP3 in activating SREBP2
translocation to combat cellular stresses induced by TKIs in HCC cells has been poorly
characterized. Therefore, CASP3 inhibitory methods, including small chemical inhibitors and
genetic knockdown, were employed to examine these phenomena. Both approaches
successfully abolished the activation of SREBP2, which was induced by sorafenib/lenvatinib
treatment. Consequently, cholesterol production, as demonstrated by filipin staining, was also
inhibited. The protective effect of SREBP2-mediated cholesterol biosynthesis was
correspondingly suppressed after CASP3 retention. CASP3 activity, followed by the
upregulation of SREBP2-mediated cholesterol biosynthesis, also demonstrated elevated
activity levels in both drug-resistant PDTXs and HCC cells. More importantly, CASP3 was
elevated in tumor samples in the clinical cohort, indicating the underlying potential role of
CASP3 in tumorigenesis. Nonetheless, this CASP3-SREBP2 signalling cascade not only
exhibited connections in in vitro experiments but also demonstrated clinical relevance in
publicly available datasets. Finally, by studying the tissue microarray, SREBP2 was shown to
have clinical significance in patients who received sorafenib, who displayed poorer survival

and a higher chance of tumor relapse.

Reprogramming of lipid and sterol metabolism has been closely connected to a variety of
cancers and supports fast tumor growth, which is coordinately regulated by the SREBP family
(218). SREBP2, as discussed before, has been heavily implicated in various cancers, such as
prostate cancer, breast cancer, and HCC (199, 219). In consideration of the oncogenic pathways,
SREBP2 can be transcriptionally activated by c-Myc, PI3K/K-Ras-induced mTORC1
activation and TP53 mutation in different cancers (181, 199, 214). Moreover, the key enzymes
involved in the mevalonate cholesterol producing pathway, which is regulated by SREBP2,
also participate in driving oncogenic pathways. For example, farnesyl pyrophosphate synthase,
an obligate intermediate in the pathway, is associated with poor survival in prostate cancer via
activation of the small GTPase-AKT axis (220, 221). Additionally, squalene synthase has been
shown to be a risk factor for non-small cell lung cancer and is associated with metastasis via
the NF-xB signalling cascade (222-224). In prostate cancer, the limiting factor for the
mevalonate pathway that synthesizes cholesterol, HMGCR, was shown to be elevated in
enzalutamide-resistant cancer cells (225). When simvastatin was administered as an HMGCR

inhibitor, enzalutamide-resistant prostate cancer cells were more prone to respond to

104



enzalutamide treatment in vitro and in vivo, demonstrating the potential role of cholesterol as
a downstream effector in acquired drug resistance (225). In lapatinib- and trastuzumab-resistant
HER2" breast cancer cells, targeting the mevalonate pathway has been proposed to overcome
acquired drug resistance, which could be mediated by the oncogenic pathway mTORC1-
YAP/TAZ signalling cascade (226). Therefore, these findings identify a novel target for cancer
treatment in the cholesterol pathway. However, although the significance involves SREBP2
and its downstream effectors involved in de novo cholesterol biosynthesis pathway, it is still
unclear how SREBP2 is activated, given that the SREBP family is tightly regulated by a

protease cleavage cascade (128).

Some potential cleavage mechanisms have been introduced, such as ER stress and caspase
family induction. In cells treated with thapsigargin, which was used to induce ER stress,
proteolytic cleavage of SREBP2 was also demonstrated via conservative site-1 and site-2
protease cleavage (227). Activation of SREBP2 via an ER stress inducer was also verified by
the increase in filipin staining (227). Moreover, ER stress calcium depletion was shown to be
another independent effect of PCSK9 induction via SREBP2 cleavage (228). Upon peroxisome
deficiency, hepatic ER stress was activated and subsequently induced an SREBP2-mediated
sterol response mechanism (229). Although thapsigargin-induced ER stress demonstrated
caspase-independent activation of SREBP2 (227), caspase-2 colocalized with S1P, activating
SREBP2 under elevated ER stress in NAFLD progression to NASH (230). This has therefore
introduced a potential role for the caspase family in sensing cellular stress to induce SREBP2
translocation. In an early structural study, CASP3, a cysteine protease, was shown to cleave
the SREBP family at an aspartic acid between the basic leucine zipper domain and the first
transmembrane domain, releasing the mature form of SREBPs (216). The apoptotic role of
CASP3 in inducing SREBP2 activation was further explored in the field of hepatocytes,
showing that CASP2 interacts with pro-CASP3 and that MAPK reduces this interaction,
leading to activation of CASP3 and SREBP2 (231). This finding has potentially provided
understanding of cellular stress being detected by CASP3, a specific enzyme that cleaves
SREBP2, leading to the activation of cholesterol biosynthesis that helps to withstand stress and
aid cells in recovering. This protective observation was confirmed in our experimental setting,
in which we provided a further novel explanation of the CASP3-SREBP2 signalling cascade
in combating drug stresses. However, it is acknowledged that the inhibitor (Z-DEVD-FMK)
being used in this study to inhibit the activity of CASP3 has also the potency towards CASP6,

7, 8 and 10. This could show that the classic apoptosis pathway was attenuated and the drug-
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induced cell death was activated via other compensatory pathways. This has therefore provided
another future perspective to investigate which apoptotic pathway has been activated so to kill

the cancer cells.

Taken together, a novel SREBP2-mediated cholesterol biosynthesis induced by CASP3
activity was shown to exert a strong protective effect on HCC cells in resisting TKI challenges.
Although SREBP2 and cholesterol have previously been shown to activate several oncogenic
pathways, it is still unclear which particular pathway could be activated under the
abovementioned signalling cascade via which downstream effectors. It is therefore rational to
investigate the potential pathways that could be directly activated by cholesterol or its
metabolites. This will provide further therapeutic implications for targeting SREBP2-mediated
cholesterol biosynthesis for the treatment of HCC.
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Chapter 7
SHH SIGNALLING CASCADE IS THE
DOWNSTREAM EFFECTOR OF SREBP2-
MEDIATED CSC FUNCTIONS AND DRUG
RESISTANCE
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7 SHH signalling cascade is the downstream effector of SREBP2-mediated

CSC functions and drug resistance

7.1 Introduction

In Chapter 6, SREBP2-mediated cholesterol biosynthesis in regulating drug resistance was
extensively studied. The mechanism of initiating SREBP2-mediated cholesterol biosynthesis
in response to drug treatment was elucidated, with CASP3 as the upstream effector showing a
specific cleavage site on SREBP2. The suppression of CASP3 activity successfully abolished
CSC functions and drug resistance mitigated by SREBP2-mediated cholesterol biosynthesis.
However, a specific CSC-related pathway has yet to be identified under this signalling axis.
Therefore, in this chapter, we aimed to elucidate the downstream effector of CASP3-SREBP2-

mediated cholesterol biosynthesis.

