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Hepatocellular carcinoma (HCC) is one of common cause of cancer mortality
worldwide. The treatment for HCC has entered a new era with the development of molecular-
targeted therapies since the breakthrough discovery of sorafenib in 2007. Sorafenib, a multi-
kinase inhibitor, blocks tumor cell proliferation by specifically targeting multiple growth factor
pathways, and it exerts an anti-angiogenic effect. However, the survival benefit of sorafenib
treatment is unsatisfactory due to development of acquired drug resistance. Recently,
increasing body of evidence has shown that apatinib, a novel inhibitor of vascular endothelial
growth factor receptor-2 (VEGFR2), has good safety and potent therapeutic effect on Chinese
patients with advanced HCC. Due to these encouraging results, apatinib has received approval
for treatment of advanced HCC in China. Similar to other tyrosine kinase inhibitors, HCC cells
also acquire drug resistance to apatinib, which hinders its efficacy. To increase the treatment
efficacy of apatinib for HCC patients, combination therapy targeting multiple signaling
pathways may serve as a better treatment option by potentially circumventing drug resistance.

In this study, we first established apatinib-resistant HCC cells in vitro through stepwise
increase in apatinib dosage for 6 months. We afterward have characterized the resistant nature
of these cells by morphological analysis and functional assays like Annexin V staining,

migration and invasion assays and Western blotting. After verification, we have identified the



molecules/pathways associated with the resistance by comparing the genetic profiles between
apatinib-resistant HCC cells and their mock counterparts by RNA sequencing analysis. Upon
analysis, we discovered that CPY1A1, a family member of cytochrome P450 superfamily of
enzymes, was commonly upregulated in apatinib-resistant HCC cells with the highest fold-
change in expression levels, which was further confirmed by qPCR and western blot analyses.
Consistently, CPY1A1 enzymatic activity was also found to be upregulated in the resistant
cells.

We have successfully repressed the expression and activity of CYP1AT in HCC cells
through lentiviral-based gene knockdown. The CYP1A1-knockdown cells showed increased
sensitivity towards apatinib treatment in Annexin V staining. To further understand the
molecular mechanism of how CYP1A1 sensitizes the effect of apatinib, RNA sequencing
analysis was performed to compare the genetic profiles between CYP1A1-knockdown cells
and their non-target control (NTC) counterparts. Upon Ingenuity Pathway Analysis (IPA) and
Gene Set Enrichment Analysis (GSEA) analyses, we found that knockdown of CYP1A1
suppressed xenobiotic and bile acid metabolism, RhoGDI, SPINK1 and calcium signaling
pathways. All in all, our study not only showed the potential tumor suppressive effect of
apatinib on HCC cells, but also provides a mechanistic insight for the development of acquired
apatinib resistance in HCC cells. In conclusion, targeting CYP1Al and its downstream
pathways in combination with apatinib may be the potential therapeutic regimen for treatment

of advanced HCC patients.

(445 words)
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CHAPTER 1

INTRODUCTION TO HEPATOCELLULAR CARCINOMA
AND APATINIB
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Section 1.1  Epidemiology and Etiology of Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is a lethal disease and is one of the common
causes of mortality worldwide. The global distribution of HCC varies by region, sex,
and etiology. Liver cancer is a major health problem in developing countries. The
highest age adjusted incidence rates (>20 per 100,000) are recorded in East Asia and
sub-Saharan Africa, which accounts for 82% of liver cancer cases worldwide (R. X.
Zhu, Seto, Lai, & Yuen, 2016). In particular, over 50% of all new HCC cases worldwide
are reported from China (Zheng et al., 2018). A medium-high incidence rate is recorded
in Southern Europe, whereas low-incidence areas (<5 per 100,000) are recorded in
South and Central America, and the rest of Europe. Globally, liver cancer is more
prevalent in men than in women, with the male to female ratio ranging between 2:1 and
4:1 and the difference being much greater in high-risk regions (Liu et al., 2017). These
variations of distribution patterns are likely related to the prevalence of hepatitis virus

infection in the population and the existence of other risk factors.

HCC is a complex disease entity with multiple possible etiologies and is
associated with a number of risk factors and cofactors. Approximately 70-90% of
patients with HCC have an available case history of chronic liver disease and cirrhosis,
with major risk factors including chronic infection with hepatitis B virus (HBV),
hepatitis C virus (HCV), alcoholic liver disease, nonalcoholic fatty liver disease
(NAFLD), and nonalcoholic steatohepatitis (NASH). Additional risk factors for HCC
include aflatoxin exposure, diabetes, obesity, hemochromatosis, and metabolic

disorders (Sanyal, Yoon, & Lencioni, 2010).
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Chronic liver diseases result in continuous inflammation and damage to the liver,
fibrosis, and cirrhosis of the liver. Cirrhosis is a pathological condition in which the
liver cannot function properly due to long-term and continuous damage to the liver
causing irreversible scarring on it. In turn, cirrhotic liver frequently develops HCC as
the disease progresses (Ramakrishna et al., 2013). The pathogenesis of HCC is a
multistep process involving the progressive accumulation of molecular alterations
pinpointing different molecular and cellular events, such as alternations in the genes
related to the p53-RB pathway, Wnt signaling pathway, and chromatin-remodeling
pathways, which have been recently identified as significant driver-gene candidates in

HCC patients (Kanda, Goto, Hirotsu, Moriyama, & Omata, 2019).

1.1.1. Chronic HBV infection

Chronic infection with HBV has a close association with HCC. It is estimated
that more than 50% of HCC cases overall are attributable to chronic liver diseases such
as cirrhosis caused by chronic HBV infection. Moreover, it is responsible for 75-90%
of HCC cases in HBV endemic or hyperendemic regions (R. X. Zhu et al., 2016).
Globally, 270 million people are infected with chronic HBV, which is almost 5% of the
world’s populations (Nayagam et al., 2016). The majority of patients are found in the
HCC high-risk regions of Asia-Pacific and sub-Saharan Africa. Currently, 75% of
chronic HBV patients are found in Asia where chronic HBV infection accounts for 80%

of all newly diagnosed HCC.

1.1.2. Chronic HCYV infection
Chronic HCV infection is the leading cause of HCC in the Western countries

and Japan. It is estimated that approximately 180 million people worldwide are infected
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with chronic HCV, which accounts for about 3% of the world population (Lemoine,
Nayagam, & Thursz, 2013). HCV-infected patients have a risk of HCC increased by
15- to 20-fold. In Japan, the HCV prevalence is around 3% and an estimated 85% of
patients with advanced HCC have a case history of chronic HCV infection. In contrast,
the US has a lower HCV prevalence of 1.8% of its population, with approximately 60%
of patients with HCC being infected with chronic HCV (Axley, Ahmed, Ravi, & Singal,

2018).

1.1.3. Alcoholism

Alcoholism is well recognized as one of the causes of chronic liver disease and
HCC. According to the World Health Organization (WHO), liver disease is responsible
for 70% of directly recorded mortality from alcohol, and alcohol causes around 80% of
deaths from liver disease (Stickel, Datz, Hampe, & Bataller, 2017). Liver function is
responsible for most alcohol metabolism through three metabolic systems including the
microsomal ethanol oxidizing system, cytosolic alcohol dehydrogenase, and catalase.
Severe alcohol intake or chronic alcoholism overwhelming the capacity of the liver can
lead to liver damage through endotoxins, oxidative stress, and inflammation, enhancing

the development of cirrhosis and HCC (Testino, Leone, & Borro, 2014).

1.1.4. NAFLD and NASH
Increasing evidence has linked obesity, type 2 diabetes mellitus, and metabolic
syndrome closely to the risk and mortality of various cancers including NAFLD-related
HCC (Z. M. Younossi et al., 2011). NAFLD is the conditions where excessive fat is
built up in the liver with insulin resistance due to causes other than alcohol use,

according to the 11" revision of the International Classification of Diseases. NASH is
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the major type of NAFLD in which inflammation and cell damage occur in the fatty
liver, in turn resulting in liver cirrhosis and/or HCC. It is estimated that the current
prevalence rate of NAFLD has reached 24-30% of population worldwide (Z. Younossi
et al., 2018). The incidence of NAFLD-related HCC is rising globally in parallel with

the prevalence of obesity and diabetes.

Section 1.2 Current Treatments and Challenges

Therapeutic options for HCC patients are indicated by a cancer staging system.
A stage of cancer refers to the severity of the disease, such as the size and the spread of
the tumor, providing physicians with information about the disease details to determine
suitable treatments for the patients. There are many staging systems including the TNM
staging system and the Barcelona Clinic Liver Cancer (BCLC) classification.

The TNM system is the most widely used cancer staging system in hospitals
and medical centers as the main method for cancer reporting in general. The TNM
system describes the cancer by assessing the size and extent of the primary tumor, the
number of nearby lymph nodes that become cancerous, and whether the tumor has

metastasized to distinct parts of the body.

More specifically, the Barcelona clinic liver cancer classification creates a set
of criteria to guide the treatments for patients with HCC. It has been commonly
implemented as a guideline in hospitals and academics worldwide. The BCLC staging
system is developed from the results obtained in the setting of multiple cohort studies
and randomized controlled trials (Llovet, Bru, & Bruix, 1999). The BCLC is the first

system to recommend evidence-based clinical treatments for each patient at different
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stages, such as curative treatments for early stages as well as palliative treatments for

advanced stages (Figure 1).

HCC
l 1
Stage 0 StageA-C
PS 0, Child-Pugh A PS 0-2, Child-Pugh A-B
|
! !

Very early stage (0) Early stage ( A) Intermediate stage ( B)
Single< 2em.  Single or 3 nodules < 3cm, PS0  Multinodular, PS 0

| }
| l
Sr\qle 3 nodules <3cm
Poral pressure/ bilirubin l
l_. ncredsed Mmat?d diseases
' 1
MNormal Mo Yes
' +

'

Stage D
PS >2, Child-Pugh C

Advanced stage (C)  Terminal
Portal invasion. N1.M1. PS 1-2  stage (D)

Resection |Liver Transplantation| | RFA

TACE

Sorafenib

Symptomatic

treatment

Curative treatments

Palliative treatments

Figure 1. Therapeutic options for HCC patients are indicated by a cancer staging system. The

BCLC staging system to guide suitable treatments for patients with HCC (Bruix, Sherman, &

American Association for the Study of Liver, 2011).
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1.2.1. Liver transplantation / Surgery

The absence of proper curative treatments has encouraged extensive research
against HCC to develop new therapeutic strategies. Until now, surgical methods
including liver resection, transplantation, and radiofrequency ablation are considered
as the only curative treatments for patients with HCC at early stage but not at advanced
stage, because advanced HCC frequently has portal vein tumor invasion and
extrahepatic metastasis that the tumors cannot be removed solely by surgery. However,
owing to the fact that most patients do not have any noticeable symptoms associated
with HCC during early stage, diagnosis of HCC at early stage is usually challenging,
and thus the majority of HCC patients are diagnosed at the advanced or terminal stage.
In addition, there is still no curative treatment for patients with advanced and

unresectable HCC.