Several well-established CSC-related signalling pathways are activated to drive liver cancer
development. For example, Notch signalling is crucial for the stem cell renewal process (232,
233), and overexpression of NOTCH ligand and NOTCH3 is detected in HCC (234, 235). In
CD24*CD133" liver cancer cells, marked expression of the notch1 gene is observed, supporting
stemness promotion in vitro and in vivo (73). Additionally, Wnt/p-catenin plays a role in self-
renewal or stem cell differentiation (236). Our team and others have previously identified that
Wnt/B-catenin activation is crucial in liver cancer stem cells via different mechanisms,
including the interplay of UBE2T and Mule, Octamer4/microR-1246 signalling axis, and
SOX9 and Frizzled-7 interaction (237-239). Additionally, the SHH pathway is found in
approximately 60% of HCC, and suppression of the SHH pathway abolishes GLI-mediated
gene expression (240). Oncogenic c-Myc expression can also be activated by SMO, an
upstream regulator of the SHH pathway, during neoplastic transformation in liver cancers (241).
Interestingly, the SHH pathway is activated by cholesterol or its oxygenated derivatives (242).
Hence, we sought to determine whether SREBP2-mediated cholesterol biosynthesis drives the
activation of the SHH pathway via cholesterol. The investigation of oxysterols will also be

implemented.

Therefore, identifying which CSC-related signalling pathway is activated under the
CASP3/SREBP?2 axis is critical to provide a better therapeutic direction. We first employed
RNA sequencing to analyze the differential expression profiles between SREBP2 knockdown
cells and their mock control counterparts. Identification of downregulated pathways via GSEA
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was further verified by western blot analysis in both SREBP2 knockdown and overexpression
HCC cells. Further confirmation was performed using an inhibitor approach to examine

whether the CSC-enhancing effect in SREBP2-overexpressing cells was compensated.
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7.2 Experimental outline

(1) Identification of the CSC-related pathway and SHH pathway using RNA sequencing and
further confirmation by western blot analysis of key signalling proteins in the pathway. (2)
Administration of a GLI-1 inhibitor further proved that the SHH pathway is the downstream
effector of SREBP2-mediated cholesterol biosynthesis. (3) Investigating the role of one of the
oxysterols, 25-OHC, in driving the SREBP2-mediated SHH pathway. (4) Finally, verification
of the correlation of cleaved CASP3, SREBP2 and GLI-1 in an in-house HCC tissue microarray

was executed. A summary of the experimental setting is shown below (Figure 7.1).

a Discovery of SHH pathway as the SREBP2-mediated CSC pathway

| T
— — g ——— S

SREBP2 knockdown RNA Pathway Western blot analysis
HCC cells sequencing analysis Y
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o Discovery of oxysterol 25-OHC driving SREBP2-mediated SHH pathway activation

Do A

SREBP2 knockdown )
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0 Analysing the clinical relevance of cleaved CASP3-SREBP2-GLI-1 in HCC samples

Tissue microarray Correlation analysis

Figure 7.1. Experimental outline in Chapter 7.

The diagram summarizes the methods used to examine the downstream CSC-related pathway

regulated by SREBP2-mediated cholesterol biosynthesis in HCC cells and their clinical correlation.
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7.3 Results

7.3.1 The sonic hedgehog signalling pathway is regulated by SREBP2-mediated

cholesterol biosynthesis

SREBP2 knockdown and NTC clones derived from MHCC-97L cells were subjected to RNA
sequencing analysis. The data retrieved were analyzed using GSEA, which showed that sonic
hedgehog signalling (SHH) is one of the downregulated pathways in sShSREBP2 MHCC-97L
cells (Figure 7.2A). The normalized enrichment score was -1.603 with a nominal p-
value<0.004 and FDR g-value 0.014. Western blot analysis further confirmed that key proteins
in the SHH signalling pathway were regulated by SREBP2 levels in HCC cells (Figure 7.2B).
In SREBP2 knockdown cells derived from PLC/PRF/5 and MHCC-97L cells, GLI-1, SUFU,
SHH, PTCH1 and PTCH2 were downregulated, corresponding to the suppressed SREBP2
level. By contrast, SREBP2 overexpression in Hep3B cells enhanced the expression of these

proteins.
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Figure 7.2. SREBBP-mediated cholesterol biosynthesis drives activation of the SHH signalling
pathway.

(A) RNA sequencing was employed to compare the genetic profiles between shSREBP2#66 and
NTC cells derived from MHCC-97L cells. GSEA showed that SHH signalling is downregulated in
shSREBP2 cells with a normalized enrichment score of -1.603, nominal p-value<0.004 and FDR g-
value of 0.014. (B) Western blot analysis validated the key proteins involved in SHH signalling
pathways, such as GLI-1, SUFU, SHH, PTCH1, and PTCH2. Quantification was performed using

ImageJ.
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7.3.2 Abolishment of SHH signalling offsets the SREBP2-mediated CSC properties

To further confirm the role of SHH as the downstream effector of SREBP2-mediated CSC
stemness and drug resistance, we treated SREBP2-overexpressing Hep3B cells with GANT61,
an inhibitor of GLI-1, to investigate whether the effects of SREBP2 overexpression can be
eliminated by GLI-1 suppression. Following GLI-1 suppression, the in vitro self-renewal
ability was suppressed by 15.6-fold in sgSREBP2#03 Hep3B cells (Figure 7.3A). Additionally,
the administration of a GLI-1 inhibitor abolished the protective effect of SREBP2-mediated
cholesterol biosynthesis against sorafenib/lenvatinib treatment (Figure 7.3B). In sorafenib
treatment, GANTG61 successfully enhanced the apoptotic cells induced by sorafenib by 2.32-
fold in sgSREBP2#03 Hep3B cells. Additionally, lenvatinib treatment increased the number of
apoptotic SgSREBP2#03 Hep3B cells by 2.68-fold when lenvatinib was administered.
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Figure 7.3. Inhibition of the SHH signalling pathway offsets elevated CSC properties via
SREBP2-mediated cholesterol biosynthesis.

(A) The addition of GANT61 at 3.125 puM offset the enhancing effect of SREBP2 overexpression on
the self-renewal ability of sgSREBP2#03 Hep3B cells. (B) the addition of GANT61 at 5 uM
recovered the percentage of apoptotic cells in sgSREBP2#03 Hep3B cells in response to
sorafenib/lenvatinib treatment. Error bars indicate meanszSD (n = 3-6). *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001 from Student’s t-test.
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7.3.3 Oxysterol 25-OHC is critical for SREBP2-mediated SHH signalling activation

Because intracellular cholesterol was previously reported to indirectly activate the sonic
hedgehog (SHH) pathway via its metabolite oxysterols (243-245), we examined whether
SREBP2-mediated cholesterol biosynthesis leads to activation of the SHH pathway by
cholesterol metabolites. Using ELISA against CH25H, which is the enzyme responsible for
25-0OHC, its activity level corresponded to SREBP2-mediated cholesterol biosynthesis (Figure
7.4A). In SREBP2 knockdown cells derived from PLC/PRF/5 and MHCC-97L cells, the
activity level of CH25H was attenuated with respect to the SREBP2 level. Conversely,
exogenous cholesterol administration in Hep3B cells at 5 uM enhanced the CH25H activity
level at different time points. Finally, the decisive effect of 25-OHC in activating the SHH
pathway was demonstrated by western blot analysis (Figure 7.4B). Administration of 25-OHC
at 15 uM rescued the suppression of SHH signalling proteins, including GLI-1, SUFU, SHH,
PTCH1 and PTCH2, in SREBP2 knockdown clones derived from MHCC-97L cells at a

physiological concentration of approximately 5 uM.
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Figure 7.4. Oxysterol 25-OHC drives SREBP2-mediated SHH signalling activation.

(A) CH25H levels of ShSREBP2#66 and ShSREBP2#68 relative to NTC derived from PLC/PRF/5
and MHCC-97L cells, and cholesterol-treated (Chol) at 5 uM relative to MBCD at 4 hr and 8 hr of
treatments were evaluated by ELISA. (B) 25-OHC at 15 uM mitigated the suppressive effects of
shSREBP2 cells on the expression of GLI-1, SUFU, SHH, PTCH1 and PTCH2. Quantification was
performed using ImageJ. Error bars indicate means+SD (n = 3-6). *p<0.05 from Student’s t-test.
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7.3.4 Correlation among cleaved CASP3, SREBP2 and GLI-1 in HCC clinical samples

The clinical relevance of the CASP3-SREBP2-SHH signalling axis was investigated.

Consistent with previous results of activated CASP3 activity and SREBP2-mediated

cholesterol biosynthesis in drug-resistant HCC cells, GLI-1 expression was also highly
upregulated in sorafenib- and lenvatinib-resistant HCC PDTXs and PLC/PRF/5 and MHCC-
97L cells (Figure 7.5C). The clinicopathological correlation was further analyzed in 50 in-
house HCC patient samples (Figure 7.5A). Through IHC staining of cleaved CASP3, SREBP2,

and GLI-1 on the tissue microarray, the expression was quantified as high or low. Following

comparison, these three proteins were clinically and significantly correlated with each other

(Figure 7.5B).
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Figure 7.5. Cleaved CASP3, SREBP2 and GLI-1 are clinically related to each other.

(A) A tissue microarray comprising 50 tumor tissues and corresponding nontumor liver tissues was
subjected to IHC analysis. Case 20 showed high expression of cleaved CASP3, SREBP2 and GLI-1,
and case 49 showed low expression of these proteins. Scale bars: 50 and 200 um. (B) Correlation
analysis revealed that cleaved CASP3 to SREBP2 was p=0.0132, SREBP2 to GLI-1 was p=0.0044,
and cleaved CASP3 to GLI-1 was p<0.0001. (C) GLI-1 expression was upregulated in sorafenib-
and lenvatinib-resistant HCC cells derived from PDTX#1, PY003, PLC/PRF/5 and MHCC-97L ells.

Quantification was performed in ImageJ.
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7.4 Discussion

In this chapter, the SHH pathway was elucidated as the downstream effector of SREBP2-
mediated cholesterol biosynthesis in regulating CSC properties and drug resistance. By RNA
sequencing, the SHH pathway was downregulated in SREBP2 knockdown HCC cells. The key
signalling proteins in the SHH pathway, including GLI-1, SUFU, SHH, PTCH1 and PTCH2,
were regulated according to SREBP2 levels in HCC cells. Suppression of the SHH pathway
using the GLI-1 inhibitor GANT61 effectively rescued the enhanced CSC properties, including
in vitro self-renewal ability and drug resistance, in SREBP2-overexpressing Hep3B cells. More
importantly, the study found that one of the cholesterol-derived oxysterols, 25-OHC, possessed
oncogenic properties in HCC because it regulates the activation of the SREBP2-mediated SHH
pathway. Finally, the clinical correlation among cleaved CASP3, SREBP2, and GLI-1 was
evaluated in the HCC patient cohort, and they were significantly correlated with each other.
Therefore, this chapter identified a novel pathway in driving acquired drug resistance in HCC
by mediating the CASP3-SREBP2-SHH signalling axis.

The SHH pathway is a well-established signalling pathway that drives CSCs. SHH signalling
is activated during mammalian embryonic development and remains quiescent in adult tissues
(246). However, the abnormal activation of SHH signalling results in the tumorigenesis of
brain, skin, pancreas, stomach, colon, lung, liver, gallbladder, lung, and prostate cancers (247).
The SHH pathway is categorized based on canonical and noncanonical activation. The
canonical transduction pathway comprises key components, including GLI-1, GLI-2, GLI-3,
SUFU, SHH, PTCH1, PTCH2 and SMO (248). The noncanonical pathway is a GLI-
independent action of SMO and PTCH, and activation of the SHH signalling pathway may be
due to other signalling proteins, such as protein kinase A, Rho, or GTPase, to drive gene
expression (249). Additionally, cholesterol and its oxysterols also activate the SHH pathway
(242). The inhibition of the sterol synthetic pathway at different checkpoints using either
simvastatin, zaragozic acid, triparanol or ketoconazole attenuates SHH signalling and
proliferation in medulloblastoma cells (244, 245, 250). However, regardless of the induction
method, activation of SHH signalling promotes in vitro self-renewal ability in anaplastic
thyroid cancer cells by GLI-1-induced SNAIL expression (251). Furthermore, the SHH
pathway enhances the invasiveness of HCC cells by promoting the epithelial-mesenchymal
transition (252). Our team previously reported that the canonical SHH pathway is activated by

NRF2 overexpression in HCC cells, thus promoting CSC phenotypes and driving drug
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resistance (95). Therefore, our data further consolidates the tumorigenesis of the SHH pathway
in driving CSC properties in HCC. We further revealed that 25-OHC is an important oxysterol
in mediating SREBP2-mediated SHH activation.