1.2.2. Chemotherapy

In case a patient cannot be treated surgically, palliative treatments are given to
the patient according to the BCLC staging system. Commonly, transarterial
chemoembolization (TACE) and sorafenib are used in the treatments of HCC at
intermediate and advanced stages respectively, but the TACE has limited efficacy in
achieving objective response, with a high risk of complications which can lead to death
in some cases. It is not recommended for patients with advanced HCC because this
intervention is precluded by portal vein thrombosis or tumor infiltrating blood vessels,
and thereby the patients can only receive sorafenib treatment as a palliative care until

terminal stage.
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1.2.3. Molecularly targeted therapy

Sorafenib is an orally active multi-kinase inhibitor drug that potently targets
multiple intracellular kinases such as RAF kinases and cell surface receptor tyrosine
kinases like vascular endothelial growth factor receptors (VEGFRs), platelet-derived
growth factor receptor beta (PDGFRp), KIT, RET, and FLT-3 (Llovet et al., 2008).
Sorafenib has been approved by the United States Food and Drug Administration
(USFDA) since 2007 and is currently used as a first-line standard of care for patients
with advanced and unresectable HCC. However, based on the fact that it confers limited
survival benefit, sorafenib is only considered as a palliative treatment for patients with

advanced HCC.

Although sorafenib is a great breakthrough in the development of therapeutic
interventions against HCC, the limitations of sorafenib treatment, mostly due to drug
resistance frequently resulting in tumor recurrence as well as treatment cost and severe
adverse events that require treatment dropout, have prompted current research to
explore possibilities of developing novel drug interventions against the disease. In 2017,
regorafenib, which is a derivative from sorafenib by addition of a fluorine atom in the
central phenyl ring and has stronger potency than sorafenib (Bruix et al., 2017), was
approved as a second-line treatment for patients with advanced HCC after failure of
sorafenib treatment. In 2018, lenvatinib, a multi-kinase inhibitor against the VEGFRs,
were approved as a first-line drug for patients with unresectable HCC (Kudo et al.,
2018). The VEGFRs are closely associated with tumor angiogenesis commonly
observed in HCC which is well characterized with hypervasculature. Other recently
USFDA -approved targeted drugs against advanced HCC include cabozantinib, a multi-

kinase inhibitor targeting VEGFR2, c-Met, AXL, and RET (Abou-Alfa et al., 2018).

21



1.2.4. Immune checkpoint therapy

Recent development of cancer immunotherapy has revealed a new era of drug
treatment for HCC. Nivolumab is a fully human immunoglobulin G4 Programmed
Death-1 (PD-1) immune checkpoint inhibitor antibody that effectively blocks the PD-
1 and promotes antitumor immunity (El-Khoueiry et al., 2017). It was approved in 2017
as a second-line treatment for advanced HCC. The PD-1 has been found to facilitate
cancer cells to escape from being killed by immune cells like T cells. Two other fully
human monoclonal antibody drugs involve ramucirumab, an anti-VEGFR2 antibody
(Zhuang et al., 2019), and pembrolizumab, an anti-PD-1 antibody (A. X. Zhu et al.,
2018). In the future, more novel drug interventions are expected to be approved for

advanced HCC.

Section 1.3  Apatinib as a Novel Drug for HCC

In recent years, advanced understanding over the molecular mechanisms
underpinning tumor initiation and progression have created opportunities for
developing novel drug interventions. Apatinib, also known as YN968D1 and
rivoceranib, is a novel anti-angiogenic agent targeting the vascular endothelial growth
factor receptor 2 (VEGFR?2), with encouraging preclinical and clinical performance in
treatments of various types of solid tumor. It has been approved by the China Food and
Drug Administration (CFDA) and marketed in China since 2014 as a second-line drug
treatment for patients with advanced, metastatic gastric cancer. In addition, it is also
undergoing phase II/III clinical trials in China for treatments of other types of cancer
including lung cancer (Y. Xu et al., 2019), breast cancer (NCT03535961), ovarian
cancer (Lan et al., 2018), osteosarcoma (Xie et al., 2019), colorectal cancer (X. Chen

et al., 2019), pancreatic cancer (NCT02726854), and hepatocellular carcinoma (Qin,
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1.3.1.

2014). Therefore, apatinib has potential antitumor activity across a broad range of

advanced solid tumors.

Apatinib is a novel VEGFR?2 inhibitor that possesses the highest selectivity as
compared with other multi-kinase inhibitors involving sorafenib. It effectively blocks
the migration and proliferation of vascular endothelial cells, reduces tumor microvessel
density, and suppresses tumor growth. Recently, increasing number of clinical trials
have proved that apatinib has good safety and potent therapeutic effect on patients with
advanced HCC. These encouraging results have collectively proposed that apatinib may
be possibly used as a subsequent line of treatment for advanced HCC. Therefore, this
study aims to provide evidence to support the stance that apatinib can be used as a
potent drug for treating HCC. In addition, drug resistance is a great concern during the
development of drug-based therapies, which can result in treatment difficulties and
failure. Currently, there is insufficient knowledge about the resistance to apatinib in
HCC, and it is of paramount importance to study the molecular mechanism underlying
the apatinib resistance in HCC, and thus this project will provide evidence related to
apatinib resistance in HCC in order to ultimately explore possibilities of developing

further therapeutic implications such as combination therapy.

Structure and biochemistry
Apatinib is an orally bioavailable, small molecule tyrosine kinase inhibitor
(TKI). This multi-kinase drug has a molecular formula of C24H23N50 with a molecular
weight of 397.48 g mol!. Apatinib is commercially available in the form of mesylate

salts, having a molecular formula of C2sH27N504S with a molecular weight of 493.58
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g mol'!. Apatinib mesylate has pale yellow solid appearance and is soluble in organic

solvents such as dimethyl sulfoxide (DMSO) and ethanol.

Intriguingly, apatinib has a molecular structure similar to vatalanib and AAL-
993 (Figure 2). Vatalanib is an anti-angiogenic and anti-neoplastic anilinophthalazine
that has been reported in early studies to selectively inhibits VEGFRs via binding to
the cytoplasmic protein kinase domain of these receptors. In addition, vatalanib is
comprised of a core phthalazine moiety which grants it promising anti-cancer potency.
The potent VEGFR inhibitor AAL-993 is designed from vatalanib by scaffold
morphing and subsequent lead optimization. AAL-993 contains a core anthranilamide
moiety that conformationally mimics the phthalazine core of vatalanib by forming a
pseudo-bicyclic ring through intramolecular hydrogen bonding between the amine
group and the carboxylic group, exerting inhibition of VEGFR2 activity (Furet et al.,
2003). Intriguingly, apatinib possesses an anthranilamide-like moiety as its core
structure with substitution of a carbon atom with a nitrogen atom in the aromatic ring.
The anthranilamide-like moiety is considered responsible for the potent antitumor
property of apatinib. The substitution however does not alter the formation of the
pseudo-bicyclic ring mimicking the structure of phthalazine, and thus the anti-cancer

potency of the core constituent can be conserved.
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Figure 2. The chemical structures of apatinib, vatalanib, and AAL-993. These three
compounds share structural similarities (orange) which confer the capability to interact with
the target proteins, while they are comprised of a hydrophobic bulk with distinctive features

(blue dotted).

The strong binding affinity of apatinib may be attributed at least in part to the
nitrile group present in the bulky 4-cyclopentylphenyl ring constituent, though the
detailed mechanism still needs to be elucidated. In drug-protein interaction, nitriles
often act as hydrogen bond acceptors, and the nitrile nitrogen can interact with amino
acid residues, such as serine or arginine as expected for hydrogen bond donors, or water
molecules which in turn are immobilized in the binding site (Fleming, Yao, Ravikumar,
Funk, & Shook, 2010). Besides, nitriles in most cases are not readily metabolized and
are eliminated unchanged. Apatinib is an a-aryl acetonitrile-bearing compound that
contains the nitrile group on a quaternary carbon adjacent to an aromatic ring.
Positioning the nitrile on a fully substituted carbon prevents oxidation at the nitrile-

bearing carbon and thereby prevents the release of toxic cyanide.
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1.3.2. Mechanism of action

Apatinib is a multi-kinase inhibitor that possess potential antiangiogenic and
antineoplastic activities. It selectively binds to and inhibits the kinase activity of
VEGFR2 with a half maximal inhibitory concentration (ICso) value of 1 nM (Tian et
al., 2011). Apatinib inhibits VEGF-stimulated endothelial cell migration and
proliferation and decrease tumor microvessel density. It also mildly targets c-Kit and
c-SRC tyrosine kinases. These kinases play an important role in tumor angiogenesis
and have been actively investigated as targets for development of novel drugs since
decades. In comparison with other tyrosine kinase inhibitors preclinically and/or
clinically investigated, apatinib has a VEGFR2-binding affinity incredibly higher than
vatalanib (ICso value =37 nM) and AAL-993 (ICso value =23 nM), as well as sorafenib
(ICso value = 90 nM), regorafenib (ICso value = 4.2 nM), and lenvatinib (ICso value =
4 nM) in cell-free assay conditions (Manley et al., 2002; Matsui et al., 2008; Wilhelm
et al., 2004; Wilhelm et al., 2011; Wood et al., 2000). As increased expression of
VEGFR2 has been frequently observed among patients with various types of cancer
including HCC, the high affinity of apatinib to VEGFR2 creates significant therapeutic
potential for it as an anti-cancer drug through suppressing its expression and

subsequently angiogenesis.

VEGFR?2 is a type III transmembrane kinase receptor which is comprised of an
extracellular ligand-binding domain, a transmembrane domain, and a cytoplasmic
tyrosine kinase domain (E. Li & Hristova, 2006). In the kinase domain, the highly
conserved DFG motif (Asp-Phe-Gly) located at the start of the activation loop,
positioning at the residues 1046-1048, is capable of sterically blocking the binding of

ATP by changing its conformation, and is a structural determinant of VEGFR2
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activation (Aziz et al., 2016). When the DFG motif is in an out conformation (“DFG-
out”), the side chain of Phe-1047 residue orientates toward the ATP binding pocket,
forming a new allosteric site to prevent the entry of ATP into the pocket, and
consequently the kinase domain is in its inactive state. On the other hand, in the “DFG-
in”” conformation, the side chain of Phe-1047 residue moves out of the pocket, allowing

for ATP binding, thus the kinase domain becomes activated.

Most VEGFR2 inhibitors target the tyrosine kinase domain. For example,
lenvatinib selectively binds to the “DFG-in” conformation, thereby blocking the
binding of ATP to the kinase, while many others involving apatinib, AAL-993,
vatalanib, sunitinib, sorafenib, and regorafenib bind to the “DFG-out” conformation,
locking the kinase in its inactive state (Elmeligie et al., 2019; Manley et al., 2004;
McTigue et al., 2012; Okamoto et al., 2015; Y. Wang et al., 2019; Zhao et al., 2014).
According to the difference in the kinase conformation binding selectivity, inhibitors
targeting the “DFG-in” state are classified as Type I inhibitors, whereas those binding

to the “DFG-out” state are commonly referred to as Type II inhibitors.