Oxysterols are oxygenated derivatives from cholesterol formed in the human body or ingested
from the diet. They affect many cellular functions and physiological processes by modulating
the activity of many other proteins or some ATP binding cassette transporters (253). Therefore,
abnormalities in oxysterol activity have led to several pathological conditions, such as
atherosclerosis, neurodegenerative disorders or diabetes mellitus type 2 (254, 255). Currently,
accumulating evidence has suggested that oxysterols also play a role in the formation of tumors,
including colon, prostate, breast and bile duct cancers (253, 256-258). In particular, in breast
cancer, 27-hydroxycholesterol (27-OHC) is a well-established oncometabolite inducing breast
malignancy. 27-OHC not only promotes the migration of breast cancer cells but also acts as a
navigator for metastasis to the bone (259, 260). Additionally, 27-OHC supports CSC properties,
such as the EMT, in breast cancers (259). 27-OHC may also influence prostate cancer by
enhancing prostate-specific antigen (PSA), thus stimulating cancer cell proliferation (261). 25-
OHC is another oxysterol that shows a relationship in driving resistance to therapy. It was
shown to induce estrogen receptor target genes in breast cancer, suggesting that 25-OHC
substitutes estrogen in activating ER-mediated gene transcription and plays a role in regulating
drug resistance (163). Furthermore, in HCC, although oxysterols are elevated, such as 4p3-
hydroxycholesterol, 7a-hydroxycholesterol and 25-OHC, in HCV-induced HCC patients, the
detailed contribution is unknown (262). Therefore, considering the current findings in this
chapter, we not only consolidated the carcinogenic role of oxysterols in SREBP2-mediated
cholesterol biosynthesis but also filled the gap that elevated 25-OHC mediates the SHH

pathway to promote CSC properties and drug resistance.

Taken together, the elucidation of SREBP2-mediated cholesterol biosynthesis and its oxysterol
25-OHC in activating the SHH signalling pathway has demonstrated a novel signalling axis in
HCC tumorigenesis. Considering the importance of cholesterol biosynthesis as the central
intermediate, the therapeutic implication of targeting cholesterol biosynthesis in treating HCC

as a novel treatment option should be investigated.
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Chapter 8
SIMVASTATIN ENHANCES THE EFFECT OF
DRUG TREATMENT IN ORGANOTYPIC EX
VIVO HUMAN HCC CLINICAL SAMPLES AND
HCC PDTX MODELS
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8 Simvastatin enhances the effect of drug treatment in organotypic ex vivo
human HCC clinical samples and HCC PDTX models

8.1 Introduction

In Chapter 7, the SHH signalling pathway was elucidated as the downstream effector of the
CASP3-SREBP2-mediated cholesterol biosynthesis cascade in regulating CSC functions and
drug resistance. One of the oxysterols derived from cholesterol, 25-OHC, also has oncogenic
properties because it drives SREBP2-mediated SHH signalling activation. The signalling axis
was further confirmed clinically in an in-house HCC patient cohort, and cleaved CASP3,
SREBP2, and GLI-1 were significantly correlated with each other in tumor samples. Thus,
targeting the abovementioned signalling axis in overriding drug resistance in HCC is clinically
valuable. Cholesterol biosynthesis is preferentially activated in CSCs (Figure 4.4) and most
commonly upregulated in sorafenib- and lenvatinib-resistant PDTXs (Figure 3.4). Thus, we
aimed to test the therapeutic efficacy of targeting cholesterol biosynthesis using statin, an FDA-

approved cholesterol-lowering drug, to treat HCC.

The process of producing cholesterol involves more than 20 enzymes that are potential
candidates for drug intervention (263). Among those proteins, HMGCR is the first rate-limiting
catalytic enzyme elucidated in the pathway in which it converts HMG-CoA to mevalonic acid
(264). Regarding its important involvement in producing cholesterol, statins have been
marketed since the 1990s and used to specifically inhibit HMGCR activity by acting as HMG-
CoA analogs (265). To date, seven statins have been synthesized based on their distinctive
lipophilicity, pharmacokinetic profiles, side effects and mostly their ability to decrease
cholesterol production (266). They are simvastatin, fluvastatin, atorvastatin, rosuvastatin,
lovastatin, pravastatin and pitavastatin. In a clinical article reviewing the effect of different
statins on lowering low-density lipoprotein cholesterol, atorvastatin and simvastatin ranked the
highest. Although pravastatin induces fewer side effects because of its weakest
pharmacokinetic drug interactions (267), its effect on lowering total cholesterol is also the
weakest among those seven statins (268). Additionally, rosuvastatin is regarded as the most
potent statin in regulating dyslipidaemia because of its polar interaction between the methane
sulfonamide group and HMGCR (268, 269).

Statins were first used in treating cardiovascular diseases, atherosclerosis, and liver diseases

arising from excessive cholesterol deposition (270, 271). However, because of the
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accumulation of evidence in dysregulated cholesterol metabolic profiles in cancers, statins have
been introduced as anticancer drugs (272). In prostate cancers, statins effectively reduced
mortality and recurrence by suppressing PSA levels in a dose-dependent manner in patients
who received radical prostatectomy (273). In renal cell carcinoma, patients benefit from using
statins to extend their overall survival rate, from 18.9 months to 25.6 months (274).
Additionally, in several epidemiologic studies, the risk of cancers, including gastric, colorectal,
liver, prostate, and pancreatic cancers, was reduced after administering statins (275-279).
These clinical studies were further supported by laboratory experiments showing that statins
effectively suppressed the proliferation of human cancer cell lines, including lymphocytic

leukaemia, pancreatic, and breast cancer cell lines (280-282).