The chemical mechanism of how apatinib interacts with VEGFR2 is not clear.
A structural analysis (Lopez & Menendez, 2015) has proposed that in its analog AAL-
993, the N atom positioned in the terminal pyridine ring interacts with the hydrogen
atom at the N-terminus of Cys-919 residue in the VEGFR2. The O atom positioned in
the peptide bond interacts with the hydrogen atom at the N-terminus of Asp-1046
residue and the NH group interacts with the carboxylic terminus at the Glu-885 residue
in the receptor. In addition, the phenyl ring of the core anthranilamide is sandwiched

between the hydrophobic side chains of Val-916 and Lys-868 residues. The bulky
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phenyl substituent fits the lipophilic pocket of VEGFR2. As depicted in Figure 3, these

findings may provide insight into how apatinib binds to the tyrosine kinase domain of

the VEGFR2 receptor.
Lys-868
GIu-885
Cys-919
? Ser
?Arg Val-916
N
. ~
Hydrophobic
pocket
Asp -1046

Figure 3. A hypothesized mechanism of apatinib binding to VEGFR2. Apatinib is stabilized
itself by an intramolecular hydrogen bonding formed at the core anthranilamide (green dotted).
Upon interaction, the core anthranilamide is sandwiched between the Val-916 and Lys-868
residues, whereby the core peptide bond is interacted via intermolecular hydrogen bonding by
the Glu-885 and Asp-1046 residues (grey dotted). Additionally, the terminal pyridine ring is
interacted via a hydrogen bond with the Cys-919 residue (grey dotted). These interactions
interfere with the intramolecular hydrogen bonding and possibly cause a change in the three-
dimensional structure of apatinib. The bulky phenyl substituent is stabilized within the
hydrophobic pocket possibly via an interaction between the nitrile group and a serine or

arginine residue.
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1.3.3. Clinical trials

Apatinib is recently undergoing clinical trials on patients with various types of
cancer. In 2009, the first clinical trial for apatinib was undergone on patients with
chemotherapy-refractory advanced metastatic gastric cancer, with encouraging
outcomes revealing that apatinib has an effective anti-tumor activity with controllable
side effects (J. Li et al., 2010). Since then, clinical trials for apatinib have been spread
to other types of solid tumor including HCC. In 2014, Qin et al. underwent a phase II,
multicenter, randomized, open-label study for apatinib, enrolling 121 Chinese patients
with advanced HCC. The study recommended the dose for apatinib monotherapy as
high as 750-850 mg/day. The median time-to-progression (mTTP) and median overall
survival (mOS) were 3.3-4.2 and 9.7-9.8 months, with a disease control rate (DCR) of
43.8%. The recommended doses, however, were not tolerated by many HCC patients
especially with cirrhotic liver diseases as reported in late studies, those of which
reduced the dose to 500 mg/day or below. In 2017, a phase I, single-center, open-label
study (Kong et al.,, 2017), enrolling 22 Chinese patients with advanced HCC,
documented that apatinib at the dose of 250 mg/day showed an objective response rate

(ORR) and DCR 0f 40.9% and 81.8%, with a mTTP reaching 10.4 months.
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Table 1. Clinical trials of apatinib on patients with advanced HCC. ORR, objective response rate; DCR, disease control rate; mTTP, median time-

to-progression; mPFS, median progression-free survival; mOS, median overall survival.

No. of
patients ORR | DCR mTTP mPFS mOS
Study Trial enrolled Ethnicity Treatment Dose (%) (%) (month) (month) | (month)
Qin et al., Phase II, multicenter, . .. 750-850
2014 randomized, open-label 121 Chinese Apatinib me/day 5 43.8 3.3-4.2 N/A 9.7-9.8
Kong et Phase I, single-center, open- . . 250
al., 2017 label 22 Chinese Apatinib me/day 40.9 81.8 10.4 N/A N/A
Luetal., Phase I, single-center, . Apatinib plus TACE vs | 500
2017 randomized controlled 44 Chinese TACE alone mg/day 33 60 N/A 12.5 N/A
Chen et al., | Phase I, single-center, . Apatinib plus TACE vs | 500
2018 randomized controlled 80 Chinese TACE alone mg/day 458 >8.3 6.3 N/A 13
Yuetal. | ppase I, single-center 31 Chinese | Apatinib 200 3226 | 80.65 | 4.8 N/A N/A
2018 mg/day
Xu et al., Phase I, single-center, open- 13 Chinese Apatlmb plus 125-250 50 93 8 N/A 53 N/A
2019 label camrelizumab mg/day
Yang et Phase I, single-center, . Apatinib plus TACE vs | 250
al., 2019 randomized controlled 47 Chinese TACE alone mg/day 36 >6 N/A 45 16.5
. Phase III, multicenter,
Lietal, . . . 750
2020 randomized, placebo 393 Chinese Apatinib mg/day 10.7 N/A N/A 4.5 8.7
controlled, double-blind




In 2017, a phase I, single-center, randomized controlled study was carried out
to evaluate the combination effect of apatinib and transcatheter arterial
chemoembolization (TACE) on 44 Chinese HCC patients, showing an improved
median progression-free survival (mPFS) as long as 12.5 months (Lu et al., 2017). A
later study reported similar results in a retrospective study, with higher response rate
observed in the TACE-apatinib combination group (Chen, Yu, Zhang, & Liu, 2018). A
more recent publication also reported that TACE-apatinib combination treatment
significantly prolonged the mPFS and mOS in patients with advanced HCC compared
with TACE treatment alone (Z. Yang et al., 2019). In 2018, a phase I, single-center,
open-label study, enrolling 18 Chinese patients, was underwent to evaluate the
combination of apatinib with camrelizumab, an anti-PD-1 humanized monoclonal
antibody, on advanced HCC. The ORR and DCR were 50% and 93.8% respectively,
with a mPFS of 5.8 months (J. Xu et al., 2019). Although most of the studies are
performed in single-center with a small sample size, these studies provide evidence that
apatinib has promising potential for developing combination treatment with current
therapeutic practices and agents to enhance the therapeutic effects on advanced HCC
in the near future. In addition, the recently disclosed results from a phase III,
multicenter, randomized, placebo controlled, double-blind trial (Q. Li et al., 2020) for
assessing the efficacy of apatinib on 393 Chinese patients with advanced HCC proved
that apatinib significantly prolonged the mOS (8.7 months vs 6.8 months) and mPFS
(4.5 months vs 1.9 months) of the patients in apatinib-receiving group compared to

those with placebo, with manageable tolerance.

Many clinical studies have reported that apatinib was well tolerated by the

patients, though the occurrence of adverse effects was positively proportional to the



dose used. A considerable number of patients indeed showed intolerance to higher
doses, and they required to reduce the dose for a period of time or to terminate the drug
treatment. The safety and application of apatinib in patients seems to be strictly limited
by the concentration effect. For future drug development, it is essential to develop
feasible combination therapy regimes to enhance the therapeutic potential of apatinib

in HCC.
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CHAPTER 2

MATERIALS AND METHODS



Section 2.1  Materials
2.1.1. Agents
Apatinib was purchased from MedChemExpress (New Jersey, US). For all in
vitro assays, apatinib was first dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich)
at 100 mM as the stock concentration before further diluted with culture medium to the

desired concentrations.

2.1.2. Cell lines

Cell line Characteristics Source
PLC/PRF/5 HCC Japanese Cancer Research
Bank (JCRB0406)
MHCC-97L Metastatic HCC Liver Cancer Institute,
Fudan University
PLC/PRF/5-AR | Apatinib-resistant clone Derived from PLC/PRF/5 in
laboratory
MHCC-97L-AR | Apatinib-resistant clone Derived from MHCC-97L
in laboratory
293FT Human embryonal kidney cells | Invitrogen
transformed with the SV40 large
T antigen

2.1.3. Reagents for cell culture

Reagent | Vendor
Subculture
Gibco™ Dulbecco's Modified Eagle | Thermo Fisher Scientific
Medium (DMEM) with High Glucose
Gibco™ Fetal Bovine Serum (FBS) Thermo Fisher Scientific
Gibco™ Penicillin-Streptomycin Thermo Fisher Scientific
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Trypan Blue Invitrogen
Migration and Invasion assay
Matrigel™ Matrix | Corning (Corning, NY)
shRNA-based gene knockdown
Polybrene Sigma-Aldrich
Lipofectamine™ 2000 transfection | Invitrogen
reagent
Puromycin Sigma-Aldrich
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2.1.4.

Other reagents for experimental use

Reagent

Vendor

Cell proliferation assay

MTT

Flow cytometry

Annexin V-FITC reagent

BioVision (Milpitas, CA)

10X Annexin V binding buffer

BD Biosciences

SDS-PAGE and Western blotting

RIPA lysis buffer Cell Signaling Technology
NETN lysis buffer Prepared in laboratory
PhosSTOP™ Roche (Basel, Switzerland)

cOmplete™ EDTA-free protease
inhibitor cocktail

Roche

6X Laemmli buffer

1X SDS-PAGE running buffer

Prepared in laboratory

Methanol

1X Western blotting transfer buffer

Prepared in laboratory

5% skimmed milk

Prepared in laboratory

1X TBST washing buffer Prepared in laboratory
WesternBright™ ECL kit Advansta
WesternBright™ Quantum kit Advansta

Migration and invasion assay

Matrigel™ Matrix Corning

Crystal violet Sigma-Aldrich

RNA isolation

TRIZOL Reagent Invitrogen
Chloroform

Isopropanol

75% ethanol Prepared in laboratory
UltraPure™ DNase/RNase-free distilled | Invitrogen

water

Real-time PCR (qPCR)

PrimeScript™ RT reagent Kit TaKaRa

BrightGreen 2X qPCR MasterMix-ROX

Abm (Vancouver, Canada)

2.1.5. Primer sequences for qPCR analysis

Gene symbol Forward primer (5’-3’) Reverse primer (3°-5’)
(GenBank
Number)
CYPIAI1 TTTGGAGCTGGGTTTGA | TTACAAAGACACAACGC
(NM 000499.5) CAC CCC
GAPDH CCTCCTGGCGTCGTGATT | CAGAGGGCTACAATGTG
NM 001256799.3 | AGTG ATGG
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2.1.6. Short-hairpin RNA (shRNA) sequences

Gene symbol Nucleotide sequence (5°-3°)
(sequence number)
CYPI1ALI (20) CCGGCGACAAGGTGTTAAGTGAGAACTCGAGTTCT
CACTTAACACCTTGTCGTTTTTG
CYPIAI (21) CCGGCTGTCTGGTATTCTGGGTAATCTCGAGATTAC

CCAGAATACCAGACAGTTTTTG
Non-target control CCGGTTGTGCTCTTCATCTTGTTGCCGGCAACAAGA

TGAAGAGCACCAATTTTTG
2.1.7. Antibodies
Antibody Characteristics Vendor Usage
B-Actin Mouse monoclonal | Sigma-Aldrich Western blotting
a-Tubulin | Mouse monoclonal | Sigma-Aldrich Western blotting
Bax Rabbit monoclonal | Cell Signaling Technology | Western blotting
Bcl-2 Rabbit monoclonal | Cell Signaling Technology | Western blotting
Mouse monoclonal
CYPIA1 | Rabbit polyclonal | Origene Western blotting

Section 2.2  Methods
2.2.1. Cell culture

Two human HCC cell lines, PLC/PRF/5 and MHCC-97L were used in the
present study. The cancer cells were maintained in Dulbecco's modified eagle medium
with high glucose (DMEM/HG; Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (FBS; Thermo Fisher Scientific). PLC/PRF/5 and MHCC-97L were
employed to establish apatinib-resistant HCC cell lines named PLC/PRF/5-AR and
MHCC-97L-AR respectively. The resistant cells were established by exposure to
increasing concentrations of apatinib from an initial concentration of 5 uM to 20 uM as
the final concentration for 6 months. Then, the established cell lines were maintained
in the medium supplemented with apatinib at the final concentration. The mock cell

lines were maintained in the medium supplemented with DMSO at equivalent
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2.2.2.

concentration. All cells were cultured at 37°C in a humid atmosphere (5% CO2, 95%

air).