Taken together, the evidence presented supports the rationale to test the therapeutic efficacy of
targeting cholesterol biosynthesis using statins combined with sorafenib/lenvatinib in treating
HCC. Among the statins, we chose simvastatin because of its popularity in cancer therapy and
its efficacy in reducing cancer-specific mortality compared with other hydrophilic statins (283).
In the experimental setting, we tested the drug sensitization effect of simvastatin at three

different levels, in vitro, ex vivo and in vivo, in HCC cells.
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8.2 Experimental outline

(1) Simvastatin was administered to HCC cells to consolidate SREBP2-mediated cholesterol
biosynthesis in regulating CSC functions and drug resistance. (2) Simvastatin was administered
to HCC organoids to validate the therapeutic efficacy of targeting cholesterol biosynthesis. (3)
Simvastatin was fed to PDTX mice, and the tumor size, volume and growth were measured to
demonstrate the therapeutic implications of targeting cholesterol in vivo models. A summary

of the experimental setting is shown below (Figure 8.1).
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Figure 8.1. Experimental outline in Chapter 8.

The diagram summarizes the methods used to examine the effect of simvastatin on targeting

cholesterol biosynthesis to treat HCC.
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8.3 Results
8.3.1 Simvastatin regulates CSC properties and drug resistance

The efficacy of targeting cholesterol biosynthesis by simvastatin was first tested in HCC cells
in vitro. The cell viability MTT assay was used to determine the ICso of simvastatin in
PLC/PRF/5 cells, which was 34.30 uM (Figure 8.2A). Next, treatment with 20 uM simvastatin
suppressed the expression of CSC stemness markers, including CD47 and CD133 (Figure
8.2B). Additionally, 2.11- and 1.68-fold decreases were observed in CD47 and CD133 surface
marker detection, respectively. After that, the in vitro self-renewal ability was attenuated after
simvastatin administration (Figure 8.2C). Using a limiting dilution sphere formation assay,
PLC/PRF/5 cells were seeded in a serially diluted manner and grown for 8 days with
simvastatin supplementation at 0.625 and 1.25 uM. The cancer stem cell frequencies were
recorded based on the incidence of spheres found in each well and analyzed using extreme
limiting dilution analysis. Continuous suppression of cholesterol production via simvastatin
successfully decreased the formation of CSCs by 3.35- and 6.76-fold, respectively, compared
with the mock control. Finally, simvastatin effectively sensitized the drug efficacy of sorafenib
and lenvatinib (Figure 8.2D). Following the coadministration of sorafenib/lenvatinib and
simvastatin to PLC/PRF/5 cells, the apoptotic cell rate increased 1.58- and 2.06-fold with

sorafenib and lenvatinib treatment, respectively.
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Figure 8.2. Simvastatin regulates liver CSC properties and drug resistance.

(A) The ICs of simvastatin in PLC/PRF/5 cells was determined by the MTT assay. (B) CD47 and
CD133 expression levels were analyzed in PLC/PRF/5 cells following treatment with simvastatin at
20 uM for 48 hr. (C) PLC/PRF/5 cells were seeded in a limiting dilution manner with mock (0 uM)
and simvastatin (0.625 and 1.25 uM). The number of wells containing spheres was counted after 8
days. (D) Simvastatin sensitized sorafenib (10 uM) or lenvatinib (40 uM) treatment in PLC/PRF/5
cells. Error bars indicate means=SD (n = 3-5). *p<0.05. **p<0.01, ***p<0.001 and ****p<0.0001
from Student’s t-test.
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8.3.2 Simvastatin enhances the effect of drug treatment in organotypic ex vivo human

HCC clinical samples

The data of simvastatin in reversing liver CSC properties and drug resistance prompted us to
examine the combined effect of simvastatin with sorafenib/lenvatinib in HCC treatment. Using
a CellTiter-Glo® assay, we found that combination treatment resulted in the most significant
reduction in the growth of HCC patient-derived organoids (HKU-HCC P1), in which

simvastatin treatment sensitized HCC cells to sorafenib/lenvatinib (Figure 8.3).
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Figure 8.3. Simvastatin enhances drug efficacy in HCC organoids.

(Left) representative photos of HCC patient-derived organoid culture (HKU-HCC P1), which was
treated with DMSO, sorafenib (8 uM)/lenvatinib (40 uM), simvastatin (40 uM), or combo for 6
days. Scale bar: 200 um. (Right) The relative growth rate to mock was determined using the
CellTiter-Glo® assay. Error bars indicate meansxSD (n = 3-4). *p<0.05 and **p<0.01 from
Student’s t-test.
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8.3.3 Simvastatin enhances the effect of drug treatment in HCC PDTX models

To further confirm the therapeutic effect of simvastatin in treating HCC, we administered a
single dose of 4 mg/kg (equivalent to a dose of 40 mg to treat patients with high cholesterol)
of simvastatin alone, a single dose of 30 mg/kg of sorafenib alone or a combined dose of
simvastatin plus sorafenib in vivo using HCC xenografts derived from PY003. The tumors after
treatment for 21 days are shown (Figure 8.4A). The responding tumor volumes were recorded
every 3 days and plotted against the treatment period (Figure 8.4B). Remarkably, the
combination treatment reduced the tumor volumes of PY003 by 37% relative to the original
tumor volume on Day 0 (Figure 8.4C). We also evaluated the effects of these drug
combinations in sorafenib-resistant PDTX#1 cells. Consistently, simvastatin/sorafenib exerted
the greatest tumor suppressive effects compared with single-agent treatment and mock controls
(Figure 8.4A-C). The ability of simvastatin to lower cholesterol was verified by filipin staining,
confirming its therapeutic efficacy in targeting cholesterol biosynthesis (Figure 8.5). During
the in vivo drug feeding experiment, no significant weight loss was observed in the animals

throughout the period (Figure 8.6).
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Figure 8.4. Simvastatin enhances the drug effect in two HCC PDTX models.

(A) Response of PY003 and sorafenib-resistant PDTX#1 xenografts to treatment for 21 days with

simvastatin (4 mg/kg), sorafenib (30 mg/kg) or both drugs. The tumor images at the end of treatment

are shown. Scale bar: 1 cm. (B) The tumor volume was recorded every 3 days throughout the 21-day

treatment. (C) Waterfall plot of the response of each tumor after 21-day treatment. Error bars indicate
meansxSD (n = 3-10). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 from Student’s t-test.
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Figure 8.5. Simvastatin suppresses cholesterol deposition in two HCC PDTX models.

Representative images of filipin staining of tumors from mock, sorafenib, simvastatin and combo
treatment are shown. Blue: filipin staining; Red: propidium iodide. Filipin quantification was
performed using Nikon EIS-Element Software. Error bars indicate meansxSD (n = 3-6). *p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001 from Student’s t-test.
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Figure 8.6. Combo treatment of simvastatin and sorafenib shows no viable side-effect in PDTX

mice.