Cell proliferation assay

PLC/PRF/5 cells (1.5%10° per well) and MHCC-97L cells (2x10° per well)
seeded in 96-well plates were treated with apatinib at different concentrations for 72
hours. Then, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay was performed by replacing the medium with new culture medium containing
10% of MTT (5 mg/mL) for 3 hours. Light absorbance was measured at 570 nm on a

microplate reader (BMG Labtech, Germany).

2.2.3. Cell apoptosis assay

Cell apoptosis was detected by Annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide (PI) staining followed by flow cytometry (Accuri™ C6 flow
cytometer, BD Biosciences, New Jersey, USA). Cells (3x10* per well) seeded in 12-
well plates were exposed to apatinib at different concentrations for 48 hours. Then, the
cells were trypsinized and stained with Annexin V-FITC and PI for 10 minutes. The
apoptotic cells were quantified by measuring the percentage of Annexin V-FITC-

positive cells.

2.2.4. Western blotting

Cell lysates were prepared using radioimmunoprecipitation assay (RIPA) lysis
buffer (Cell Signaling Technology) or NETN lysis buffer containing cocktail protease
inhibitor and phosphatase inhibitor (Roche). Protein samples were mixed with 6X

Laemmli buffer and denatured at 100°C for 5 min, separated by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes (Millipore). After blocking with 5% skimmed milk for 30
minutes, the membranes were incubated with primary antibodies against Bax (1:1000;
Abcam), Bcl-2 (1:1000; Abcam), CYP1A1 (1:1000; Origene),

a-tubulin (1:1000; Sigma-Aldrich), and B-actin (1:1000; Sigma-Aldrich) overnight at 4
°C. After washing in Tris-buffered saline with Tween-20 (TBST) buffer for 1 hour, the
membranes were incubated with horseradish peroxidase-conjugated secondary
antibody for 1 hour at room temperature and further washed with TBST buffer for 2
hours. The signal was detected using WesternBright™ enhanced chemiluminescence

(ECL) kit or WesternBright™ Quantum kit (Advansta).

2.2.5. Cell migration and invasion assay

Transwell cell migration assays were performed using BD Falcon Cell Culture
Inserts. 5x10% cells were seeded in the inserts containing serum-free medium. The outer
chambers were filled with 1 ml of medium containing 10% FBS (PLC/PRF/5 and
PLC/PRF/5-AR) or conditioned medium (MHCC-97L and MHCC-97L-AR). The cells
were allowed to migrate for 24 hours. After incubation, non-migrating cells remaining
on the upper surface of the insert were removed with cotton swab. Migrated cells were
fixed by using 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10
minutes and stained with crystal violet for 1 hour at room temperature. The migrating

cells were observed under a light microscope and counted by using ImageJ software.

In the invasion assay, 1x10° cells (PLC/PRF/5 and PLC/PRF/5-AR) and 5x10*

cells (MHCC-97L and MHCC-97L-AR) were seeded in the inserts coated with
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Matrigel and allowed to invade for 24 hours. Invading cells were stained and analyzed

as described above.

2.2.6. RNA sequencing and data analysis

Total RNA from mock and apatinib-resistant HCC cells derived from
PLC/PRF/5 and MHCC-97L as well as the knockdown clone shCYP1A1#20 derived
from each mock control were extracted as described. RNA quality was confirmed with
Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA) to have an OD260/280 ratio within
the range of 1.8 to 2.0 and an RNA integrity number (RIN) value higher than 8.0. RNA-
sequencing was performed with Illumina Solexa sequencing using Hiseq 1500
sequencer (Illumina, San Diego, CA). Indexed library construction, HiSeq sequencing
run (pair-end sequencing of 101bp). The primary analysis was performed on the
transcriptome data. The transcriptome data generated from RNA sequencing were
imported into Microsoft Excel software for calculation of gene expression in the

apatinib-resistant HCC cells.

Genes detected with Transcripts per Million (TPM)<I were considered as
undetectable and excluded from the counted gene lists. The counted genes were ranked
according to the fold change in gene expression calculated by the ratio of TPM in
apatinib-resistant cells over TPM in mock control cells. Ratios greater than 1 were
regarded as up-regulated while ratios smaller than 1 were regarded as down-regulated.
Subsequently, the top-ranked 30 up-regulated genes in each apatinib-resistant HCC
cells were listed in terms of descending TPM ratio. A common target candidate with

the highest gene upregulation was selected from the ranked lists.
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The secondary analysis was performed using the Gene Set Enrichment Analysis
(GSEA) or the Ingenuity Pathway Analysis (IPA) software. The gene expression data
were employed in the GSEA to investigate the overall alternation in metabolic signaling
pathways, and to reveal the associations between the common target and the pathways
in the apatinib-resistant cells and the lentiviral-based knockdown cells. The IPA was
used to explore the possible signaling pathways associated with the gene knockdown
in HCC cells. Down-regulation or up-regulation of a signaling pathway was determined

by its activation Z-score which was regarded as negative or positive.

2.2.7. RNA isolation, sequencing analysis and qRT-PCR

Total RNA was extracted using RNAiso Plus (TaKaRa, Japan) according to the
manufacturer’s protocol. Total RNA samples were sent to Queen Elizabeth Hospital,
Kowloon, Hong Kong for sequencing. The sequencing results obtained were
subsequently compiled into gene set enrichment analysis (GSEA) for pathway analysis.
The extracted RNA was quantified using NanoDrop™ One/One® Microvolume UV-
Vis Spectrophotometer (Thermo Scientific, USA). Then, complementary single strand
DNA (cDNA) was synthesized using PrimeScript™ RT Master Mix (TaKaRa, Dalian,
China). For the quantitative PCR, BrightGreen 2x qPCR MasterMix-ROX
(Coderegenesis Biosciences) was used. The PCR primers were designed by using
National Center for Biotechnology Information (NCBI) Primer-BLAST as described in
Materials. Experiments were independently performed in triplicate. Data are shown as

mean + standard deviation (SD).
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2.2.8. Construction of human CYP1A1 shRNA
The human CYPIA1l shRNA was designed by taking reference from the
SIGMA mission website. The shRNA sequences were designed as described in
Materials. The shRNA was re-annealed and cloned by using PCR method, ligated by

T4 DNA ligase (Invitrogen) with the plasmid vector pLKO.1-Puro.

2.2.9. DNA gel electrophoresis and plasmid transformation
The ligated product was confirmed by DNA gel electrophoresis, and then
transformed into E. coli DH5a cells by using heat shock method at 42°C for 1.5 minutes.
The transformed cells were subsequently cultured in Lysogeny broth without
puromycin for 30 minutes and spread on agar plates with adding puromycin for colony

selection. The plates were incubated at 37°C overnight.

2.2.10. Lentiviral-based gene knockdown

shCYP1AT1 knockdown cells were established through lentiviral-based method.
293FT cells were seeded in 60mm culture dish and transfected with packaging mix and
lentiviral vectors containing the shRNA sequences when 90% cell confluency was
reached. The transfection medium was replaced by fresh culture medium supplemented
with 20% FBS after 24 hours. The lentivirus-containing medium was collected 48 hours
after the transfection and was centrifuged at 3,000 rpm for 5 minutes at 4°C prior to
infection. HCC cells were infected by directly adding the lentivirus-containing medium
to the culture medium of HCC cells together with polybrene (Sigma) at final
concentration of 8 pg/mL. The infected HCC cells were selected by 1 to 2 pg/mL of
puromycin (Sigma) depending on cell lines. The knockdown efficiency was confirmed

by Western Blot analysis and qPCR analysis.
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2.2.11. CYP1A1 enzymatic activity assay
The enzymatic activity of CYP1A1 was measured by using the Promega P450-
Glo™ CYPI1A1 Assay System V8751. Mock and apatinib-resistant cells derived from
PLC/PRF/5 were seeded with a density of 2,000 cells/well in 96-well plates. After 24
hours, the cells were washed with PBS, and the culture medium was replaced with fresh
medium containing the luminogenic substrate according to the manufacturer’s protocol.
Fine adjustments were made: Luciferin-CEE final concentration with 1:100 dilution,

and medium volume 40ul/well. Following incubation for three hours at 37°C, 25uL of

culture medium was transferred from each well to a 96-well opaque white luminometer
plate at room temperature. Then, 25uL of luciferin detection reagent was added to the
wells, followed by further incubation for 20 minutes at room temperature. The

luminescence was detected by CLARIOstar reader (BMG Labtech, Germany).

2.2.12. Statistical analysis
All statistical analyses were performed using the statistical software including
IBM SPSS Statistics 21 (SPSS Inc., Chicago, USA) and GraphPad Prism 6 (GraphPad
Software Inc., California, USA). Two-tailed P <0.05 was considered statistically

significant.
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CHAPTER 3

ESTABLISHMENT AND CHARACTERIZATION OF
APATINIB RESISTANT HCC CELLS



Section 3.1  Introduction

HCC accounts for more than 70% of liver cancer cases worldwide and is highly
malignant, recurrent, and drug-resistant. It is usually diagnosed at advanced stages and
thus inoperable. Although sorafenib has long been prescribed as the standard first-line
drug treatment for advanced HCC over more than a decade, the treatment outcome is
often ineffective and post-therapy recurrence rate is frequently high. The inefficacy of
sorafenib treatment can be attributed to the fact that cancer cells develop acquired drug
resistance during treatment of tumors that were initially sensitive. In addition, acquired
resistance can be caused by mutations arising during treatment and through various
other adaptive responses mediated by resistance drivers or by the tumor

microenvironment (Figure 4).

The lack of therapeutic options for HCC stimulates the emergence of new
classes of cancer therapeutics, such as orphan drugs. Apatinib is an orphan drug
candidate that has been approved since 2014 in China for advanced gastric cancer, and
is increasingly receiving awareness on its potential effectiveness against other types of
solid tumor including advanced HCC. Multiple clinical trials have been promptly
carried out to evaluate the safety and efficacy of apatinib on HCC patients and are
receiving encouraging results. However, current understanding of acquired resistance
to apatinib in cancer is very limited. Only a handful of studies have revealed some key
players that mediate acquired resistance to apatinib in advanced gastric cancer, and the
knowledge about such resistance in other types of cancer like HCC remains largely

unknown.
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Previous studies have focused on acquired drug resistance as a major hindrance
to chemotherapy and molecularly targeted therapy for HCC. Although various
mechanisms of acquired chemoresistance have been identified using in vitro and in vivo
models, these mechanisms do not solely mediate the resistance and do cooperate with
each other or multiple pathways through protein-protein interactions, many of them
involving dysregulated metabolic signalling pathways. The cross-linking of these
mechanisms largely limits the applicability of single drugs in HCC treatment. In
addition, based on the fact that most of current drugs widely used in cancer therapy are
commonly kinase inhibitors that target different ranges or groups of kinase, cancer cells
may develop different ranges of acquired resistance mechanism corresponding to the
drug actions. Since clinical trials studying apatinib on HCC have been started in China
for years and will be conducted on a geographically larger scale in the near future,
apatinib is receiving interest from researchers worldwide, with more literature available
on its potential for cancer treatments in combination with other therapeutic agents. It is
of utmost urgency to study the molecular mechanisms underpinning the acquired
resistance to apatinib in HCC in order to increase the applicability of apatinib in cancer
therapy. Hence, the foremost objective of this study is to identify a key player that

regulate the mechanisms of acquired resistance to apatinib.

To attain this objective, we established apatinib-resistant human HCC cell lines
derived from PLC/PRF/5 and MHCC-97L cell to investigate the potential pathways
mediating the resistance. Human HCC cells were continuously exposed to increasing
concentrations of apatinib until reaching a final concentration at which the cells were
maintained. In response to the drug treatment, the cell growth decreased whereas the

cell death increased, presumably as apatinib inhibited the cell growth and killed most
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of the sensitive HCC cells. After an extensive time period of treatment with apatinib
for 6 months, most of the cells that survived were believed to be resistant to apatinib
treatment (Figure 5). In vitro functional assays including apoptosis assay, Western blot,
and migration/invasion assay, were performed to characterize and confirm the apatinib-

resistant HCC cell lines.
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Target cell-cell interactions
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Figure 4. Models of acquired drug resistance in cancer cells. Cancer cells develop acquired
drug resistance during treatment of tumors that initially respond to the drug. Resistant cancer
cells survive after various rounds of drug treatment. Current models of acquired drug resistance
mechanism in cancer include pre-existing resistance, drug-induced metagenesis, and tumor
microenvironment-mediated resistance. Each provides distinct therapeutic opportunities, but

multiple mechanisms may occur simultaneously within the tumor.
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Section 3.2  Experimental Scheme

Apatinib sensitivity of human HCC cell lines were
determined by dose-response analysis

Human HCC cells were continuously exposed to
increasing concentrations of apatinib or DMSO

In response to apatinib, most of sensitive cells died
while resistant cells survived and proliferated

/\ After 6-month treatment, all surviving cells were

believed to be resistant to apatinib

@ In vitro functional assays
@ 5 © . -
\\//\C\:\; Apoptosis staining
@ Western blot

Migration/Invasion

Figure 5. Illustrated experimental scheme for establishing and characterizing apatinib-resistant

HCC cell lines.
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Section 3.3 Results

3.3.1. Human HCC cell lines showed differential sensitivity to apatinib

In order to investigate the mechanism of apatinib resistance in HCC in vitro,
apatinib-resistant HCC cell models were established. Apatinib sensitivity of human
HCC cell lines were tested by dose-response analysis as a pilot study to determine the
initial dose for establishing the drug-resistant cell models. Apatinib sensitivity was
examined in two human HCC cell lines, PLC/PRF/5 and MHCC-97L using MTT assay
(Figure 6). The cells were exposed to different concentrations of apatinib for 72 hours.
Higher inhibition effect on cell growth was detected in MHCC-97L (ICso value = 17.65
uM) compared with PLC/PRF/5 (ICso value = 34.12 uM), indicating that MHCC-97L

cells had a higher apatinib sensitivity than PLC/PRF/5 cells.
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Figure 6. Human HCC cell lines had different sensitivity to apatinib with different ICso values.
The experiments were performed in triplicate. All data are shown as mean + SD. The curves
represent the best-fit curve for each cell line. The calculated IC50 value for each cell line is

shown in the graph.
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3.3.2. Establishment of apatinib-resistant HCC cell lines
Two human HCC cell lines, PLC/PRF/5 and MHCC-97L, were employed to establish
apatinib-resistant cell models, namely PLC/PRF/5-AR and MHCC-97L-AR, in 6
months. The cells were continuously exposed to increasing concentrations of apatinib
(Figure 7). The HCC cells were initially treated with apatinib at 5 uM. In parallel, the
mock cells were treated with DMSO at the corresponding dose as the control. During
the first month, the dose was gradually escalated to 15 uM as the lower doses did not
obviously suppress the cell growth. At 10 uM, the cell growth was marginally inhibited
in MHCC-97L but not in PLC/PRF/5. When the dose was increased to 15 uM, both cell
lines showed retarded cell growth, where significant retardation in the cell growth and
proliferation was observed in MHCC-97L. The cells were maintained at 15 uM of
apatinib for 5 months to allow the cells to recover and stabilize at the concentration,
and later the dose was further escalated to 20 uM. Finally, the cells were maintained at

20 uM as the final concentration for a month before performing the functional assays.

Apatinib-sensitive 1. Change in cell morphology Apatinib-resistant
human HCC cells 2. Alternation in cell metabolism human HCC cells

3. Reduction in apatinib sensitivity

/ffé_\S 4. Increase in aggressiveness
L@ >
-

Treatment period Day 7 Day 30 5th month 6th month
| Dose escalation | Recovery & dose escalation Maintenance
Dose 5uM 15 uM 20 uM

Figure 7. Establishment of apatinib-resistant human HCC cell lines in 6 months.
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3.3.3. Apatinib-resistant HCC cells exhibited distinct morphological changes as
compared to their mock controls

The morphology of apatinib-resistant HCC cells was observed under a bright-

view microscope regularly during and after the establishment process. The resistant

cells were morphologically distinct from their mock cells, having less cell-cell adhesion

with fibroblast-like spindle-shaped morphology (Figure 8). In addition, the growth of

the resistant cells was slower than the mock cells after the extensive establishment.

Apatinib

PLC/PRF/5

MHCC-97L

Figure 8. Apatinib-resistant HCC cells displayed distinctive morphological changes as

compared to their mock cells. The black arrow indicates the resistant cells.
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3.3.4. Apatinib-resistant HCC cells showed resistance to apatinib-induced apoptosis

The responsiveness of the HCC cells to apatinib-induced apoptosis was
examined by Annexin V/PI staining. Compared with their mock control cells,
PLC/PRF/5-AR cells grew more slowly when treated at 20 uM of apatinib in complete
medium, and showed less apoptosis when being exposed to higher concentrations in
the medium containing 2% FBS for 48 hours (12.79% vs 14.73%; 14.48% vs 24.98%;
18.77% vs 34.75% when treated with 30, 50 and 80 puM respectively). Similarly,
compared with the mock, MHCC-97L-AR cells proliferated more slowly when
maintained at 20 uM of apatinib in complete medium, and displayed less apoptosis
when being exposed to 20 and 30 uM in the medium containing 5% FBS for 48 hours
(9.56% vs 25.5%; 26.65% vs 41.8% respectively) (Figure 9). PLC/PRF/5-AR and

MHCC-97L-AR cells were much resistant to apatinib.

Protein expression levels of apoptotic markers were examined by Western blot
analysis (Figure 10). Apatinib-resistant cells displayed higher expression of
endogenous Bcl-2 in both PLC/PRF/5 and MHCC-97L as compared with their mock
control cells, when treated with apatinib at 50 and 80 uM for 48 hours. Bcl-2 functions
as an anti-apoptotic regulator which suppresses the formation of pore on the outer
mitochondrial membrane by dimerization of pro-apoptotic proteins like Bax to release
cytochrome ¢ inducing subsequent caspase cascade. Intriguingly, the expression levels
of endogenous Bax did not show a significant difference in PLC/PRF/5-AR but were

slightly increased in MHCC-97L-AR.
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Figure 9. Apatinib-resistant HCC cells showed higher resistance to apatinib-induced apoptosis.

The experiments were performed in triplicate. Student’s t-test, *p<0.05; **p<0.01; ***p<0.001.
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Figure 10. Apatinib-resistant HCC cells exhibited a lower ratio of Bax/Bcl-2 expression

compared with their mock cells in response to apatinib treatment. AR, apatinib-resistant cells.
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3.3.5. Apatinib-resistant HCC cells showed increased migration and invasion abilities
The migrating and invading potentials of apatinib-resistant human HCC cells

were assessed using trans-well assays for 24 hours (Figure 11). In PLC/PRF/5, the
migration capability of the resistant cells was increased by approximately 1.5-fold (p <
0.01), whereas the invasion capability of the cells increased by approximately 2-fold (p
<0.01), compared with its mock cells. In MHCC-97L, the migration capability of the
resistant cells was increased by approximately 1.5-fold (p <0.05), whereas the invasion
capability of the cells was increased by approximately 1.6-fold (p < 0.01), compared

with its mock cells. These results indicate that the resistant cells possessed higher

potential to migrate and invade.
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Figure 11. Apatinib-resistant HCC cells displayed higher migratory and invasive capabilities

compared with mock cells. Each experiment was performed in triplicate. Student’s t-test,

*p<0.05; **p<0.01.
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Section 3.4  Discussion

34.1.

In this part of the study, two apatinib-resistant HCC cell models using human
HCC cell lines PLC/PRF/5 and MHCC-97L were established by continuous exposure
to escalating concentration of apatinib. There is limited therapeutic options for patients
with advanced HCC. Apatinib has been recently proposed as a promising agent against
HCC and is undergoing clinical trials in China. An increasing body of encouraging data
has been reported. However, the problem of acquired drug resistance in cancer cells is
inevitable. The current knowledge about apatinib resistance in HCC is lacking. The
most direct and simplest way to study drug resistance in cancer cells is to establish a
drug-resistant cell model. Clinically relevant models are developed with the aim of
mimicking the conditions cancer patients experience during the treatment. The cell
models were initially treated with lower doses of apatinib. The cells were sub-cultured
in drug-free media and treated with apatinib the following day. When the cells became
stable, the dose was gradually increased until the final concentration was reached. This

strategy mimics the cycles of treatment a cancer patient receives in the clinic.