The body weights of two PDTX models were recorded every 3 days during the 21-day treatment
period. No notable change in the body weight was observed after combined treatment for PY003 and

sorafenib-resistant PDTX#1 xenografts of nude mice. Error bars indicate means+SD (n = 3-10).
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8.4 Discussion

In this chapter, the therapeutic efficacy of targeting cholesterol biosynthesis to treat HCC by
simvastatin was evaluated at three different levels. First, the therapeutic efficacy was validated
in vitro in HCC cells such that, following the suppression of cholesterol production, the CSC
properties, including stemness marker expression and self-renewal ability, were decreased.
After that, combined with sorafenib/lenvatinib, simvastatin showed the greatest sensitization
of drug efficacy in HCC cells. Second, the significance of targeting cholesterol biosynthesis
was consolidated ex vivo in HCC patient-derived organoids that, following inhibition of
cholesterol production, the proliferation and growth of organoids were attenuated under
treatment with sorafenib/lenvatinib combined with simvastatin. Finally, this novel treatment
strategy was tested in vivo in HCC PDTX mice. The combined treatment of sorafenib and
simvastatin generated the greatest tumor suppressive effect in both PDTX models, PY003 and
sorafenib-resistant PDTX#1.

The importance of statins has been evaluated extensively recently as an anticancer regimen. In
breast cancer, lovastatin was used to activate the LKB1-AMPK-P38MAPK-p53-survivin
cascade, causing breast cancer cell apoptosis (284). The coadministration of fluvastatin and
vorinostat effectively reduced renal cancer growth in vitro and in vivo by activating AMPK-
ER stress-histone acetylation (285). In cyclooxygenase-2 (COX-2)-overexpressing HCC cells,
the combined use of NS398, a COX-2 inhibitor, and simvastatin exerted synergistic effects in
suppressing HCC cells by downregulating the NF-kxB-AKT signalling axis (286). A similar
treatment regimen in our study model of combining sorafenib and simvastatin was also recently
tested in HCC. By establishing sorafenib-resistant HCC cells, the combined treatment
augmented the sensitivity to sorafenib by suppressing HIF-10/PPAR-y/PKM?2 (287). The SHH
pathway, as discussed in the previous chapter, was demonstrated to be the downstream effector
of SREBP2-mediated cholesterol biosynthesis. By suppressing cholesterol production by
simvastatin, others have shown that simvastatin enhances the efficiency of gemcitabine, a
chemotherapeutic agent, in treating pancreatic ductal adenocarcinoma by reducing CSC
features through SHH signalling (288). Therefore, the preclinical data published have

corroborated our current research findings.

Compared with other statins, such as atorvastatin, lovastatin, pravastatin, fluvastatin and

rosuvastatin, simvastatin shows the best prolongation of lung cancer patient survival (289).
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Another study supported this rationale, reporting that p53-mutated patients who received
simvastatin had a reduced 5-year mortality via lipid raft modulation (290). In multiple myeloma
(MM) cancers, simvastatin, the most widely used statin in the studied cohort, reduced the
mortality risk in both sexes (291). A potential explanation may be the positive effect of statins
in regulating the host immune response by inducing B lymphocyte survival and alleviating
mesenchymal stromal cell-induced T cell suppression (292). However, two recent clinical
studies (NCT01075555, NCT01357486) comparing pravastatin with sorafenib and sorafenib
alone provided a rather disappointing result in treating both Child—Pugh A and Child-Pugh B
HCC patients (293, 294). Adding pravastatin to sorafenib showed no difference in overall
survival (10.7 months vs. 10.5 months, in Child-Pugh A HCC 4.0 months vs. 3.8 months in
Child-Pugh B HCC) or in any secondary survival endpoints in advanced HCC patients.
However, the researchers did not discourage the application of cholesterol-lowering strategies
in treating HCC. They argued that pravastatin is the optimal statin for advanced HCC. As
discussed here, other more potent statin candidates can be considered, such as simvastatin.
Another ongoing clinical study in Taiwan is examining sorafenib combined with atorvastatin
for advanced HCC (NCT03275376). The interest in targeting cholesterol biosynthesis has also

been extended to other clinical trials (Table 8.1).

Although promising data from epidemiologic, preclinical, and some clinical studies have
shown the therapeutic efficacy of statins as anticancer agents, the statin type, dose, and
treatment duration should be considered carefully and thoroughly. Despite the overall
cholesterol suppressing ability of each statin, lipophilic statins (simvastatin, atorvastatin,
lovastatin, fluvastatin, and pitavastatin) are more likely to reach extrahepatic cells, whereas
hydrophilic statins (rosuvastatin and pravastatin) are more hepatoselective (295). Lipophilic
statin use is correlated with reduced cancer risk and recurrence, but not hydrophilic statin use,
in breast cancer patients (296, 297). Additionally, atorvastatin and fluvastatin reduces prostate
tumor cell growth and induces apoptosis in a time-dependent manner (298, 299). However,
interestingly, only atorvastatin is identified in prostatic tissue after acute treatment relative to
the serum (298, 300). This finding implies that, for any long treatment period, the
pharmacokinetic profile of certain statins may grant higher drug concentrations within certain

malignant tissues over time.

In conclusion, this chapter has demonstrated the therapeutic efficacy of statin use, particularly

simvastatin, in overriding drug resistance in HCC. As a proof of concept, targeting cholesterol
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biosynthesis as a novel treatment regimen has corroborated published preclinical and clinical
studies. However, careful consideration of the types of statins should be implemented, as well

as the dose and duration of the treatment period.

132



Table 8.1. Summary of the main clinical trials using statins in cancer therapy.