Apatinib-resistant HCC cells exhibit morphological changes

Exposure to apatinib was responsible for inducing apoptosis and morphological
changes of the HCC cells. The apoptotic cells had typical morphological changes, such
as cytoplasmic shrinkage and membrane blebbing, when optically observed. Increased
cytoplasmic vacuolation was also observed during the treatment. In the 6-month
extensive establishment process, the HCC cells became resistant to apatinib and
displayed a fibroblast-like spindle-shaped cell shape slowly. The resistant cell
morphology became more drastic when the confluence of the cells increased and when

the treatment continued after 48 hours post-subculture. Comparatively, the change in
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the cell morphology is more obvious in PLC/PRF/5-AR cells than in MHCC-97L-AR
cells. The difference may be explained by the observation that the MHCC-97L-AR cells
gradually turned round-shaped with time when the apatinib dose increased during the
treatment. Intriguingly, these cells were not apoptotic or dead as they did not exhibit
the distinct apoptotic cell morphology or detach from the bottom of culture dish, as well
as the cell confluence increased when treatment time progressed. The MHCC-97L-AR
cells might be vulnerable, even the cells could survive and proliferate, when being
maintained at 20uM of apatinib, as increasing number of the resistant cells resumed the
‘resistant type’ morphology when the apatinib dose was reduced to 10uM (data not
shown). However, our resistant cell models were not maintained at 10uM as the final

dose setting.

3.4.2. Apatinib-resistant HCC cells are more resistant to apatinib-induced apoptosis
than the mock via expressing lower ratios of Bax/Bcl-2

Induction of apoptosis is one of the important approaches in cancer drug

development. One of the cellular mechanisms that contribute to drug resistance is

inhibition of apoptosis, which promotes cell survival during and after drug treatments.

In the apoptosis assay using flow cytometry, it has been shown that compared with the

mocks, the resistant HCC cells are more resistant to apatinib-induced apoptosis in

response to the increased dose of the drug.

The intrinsic pathway of apoptosis is regulated by the B-cell lymphoma 2 (Bcl-
2) protein family. The Bcl-2 family proteins control apoptosis at the mitochondria by
regulating mitochondrial outer membrane permeabilization (MOMP) by multidomain

pro-apoptotic proteins such as the Bcl-2-associated X protein (BAX) and the Bcl-2
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homologous antagonist/killer (BAK). The MOMP results in the cytosolic release of
pro-apoptotic mitochondrial intermembrane space proteins like cytochrome c, leading
to caspase activation and apoptotic cell death. The Bcl-2 protein was highly upregulated
in the apatinib-resistant human HCC cell lines established. The Bcl-2 is widely
accepted as an anti-apoptotic gene. In cancer cells, overexpression of this cellular
protein often blocks or delays onset of apoptosis, which reduces the cell sensitivity to

apatinib and gives rise to the drug resistance.

The Bcl-2 protein has been shown to be associated with sorafenib resistance in
HCC as significant increases in the Bcl-2 expression were observed in sorafenib-
resistant human HCC cell lines (Tutusaus et al., 2018). In our apatinib-resistant human
HCC cell models, we also observed a significant increase in the Bcl-2 expression. This
observation agrees with the previous findings that the Bcl-2 expression is closely
associated with drug resistance in the cancer cells. Although the Bax protein expression
did not show a consistent trend in the resistant cell models, we could show that a low
Bax/Bcl-2 ratio was a characteristic for apatinib-resistant cells and a high Bax/Bcl-2
ratio was characteristic for apatinib-sensitive cells. The ratio of Bax/Bcl-2 determines
the susceptibility of HCC cells to apatinib-induced apoptosis and thus the apatinib

resistance in HCC cells.

3.4.3. Apatinib resistance confers higher potentials for migration and invasion
The trans-well migration and invasion assays are used to analyze the ability of
the apatinib-resistant HCC cells to directionally respond to chemo-attractants such as
growth factors. In the assays, it has shown that the resistant cells have higher

capabilities to migrate and invade. Migratory and invasive capabilities of cancer cells
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are the key aspects of metastasis, which are mainly driven by cell motility (Le Devedec
et al., 2010). The motility of cancer cells is dependent on the changes in cell
morphology caused by dynamic modifications in the polymerization of Actin leading
to rearrangements of the cytoskeleton (Vignjevic & Montagnac, 2008). The changes in
cellular morphology and their impact on cell motility are associated with alternations
among epithelial and mesenchymal phenotypes. The epithelial-to-mesenchymal
transition (EMT) is often linked to morphological modifications, cytoskeleton
remodeling, loss of tight junctions, and acquisition of migratory and invasive capacities
(Valastyan & Weinberg, 2011). Recent evidence reveals that apatinib inhibits the
invasion and metastasis of HCC cells thorough downregulation of calcium-dependent,
zinc-containing matrix metalloproteinases (MMP)-related proteins, whose activities are
post-translationally controlled by endogenous tissue inhibitors of metalloproteinases
(TIMP), by regulating the nuclear factor kappa B (NF-xB) signaling pathway (He et al.,
2020). The involvement of MMP has been frequently reported in activation of EMT
leading to development of drug resistance in various cancer types. The question
whether MMP would play a part in apatinib resistance in HCC should be addressed.
Further investigation is needed to verify the relationship between apatinib resistance

and EMT.
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CHAPTER 4

IDENTIFICATION OF CYP1A1 AS A KEY PLAYER IN
MEDIATING APATINIB RESISTANCE IN HCC



Section 4.1  Introduction
Acquired drug resistance is one of the major problems in chemotherapy and
molecularly targeted therapy. The development of drug resistance in cancer cells during
treatments often render the therapies ineffective as tumors being more drug-resistant
relapse after the treatments and are associated with high morbidity and mortality.
Understanding of how acquired drug resistance is mechanistically mediated in cancer
cells is of utmost importance to develop novel medications and increase the

applicability of drugs currently available in cancer treatments.

Although sorafenib has been approved by the United State Food and Drug
Administration (USFDA) as the first standard drug for advanced HCC, the emergence
of novel therapeutics has stagnated over a decade until the approval of lenvatinib in
2017. More importantly, recurrence is frequently observed in patients with advanced
HCC after receiving sorafenib treatment. This indicates that HCC cells develop
acquired resistance to sorafenib during or after repeated treatments. In recent years,
orphan drugs are receiving much attention by drug scientists as an increasing body of
evidence has proven them as potential promising medications against cancer. Apatinib
is currently undergoing multiple clinical trials on HCC patients, but studies on the
acquired resistance to apatinib in HCC are very insufficient. Current knowledge about
the molecular mechanisms underlying apatinib resistance in cancer is little. Only a
handful of studies have reported some key contributors mediating apatinib resistance
in gastric cancer (Teng, Xu, Chen, et al., 2018; Teng, Xu, Lyu, et al., 2018). Unveiling
the mechanisms mediating apatinib resistance can provide clearer knowledge about the

drug interactions and more precise decision on prescribing apatinib to cancer patients.
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The fact that acquired drug resistance is driven by single or multiple
mechanisms in tumor cells critically limited the efficacy of cancer drugs. In order to
create a global picture of cellular functions, we investigate the changes in the gene
expression in the resistant cell lines by performing RNA sequencing. The use of RNA
sequencing has the power to expedite the identification of drug resistance determinants
and biomarkers in HCC cells. Based on the RNA sequencing data obtained, we
performed the pathway analysis by using the Gene set enrichment analysis (GSEA) to
study the pathways closely associated with the apatinib resistance acquired by the cells.
Following identification and selection of the target gene candidates, the functional roles
of the target gene in regulating apatinib resistance were characterized by gene
knockdown approach and subsequent in vitro functional assays as well as by studying
the upstream signaling components. These steps were essential for the selection of
specific inhibitors and hence the development of drug combination regime with

apatinib (Figure 12).
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Section 4.2  Experimental Scheme
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Figure 12. Illustrated experimental scheme for identifying the CYP1A1 as a key player in
mediating apatinib resistance in HCC cells.
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Section 4.3  Results

4.3.1. RNA sequencing revealed the CYP1A1 gene as the target candidate potentially
having the closest association with apatinib-resistance in HCC cells

RNA sequencing was performed to profile the overall alternation of gene

expression in PLC/PRF/5-AR and MHCC-97L-AR cells compared with their
corresponding mock. The expression of approximately 5000-6000 genes were altered

to different extent, with 4279 genes being commonly up-regulated (transcripts per
million (TPM) fold change >1) and 2832 genes being commonly down-regulated (TPM

fold change <1) in the two apatinib-resistant cell lines (Figure 13A). A total of 23 genes

were found to be >2-fold up-regulated (Log>(TPM fold change) >1) commonly in both
apatinib-resistant human HCC cell lines when compared with their corresponding

DMSO-treated mock (Table 2).

The cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1AT1) gene
was target candidate that ranked the highest upregulated commonly in both established
apatinib-resistant HCC cell lines. Following the CYP1A1, the second target candidate
was the Chromosome 10 Open Reading Frame 90 (C100rf90) that ranked second in
MHCC-97L (Log2(TPM fold change) = 2.96) and fifth in PLC/PRF/5 (Log>(TPM fold
change) = 4.45) in response to the treatment (Figure 13B). The C100rf90 gene
currently is not well understood and whether this gene has association with drug
resistance in HCC remains largely unknown. The C100rf90 encodes for the Fragile-site
Associated Tumor Suppressor (FATS), an (E2-independent) E3 ubiquitin-conjugating

enzyme, that is believed to function in centrosome formation.
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Figure 13. Metabolic functions and overall gene expression were altered in apatinib-resistant
HCC cells. (A) Venn diagrams showing 4,279 genes being commonly up-regulated (TPM fold
change >1) and 2,832 genes being down-regulated (TPM fold change <1) in PLC/PRF/5-AR
and MHCC-97L-AR compared to their mock. (B) Top-ranked 30 genes up-regulated in
apatinib-resistant PLC/PRF/5 and MHCC-97L cells compared with their corresponding mock

cells. CYP1A1 ranked third in PLC/PRF/5 cells and first in MHCC-97L cells.
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Table 2. A total of 23 genes found to be >2-fold up-regulated (Log2(TPM fold change) >1) commonly in the two apatinib-resistant human HCC

cell lines (PLC/PRF/5-AR and MHCC-97L-AR) when compared to their corresponding mock-treated (DMSO) cells by RNA sequencing. The
function(s) of the gene or its association with disease(s) is tabulated accordingly.

Genbank

L Log:(TPM fold change)
Accession Gene
Number Symbol Gene name Function(s) PLC/PRF/5 | MHCC-97L
1 NM 000499 5 CYPIAI Cytochrqme P450, family 1, subfamily A, Xenobiotic metabghsm, stermd hormone biosynthesis, 464 6.10
- polypeptide 1 tryptophan and retinol metabolism
2| NM_0010042983 | Cloorfoo | Shromosome 10 Open Reading Frame 90/ Fragile- | o osome formation 4.45 2.96
- site associated tumor suppressor
3 NM_001303040.2 | ITGA10 Integrin Subunit Alpha 10 PI3K/Akt signaling, cell-extracellular matrix adhesion 2.64 2.40
4 | NM 0324614 | SPANXBI | SPANX Family Member B Regulation of testis-specific gene transcription and 1.71 2.36
- translation
5 NM_004104.5 FASN Fatty acid synthase Fatty acid biosynthesis, AMPK and insulin signaling 1.06 2.22
6 | NM_198461.3 LONRF2 I};ggef‘;p“dase N-Terminal Domain And Ring Association with ATP-dependent peptidase 1.49 2.00
7 NM 015444.3 TMEM158 | Transmembrane Protein 158 Association with ovarian carcinogenesis 1.40 1.95
8 NM_001286352.3 | OLFML3 Olfactomedin Like 3 Pro-angiogenic factor 5.06 1.91
9 NM_030762.3 BHLHE41 | Basic Helix-Loop-Helix Family Member E41 Circadian rhythm 1.40 1.86
10 | NM_004915.3 ABCGI ATP-binding cassette sub-family G member 1 ABC transporter 4.48 1.65
11 NM_003048.6 SLC9A2 Solute Carrier Family 9 Member A2 Na+/H+ exchanger 2.74 1.62
12 | NM_001818.4 AKRIC4 | Aldo-keto reductase family | member C4 /3a- Bile acid and steroid hormone biosynthesis 1.05 1.58
- Hydroxysteroid dehydrogenase
13 | NM_001256566.2 | F2RL2 Coagulation factor Il receptor-like 2 / Protease Thrombin signaling 2.81 1.57
- activated receptor 3
14 | NM_001197181.2 | TUBB3 Tubulin Beta 3 Class III Microtubule formation 1.17 1.57
15 NM 001432.3 EREG Epiregulin MAPK, ErbB and PI3K/Akt signaling 1.70 1.49
16 NM_001199380.1 | RNF145 Ring Finger Protein 145 Sterol-responsive ER-resident E3 ligase 1.10 1.40
17 NM 0012772262 | LGRS Leucine-rich repeat-containing G-protein coupled Wht signaling 1.04 1.37
- receptor 5
18 | NM 0022365 | KCNF1 | Potassium Voltage-Gated Channel Modifier Ton channel 1.58 132
- Subfamily F Member 1
19 | NM_001104554.1 | PAQRS Progestin And AdipoQ Receptor Family Member 5 | Progesterone signaling 1.20 1.23
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Junctional Protein Associated With Coronary

20 | NM_001350001.2 | JCAD . Association with CAD and myocardial infarction 1.42 1.18
- Artery Disease
21 | NM_003311.4 PHLDA2 | Pleckstrin Homology Like Domain Family A Tumor suppressor 1.73 1.16
- Member 2
22 | NM_000475.5 NROBI1 Nuclear Receptor Subfamily 0 Group B Member 1 Stero@ hqrmone biosynthesis, SF1-mediated 5.32 1.05
transcription
23 | NM_001010860.2 | SAMDI15 | Sterile Alpha Motif Domain Containing 15 Association with Visual Cortex Disease and Visual 131 1.03

Pathway Disease
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4.3.2. Up-regulation of CYP1A1 may be closely associated with cell cycle regulation in
the apatinib-resistant HCC cells

Pathway analysis was conducted by using the RNA sequencing data and the

GSEA software to investigate candidate pathways potentially associated with the
apatinib resistance in PLC/PRF/5-AR and MHCC-97L-AR cells. The GSEA was
computed by using the Molecular Signatures Database (MSigDB) C2 curated gene sets.
Genes detected with TPM<1 were considered as too low to detect or undetectable and
were excluded in the analysis. A total of top 15 gene sets were enriched in PLC/PRF/5-
AR cells, whereas a total of top nine gene sets were enriched in MHCC-97L-AR cells
(Table 3). Four gene sets were commonly enriched in both cell lines PLC/PRF/5-AR
and MHCC-97L-AR, including E2F targets (p<0.001), G2M checkpoints (p<0.001), as

well as MYC targets V1 (p<0.001) and V2(p=0.002; p<0.001 respectively).

The E2F signaling was the top-ranked pathway commonly up-regulated in both
apatinib-resistant HCC cell lines. The E2F family of transcription factors is most well-
known for its ability to regulate the expression of genes required for DNA replication
and cell cycle progression, as well as the transcription of upstream components of
numerous signal transduction pathways including signaling associated with the Ras
family, endothelial cell growth factor 1 (ECGF1), transforming growth factor a
(TGFa), fibroblast growth factors, insulin-like growth factor 1 (IGF1), platelet-derived
growth factors (PDGF), and VEGF (Androutsopoulos, Tsatsakis, & Spandidos, 2009).
The expression of CYP1A1 is regulated by the Aryl Hydrocarbon Receptor (AhR)
signaling pathway which is believed to be the most important regulatory mechanism of
the CYP1AL. Previous studies have shown that the AhR signaling is able to induce

other signaling pathway via protein interaction cross-links, such as the AhR-VEGF
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pathway through the ATF4 (Terashima, Tachikawa, Kudo, Habano, & Ozawa, 2013).
As the CYP1A1 is a downstream target of the AhR signaling, it may also have

associations with these pathways via the components of AhR and E2F signaling.

The G2/M DNA damage checkpoint serves to prevent the cell from entering
mitosis (M phase) with genomic DNA damage. It is believed that cancer cells are
dependent on the G2/M checkpoints for repair of DNA damage, due to the presence of
defective G1 checkpoint mechanisms. An early study (Santini, Myrand, Elferink, &
Reiners, 2001) using murine hepatoma Iclc7 cells revealed that the Cyplal
transcription was significantly suppressed in the cells arrested in G2/M phase, even pre-
treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a strong AhR activator.
Notably, the suppression reflected neither changes in the relative content of the proteins
comprising the AhR complex nor a suppression of AhR activation and translocation to
the nucleus, though the connections between the CYPIAT1 and cell cycle regulation

remain largely unknown.

The MYC family is a group of regulatory proteins, many of which is proven to
be closely associated with carcinogenesis in the liver. A previous study (X. Yang et al.,
2005) revealed that the AhR signaling constitutively repressed c-Myc transcription in
human breast cancer Hs578T cells. Interestingly, the study documented that AhR from
Hs578T cells did not bind to the endogenous CYP1A1 promoter region defined by the
authors unless the cells were pre-treated with TCDD, suggesting a preferential gene

tropism for constitutively active AhR.
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Table 3. A list of the top 15 Molecular Signatures Database (MSigDB) hallmark gene sets (GS) enriched by the Gene Set Enrichment Analysis
(GSEA) using the gene expression data of apatinib-resistant HCC cell lines from RNA sequencing. The GS commonly enriched in both cell lines
are highlighted in red.

PLC/PRF/5-AR MHCC-97L-AR

MSigDB Hallmark GS p-value | MSigDB Hallmark GS | p-value
1 | E2F targets <0.001 | E2F targets <0.001
2 | G2M Checkpoint <0.001 | G2M Checkpoint <0.001
3 | MYC targets V2 0.002 | MYC targets V2 <0.001
4 | Epithelial mesenchymal transition | <0.001 | MYC targets V1 <0.001
5 | Angiogenesis <0.001 | Unfolded protein response | <0.001
6 | Mitotic spindle <0.001 | MTORCI signaling <0.001
7 | TNFA signaling via NFKB 0.01 | Oxidative phosphorylation | <0.001
8 | MYC targets V1 <0.001 | DNA repair 0.044
9 | Reactive oxygen species pathway | 0.055
10 | Fatty acid metabolism 0.025
11 | TGF beta signaling 0.066
12 | Allograft rejection 0.071
13 | Coagulation 0.09
14 | Estrogen response early 0.063
15 | UV response UP 0.084
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4.3.3. CYP1A1 expression was elevated at both mRNA and protein levels in apatinib-
resistant HCC cells

As CYP1A1 was found to be highly up-regulated in the apatinib-resistant HCC

cells, it was selected as the study target for further investigation. Quantitative reverse
transcription polymerase chain reaction (RT-qPCR) analysis demonstrated that the
mRNA expression of the CYP1A1 was significantly up-regulated by 42-fold in MHCC-
97L-AR cells (p<0.01) and by 21-fold in PLC/PRF/5-AR cells (p<0.001) when
compared to the corresponding DMSO-treated mock counterparts (Figure 14A). The
extent of CYP1A1 upregulation seemed to be dependent on the cell line. In addition,
elevated protein expression of the CYP1A1 was also verified by the Western blotting
in both MHCC-97L-AR and PLC/PRF/5-AR cells with 2.8-fold and 1.5-fold increase
respectively (Figure 14B). Intriguingly, the fold increase in the endogenous CYP1A1
protein expression levels was much smaller than that in the mRNA expression levels.
This deviation suggests that the turnover/degradation of CYP1A1 mRNA and protein
and the miRNA control over the translation process could play a role in the complex

milieu.

72



>

PLC/PRF/5 MHCC-97L
x 259 < 601
§38 1 88~
o ————  3:Z
Box Bopw™ —_
X200 xX20
<521t <S¢
z 1 z 1= b
%9 0] Tol n
=Lt ® —C®
<2 E <ZE
Eg8 8 558 %
53 ] [ —
- | — | ==
° Mock Apatinib Resistant 0 Mock Apatinib Resistant
PLC/PRF/5 £z PLCIPRE/S
<3
N §;§_2.o-
& §2
> ¥ 2315,
<£
CYPIAI SRS 58 kDa §:'°
. gﬁ 0.5
p-Actin [N 42 kDa
200 . :
uE_ E Mock Apatinib Resistant
MHCC-97L iz MHCC-97L
Eqa
& ce
KON £3
o= 24
£
[=]
cypiAl [N sskDa £
N
. o) =
p-Actin [N 42 kDa J:
S0 ' :
E E Mock Apatinib Resistant

Figure 14. CYP1A1 was significantly up-regulated in apatinib-resistant HCC cells. (A) The
mRNA expression was increased by 21-fold in PLC/PRF/5-AR cells (»p<0.001) and by 42-fold
in MHCC-97L-AR cells (p<0.01). Error bars represent the SD of three independent replicates.
Student’s t-test, **p<0.01; ***p<0.001. (B) The protein expression was increased by 1.5-fold

in PLC/PRF/5-AR cells and 2.8-fold in MHCC-97L-AR cells.
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4.3.4. Establishment of shCYP1A1 knockdown HCC cells
In order to examine the functional role of CYPIAT1 in mediating apatinib resistance in
HCC, CYP1A1l-knockdown HCC cells were established by using lentivirus-based
shRNA approach. Two knockdown clones, shCYP1A1#20 and shCYP1A1#21 were
established for both PLC/PRF/5 and MHCC-97L cells. In these two cells, the two
knockdown clones both displayed a significant reduction in the mRNA expression of
the CYP1ATI gene. The knockdown efficiencies on the mRNA expression levels were
approximately 50% relative to the non-target control (NTC) (Figure 15A). The
Western blot analysis showed that the knockdown efficiencies on the endogenous
CYPI1AL1 protein expression in the two knockdown clones of PLC/PRF/5 were about
40% and 25% respectively, whereas the suppression effects in the two knockdown

clones of MHCC-97L were approximately 90%. (Figure 15B).
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Figure 15. Endogenous CYP1A1 expression was reduced in the two shCYP1A1 knockdown
clones. (A) The suppression effects on the mRNA level were approximately 50%. The
experiments were repeated in triplicate for PLC/PRF/5 Mock and four times for MHCC-97L
Mock. Data are shown as mean + SD. Student’s t-test, *p<0.05; **p<0.01; ***p<0.001. (B)
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suppressed by approximately 90% in the two knockdown clones of MHCC-97L.
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4.3.5. Knockdown of CYP1AT1 sensitized HCC cells to apatinib treatment