Disease

Trial number  Start date

Study

Drugs

NCT02497638 06/2020

Biguanide and Lipitor in
delaying androgen trial
Impact of atorvastatin on
androgen deprived-

Atorvastatin
and metformin

NCT04026230 08/2019 Atorvastatin
Prostate cancer prostate ca}ncer
progression
Acetylsalicylic acid and Atorvastatin
NCT03819101  03/2019 atqrvastatin in castrate- and_ _
resistant prostate cancer  acetylsalicylic
trial acid
Simvastatin and dual
NCT03324425 06/2019  AntiHER2 treatment for Simvastatin
metastatic breast cancer
Atorvastatin treatment
for patients in triple Atorvastatin
NCT03872388 01/2019 negative breast cancer and
who failed neoadjuvant capecitabine
chemotherapy
Breast cancer Survival benefits of statin
NCT03971019 03/2018 use in breast cancer Statins
patients
Simvastatin treatment on
breast cancer cell
NCT03454529 03/2018  proliferation in women Simvastatin
with early stage breast
cancers
Atorvastatin and Atorvastatin
NCT03275376 12/2017 sorafenib treatment in .
Hepatocellular advanced HCC and sorafenib
carcinoma Atorvastatin in
NCT03024684 01/2017  preventing HCC relapse Atorvastatin
after curative treatments
Simvastatin of high dose
Stomach —\~Toz086201 01/2018  Of PauentsofGluract g iatin
cancer cancer who failed

chemotherapy

133



CHAPTER 9
CONCLUSION AND FUTURE PERSEPCTIVE
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9 Conclusion and future perspective

9.1 Conclusion

In spite of the abundance of therapeutic options available, HCC remains one of the most fatal
and common cancers in the world. The emergence of acquired drug resistance is an obstacle to
effective HCC treatment. Resistance to molecularly targeted drugs, such as TKIs, develops in
most cancer patients and limits their long-term survival. But with the discovery of liver CSCs,
it changed the perceptive regarding tumorigenesis and subsequently the strategy in developing

novel cancer treatments.

In the CSC model, it suggests that the tumor initiation, self-renewal and differentiation are
maintained by a small subset of cancer cells within the tumor bulk with stem cell-like features,
which contribute to the tumor heterogenicity. Therefore, CSCs are believed to be responsible
for the development of acquired drug resistance, leading to a poor prognosis of HCC patients.
Therefore, targeting CSC pathways may be a promising strategy to overcome drug resistance
in HCC patients.

For advanced-stage HCC patients, sorafenib and lenvatinib are the only two FDA-approved
drugs. However, the clinical results are discouraging. Sorafenib, the first approved tyrosine
kinase inhibitor in treating HCC, can only extend patients’ overall survival by 3 months.
Whereas the second approved drug, lenvatinib, is non-inferior to sorafenib in terms of survival
benefit. Therefore, understanding the mechanism of acquired drug resistance is therefore

highly warranted.

In order to mimic the clinical situation of the acquired drug resistance, we administrated
sorafenib/lenvatinib to the PDTXs for three to four rounds of drug administration.
Subsequently, sorafenib- and lenvatinib-resistant PDTXs were successfully established by the
observation that there was no tumor suppression effect of the sorafenib/lenvatinib treatments.
Using RNA sequencing coupled with IPA analysis, cholesterol biosynthesis was mostly and
commonly enriched in both sorafenib- and lenvatinib-resistant PDTXs. The corresponding
genes responsible for cholesterol biosynthesis were also highly upregulated in the resistant
clones when compared to their mock controls, including MVD, FDPS, SC5D, or SQLE, etc.
The result of the pathway analysis was further verified by the filipin staining, which stained

for free cholesterol deposition.
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Since drug resistant cells are endowed with enhanced CSC populations, we hypothesized that
cholesterol biosynthesis was also activated in liver CSCs. To investigate this hypothesis, we
enriched CSC population by serial passage of hepatospheres under chemotherapeutic drugs
administration, and the pathway analysis also showed upregulation of cholesterol biosynthesis
in enriched liver CSC populations when compared with the mock counterparts. Likewise,
filipin staining confirmed that enhanced cholesterol deposition was observed in hepatospheres
when compared to the differentiated HCC cells. Given the high similar expression profiles
between CSCs and normal stem cells, it is important to determine if cholesterol biosynthesis
was preferentially activated in the liver CSC populations. We first sorted CD133* cells and
CD133 cells from a liver regeneration mouse model and two HCC mouse models. Next, we
analysed the enriched signalling pathways in CD133" cells, using CD133" cells as
corresponding baselines, in these three mouse models by RNA sequencing analysis. When
compared to that of regenerating liver, cholesterol homeostasis was found to be the most
commonly upregulated pathway in CD133" HCC cells from two HCC mouse models. Lastly,
using upstream regulatory analysis, the activated cholesterol biosynthesis in sorafenib-,
lenvatinib- and chemo-resistant PDTXs and hepatospheres was commonly regulated by
SREBP2. IF staining and western blot analysis confirmed the upregulation and activation of
SREBP2 in CSC-enriched hepatospheres.

In view of the potential regulatory role of SREBP2-mediated cholesterol biosynthesis in
driving drug resistance via augmentation of CSCs in HCC, we genetically manipulated the
expression of SREBP2 in HCC cells by lentiviral-based CRISPR activation and knockdown
approaches. The alteration of SREBP2 changed the expression of genes involved in cholesterol
biosynthesis, such as MVD, FDPS, or HMGCR, which was accompanied with changes in
intracellular cholesterol level. Moreover, SREBP2-mediated cholesterol biosynthesis was
found to regulate liver CSC properties including abilities in tumor initiation, self-renewal, cell
invasiveness and expression of liver CSC markers. The SREBP2-mediated cholesterol
biosynthesis was clinically relevant in publicly available datasets and in-house HCC patient
cohort, and related to poorer disease-free survival and higher recurrence rate. Most importantly,
SREBP2-mediated cholesterol biosynthesis conferred drug resistance. In sorafenib- and
lenvatinib-resistant HCC cells, both SREBP2 and cholesterol deposition were highly activated.
Consistently, suppression of SREBP2 sensitized the effect of sorafenib/lenvatinib in HCC cells

while SREBP2 overexpression exerted the opposite effect. We have examined the clinical
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relevance of SREBP2 in HCC patients treated with sorafenib. In a tissue microarray consisting
of 91 HCC samples from patients who had been treated with sorafenib, patients with high

SREBP2 expression had shorter disease-free survival.

The mechanism behind the upregulation of SREBP2-mediated cholesterol biosynthesis in the
acquired drug resistance was further investigated. CASP3 has a specific cleavage site on
SREBP2, and hence is able to activate the transcriptional activities of SREBP2. We first
confirmed that CASP3 activity level was upregulated in sorafenib- and lenvatinib-resistant
cells derived from HCC PDTXs and cell lines. The mRNA level of CASP3 was also
overexpressed in tumor samples in publicly available HCC dataset. Interestingly, suppression
of CASP3 activity by inhibitor approach suppressed nuclear translocation of SREBP2 and
cholesterol deposition, resulting in increased cell apoptosis after sorafenib/lenvatinib

treatments.

By comparing the gene expression profiles between SREBP2-repressing HCC cells with their
NTC cells, SHH pathway was involved in the CASP3-SREBP2-mediated cholesterol
biosynthesis axis, mediating cancer stemness and drug resistance. The expression of signalling
proteins involved in the canonical SHH pathway activation were altered correspondingly upon
changes in SREBP2 expression. Meanwhile, GLI-1, the major effector of SHH pathway, was
found to be overexpressed in drug-resistant PDTXs and HCC cell lines. Hence, suppression of
SHH pathway by targeting GLI-1 via its specific inhibitor showed rescue effects in self-
renewal and drug resistance in SREBP2 overexpressing HCC cells. We further examined an
oxygenated derivative from cholesterol, 25-OHC, in regulating the SREBP2-activated SHH
pathway. In HCC clinical samples, cleaved CASP3, SREBP2, and GLI-1 were significantly
correlated to each other, consolidating the importance of this signalling axis in combating

therapeutic treatments via mediating CSCs population.

Prior in examining the therapeutic implication of targeting cholesterol biosynthesis in treating
HCC, we confirmed the role of cholesterol in mediating CSC properties and drug resistance.
By supplementing exogenous cholesterol to SREBP2 knockdown HCC cells, CSC suppressive
effects were liberated. The administration of exogenous cholesterol also promoted growth and
proliferation in ex vivo patient-derived HCC organoids. Furthermore, the suppression of
cholesterol biosynthesis by simvastatin, an FDA-approved drug in lowering cholesterol,

suppressed CSC properties and sensitized drug efficacy in HCC cells. Meanwhile, simvastatin
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also induced significant growth suppression in HCC organoids when combining with sorafenib
and lenvatinib. The therapeutic implication of targeting cholesterol biosynthesis was further
extended to in vivo PDTX models. The combined treatment of simvastatin and sorafenib
generated the greatest suppression of tumor size and volume.

In summary, the study has elucidated a novel signalling axis in developing the acquired drug
resistance by expanding CSC populations via CASP3-dependent, SREBP2-mediated
cholesterol biosynthesis (Figure 9.1). Targeting cholesterol biosynthesis is effectively

overcome the drug resistance in HCC cancer cells.

CSC Stemness
Drug Resistance
TKis

Treatment

Cellular ? 25-0HC SHH
Cholesterol Signaling

% — 5o — X

olesterol
Biosynthesis

Figure 9.1 Summary of the study.

The mechanism of acquired drug resistance to TKIs treatment is driven by CASP3-induced SREBP2-
mediated cholesterol biosynthesis-driven SHH signalling pathway.

9.2 Future perspective

In this study, CASP3 driven and SREBP2-mediated cholesterol biosynthesis was induced by
sorafenib/lenvatinib treatment, which has been shown to propagate CSC populations via
activation of SHH pathway. Giving the crucial role of cholesterol biosynthesis in augmenting
the acquired drug resistance, acetyl-CoA, the early precursor for producing cholesterol, is also
a precursor in synthesizing fatty acids. The de novo fatty acid synthesis and cholesterol
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biosynthesis contributed to tumorigenesis in many cancers, including HCC. Also, in Figure 3.4,
the mMRNA expression of HMGCS2, ACAA2, ACAT1 were decreased in drug-resistant clones
that these are mitochondrial enzymes involved in fatty acid beta-oxidation, which indicated
that fatty acid catabolism was inhibited when cholesterol biosynthesis was enhanced. However,
different reports in the literature point to fatty acid synthesis as a metabolic process contributing
to drug resistance in HCC (301-304) . Although SREBP2-mediated cholesterol biosynthesis
has been shown to support the growth of HCC lesions independently and mainly under
conditions where fatty acid biosynthesis is inhibited (305), it is still worth to analyse how
metabolism of other non-steroid lipids is altered in the drug-resistant xenografts. Also, the
filipin staining alone is not enough to stain other forms of cholesterol as it can only stain free
cholesterol, but not cholesteryl esters which are also important carcinogens for tumor
development (306-309). The ratio of cholesteryl esters over free cholesterol was also suggested
to be a diagnostic marker for HCC (306). Therefore, the current study was limited in analysing
the solely role of cholesterol in mediating drug resistance, other molecules arising from acetyl-
CoA should be further analysed in a parallel using cholesterol, triglycerides, and fatty acid

lipidomic analysis.

Secondly, only CASP3 was investigated in this study. Though CASP3 is the central signalling
protein in the apoptosis pathway, it is relevant to analyse if other caspase family members, such
as CASP2, CASP7, CASP8, or CASP9, have also been involved in above-mentioned signalling
axis. Particularly CASP2 was previously reported to activate S1P and hence SREBP2 under
ER stress (230). A pan-inhibitor of caspase activity should be used to analyse whether the death
is enhanced. Also, the mechanism between the balance between apoptotic and nonapoptotic
role of CASP3 is remained unsolved in this study. Is the nonapoptotic role of CASP3
intrinsically determined arising from the heterogenicity of tumors? If not, what triggers CASP3
to switch from apoptotic initiator to a cell protector by activating the SREBP2-mediated
cholesterol biosynthesis? Though in our study, the mechanism is largely irrelevant to the
duration of cancer cells experiencing drug stresses, as no matter a short timepoint or a long-
established resistant period, the CASP3 activity level was enhanced leading the cleavage of
SREBP2.

Lastly, simvastatin was the only statin being investigated in this study. As mentioned
previously, the distinct pharmacokinetics of each statin could yield distinctive combined effects,

though they all can lower cholesterol production (269, 283, 310-312). For example, atorvastatin
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was shown to be superior to simvastatin in lowering LDL cholesterol levels (313, 314). Though
the researchers continued to search for the best regimen of statins treatment for advanced HCC,
pravastatin showed no combined effect with sorafenib (293, 294). Also, simvastatin has an
intrinsic limitation that it shares the same liver metabolic enzyme, CYP3A4, which could
potentially attenuate the efficacy of sorafenib/simvastatin in treating HCC (315, 316). Apart
from that, other cholesterol lowering strategies could perhaps be investigated. In the de novo
cholesterol biosynthesis, there are more than 20 enzymes involved. SQLE has recently been
considered as another rate-limiting enzyme in this complex metabolic pathway (124). SQLE
has also been regarded as the key tumor driver in HCC via mediating cholesterol biosynthesis
(277). A novel small protein, CASIMO1, was shown to interact with SQLE and hence
influencing the lipid droplet formation (317). Apart from attenuating cholesterol biosynthesis,
the Dblocking of cholesterol intake by ezetimibe (318) and suppression of cholesterol
esterification by avasimibe (319) could further contribute to the understanding of cholesterol

homeostasis in tumorigenesis.
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