It has been demonstrated in our previous data that CYP1A1 was significantly
over-expressed in apatinib-resistant HCC cells. It is of interest to investigate whether
suppression of endogenous CYP1A1 could increase the sensitivity of HCC cells to
apatinib. The two shRNA-based knockdown clones, shCYP1A1#20 and
shCYPI1A1#21 were then employed to examine their sensitivity to apatinib by Annexin
V/PI staining. The CYP1A1 knockdown enhanced the apoptosis of HCC cells upon
apatinib treatment (Figure 16). By comparison, the suppression in shCYPIA1#20
clone seemed to have a stronger sensitizing effect than that in shCYP1A1#21 clone in
response to apatinib. The percentages of apoptotic cells were increased in
shCYPIAI1#20 clone by approximately 2-fold in PLC/PRF/5 Mock (p<0.001) and
1.25-fold in MHCC-97L Mock (p<0.01) compared to that in shCYP1A1#21 clone

increased by approximately 1.4-fold (p<0.05) and 1.25-fold (p<0.05) respectively.
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Figure 16. Knockdown of CYP1AI1 increased the sensitivity of HCC cells to apatinib. For
PLC/PRF/5 cells, the experiments were repeated in triplicate, whereas the experiments were
repeated four times for MHCC-97L cells. Data in the bar charts are shown as mean = SD.

Student’s t-test, *p<0.05; **p<0.01; ***p<0.001.
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4.3.6. Knockdown of CYP1A1 reduced its enzymatic activity in HCC cells

Our data have previously showed that the expression levels of CYP1A1 were
upregulated in the apatinib-resistant HCC cells. Apart from the expression, it is of
interest to investigate whether the change in the expression would alter the activity of
the enzyme. For this purpose, the enzymatic activity of the CYP1A1 in the apatinib-
resistant cells was assessed (Figure 17). In PLC/PRF/5-AR, the CYP1AI activity was
significantly increased by approximately 2.5-fold as compared with the Mock. In
addition, knockdown of the CYP1A1 significantly reduced the enzymatic activity by

about 60% as demonstrated in the two knockdown clones.
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Figure 17. Enzymatic activity of CYP1A1 correlated with its expression levels in apatinib-
resistant and CYP1Al-knockdown HCC cells. The experiments were repeated four times.

Student’s t-test, *p<0.05; **p<0.01.
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Section 4.4  Discussion

In this chapter, the CYP1A1 gene was identified by RNA sequencing as the top-
ranked gene in the apatinib-resistant human HCC cells. CYP1A1 has the highest fold
change of up-regulation in the expression levels of transcripts as compared to other
gene candidates on the sorted lists. The overexpression was verified by qPCR analysis
and Western blotting. Therefore, we hypothesize that CYPIAI may functionally
mediate the apatinib resistance in HCC cells. To investigate the role of CYP1A1 in
regulating apatinib resistance in the cells, lentiviral-based endogenous CYP1A1l-
knockdown HCC cell clones were first established from the DMSO-treated Mock HCC
cells. The CYP1A1-knockdown clones were then treated with apatinib for 48 hours and
significantly showed enhanced apoptosis rates compared with the NTC, providing
pivotal evidence for CYP1A1 functioning in regulating apoptosis induced by apatinib.
Subsequent enzymatic activity assay showed the increased CYP1AIl activity in
apatinib-resistant HCC cells as well as the concurrent suppression of the basal activity
in the CYP1A1-knockdown clones. In this discussion session, we comprehensively
review the physiological functions of CYP1A1 and its pathological roles in cancer so
as to shed light on its importance in the development of acquired resistance to apatinib

in HCC.
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4.4.1. Physiological roles and functions of CYP1A1

CYP enzymes are a superfamily of hemoproteins possessing monooxygenase
activity. They are involved in metabolism of various endogenous compounds such as
hormones, bile acids, and cholesterol, as well as xenobiotics including environmental
pollutants and drugs. In human, CYPIAl is an enzyme responsible for the
biotransformation of polycyclic aryl hydrocarbons (PAH), aromatic amines, and
polychlorinated biphenyls into polar compounds which thereby can be conjugated to
soluble compounds being excreted in urine or bile. Nevertheless, under certain
circumstances, this enzyme catalyzes the bioactivation of reactive species capable of
DNA adduct formation leading to mutagenesis. The human CYP1A1 gene, being
6,069 bp in length, is located at the CYP1A1 CYP1A2 locus on the chromosome
15g24.1, which shares a regulatory region of 23,306 bp with the CYP1A2 gene that is
oriented in opposite direction (Z. Jiang et al., 2005). The 5’ flanking region is shared by
both genes and is comprised of a bidirectional promoter and multiple xenobiotic
responsive elements (XRE), that activate and regulate the gene expression of CYP1A1

and CYP1A2 (Jorge-Nebert et al., 2010).

The human CYP1A1 enzyme has a molecular weight of 58.16 kDa and consists
of 512 amino acids. The first 30 amino acid residues of its N-terminal region allow the
enzyme to associate with the mitochondrial membrane and the disordered region of the
smooth endoplasmic reticulum rich in unsaturated fatty acids for anchorage, unlike the
human CYP1A2 which is mainly positioned in the ordered regions rich in cholesterol,
sphingomyelin and saturated fatty acids (Park, Reed, Brignac-Huber, & Backes, 2014).
This specific membrane localization is governed by the sequence motifs located at the

N-terminal region (Park, Reed, & Backes, 2015). As the interactions among CYP1A1
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and CYPIA2 occur in a membrane environment, the lipid membrane serves as an
integral component mediating the functioning of P450 system. The proximal side of the
P450 enzymes faced the aqueous environment, whereas the distal side was associated
with the membrane-water interface. Substrate was modeled to approach the active site
from the membrane through channels (Scott et al., 2016). Moreover, these N-terminal
residues also mediate the interaction with the NADPH-CYP reductase which is a di-
flavoprotein responsible for the electron transfer to naturally occurring electron

acceptors such as the CYP enzymes and cytochrome-bs.

In addition to its importance in xenobiotic metabolism, CYP1A1 is also
involved in the metabolism of various endogenous molecules including arachidonic
acid, eicosapentaenoic acid, and hormones like 17B-estradiol and melatonin. The
endogenous and exogenous substrates of CYP1A1l is listed with corresponding
enzymatic reaction in Table 4. Arachidonic acid and eicosapentaenoic acid are
transformed by CYPIAl to 14,15-epoxyeicosatrienoic acid and 17, 18-
epoxyeicosatetraenoic acid, two signaling intermediates influencing cardiovascular

pressure, respectively.
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Table 4. CYP1A1 interacts with a vast number of endogenous and exogenous compounds.

Origin

Category compound

Type of reaction

References

Synthetic compounds

PAH

Oxidation epoxidation

(Shimada, Oda,
Gillam, Guengerich,
& Inoue, 2001)

Nitrosamides Nitroreduction (Miyazaki, Sugawara,
Yoshimura,
Yamazaki, &
Kamataki, 2005)

Arylamines N-hydroxylation oxidation (Shimada et al., 2001)

Benzotriazole Oxidation (Seaton,  Schlosser,

Bond, & Medinsky,
1994)

Heterocyclic amines

N-hydroxylation oxidation

(Shimada et al., 2001)

Nitroarenes Nitroreduction (Marumoto, Oda, &
Miyazawa, 2011)
Azoaromatic amines Oxidation (Shimada et al., 2001)
Natural compounds Difuranocumarin Epoxidation oxidation (Shimada, Martin,
Pruess-Schwartz,
Marnett, &
Guengerich, 1989)
Nefrotoxin Hydroxylation (Stiborova,  Hajek,
Frei, & Schmeiser,
2001)
Flavonoid Hydroxylation O-demethylation | (Silva et al., 1997)
Drugs Ellipticin Oxidation (Aimova et al., 2007)
Omeprazol Not determined (Backlund,
Johansson,
Mkrtchian, &
Ingelman-Sundberg,
1997)
Oltipraz Not determined (I. J. Cho & Kim,
2003)
Etoposide Not determined (Willis et al., 2018)
Ellipticine Not determined (Willis et al., 2018)
Bortezomib Not determined (Xuetal., 2012)
Imatinib Not determined (Rochat et al., 2008)
Osimertinib Hydroxylation, demethylation (MacLeod et al.,
2018)
Ponatinib Hydroxylation (Lin, Kostov, Huang,
Henderson, & Wolf,
2017)
Granisetron Hydroxylation (Lang, Radtke, &
Bairlein, 2019)
Riociguat Hydroxylation (Lang et al., 2019)
Endogenous Arachidonic acid Hydroxylation (Schwarz et al., 2004)
substrates Melatonin Hydroxylation (Ma, Idle, Krausz, &
Gonzalez, 2005)
Eicosapentaenoic acid Epoxidation (Schwarz et al., 2004)
Stradiol Hydroxylation (Lee, Cai, Thomas,
Conney, & Zhu,
2003)
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4.4.2. Pathological Roles of CYP1A1 in Cancer

Numerous studies have evaluated the association between CYPI1Al
polymorphism and cancer risk, since CYP1ALI is involved in the biotransformation of
tobacco-derived PAH into carcinogenic metabolites, acting as an important modulator
of the carcinogenic effect of PAH. For its frequent link with smoking-induced cancers,
CYPI1A1 polymorphism was first and extensively studied in lung cancer. Subsequent
research also identified several types of CYP1A1 polymorphism in other cancer types
such as breast, cervical, prostate, oral, as well as head and neck cancers. CYP1AI is a
polymorphic gene located at the chromosome 15q24.1 with 7 exons and 6 introns, of
which 10 variant alleles in addition to the wild-type allele have been identified in
humans. Among these genotypes, two single nucleotide polymorphism (SNP) variant
alleles are frequently associated with the cancer risks, including the Mspl variant
genotype, which has a Mspl restriction recognition site (5’-CCGG-3’) in the intron 6,
and the Ile***Val variant genotype, which has an isoleucine to valine change in the
heme-binding region of the enzyme (Hirvonen, Husgafvel-Pursiainen, Karjalainen,
Anttila, & Vainio, 1992). The polymorphic distributions seem to vary between smokers
and non-smokers (Ezzeldin et al., 2017), and among ethnic groups (Inoue, Asao, &

Shimada, 2000) in addition to cancer types.

Tobacco smoking is one of the risk factors for HCC. It was reported that
smoking more than 25 cigarettes per day increased the risk of HCC by 55% (Petrick et
al., 2018). The epidemiological relationship may help us to recall the association
between CYP1A1 polymorphism and the risk of HCC. An early study has demonstrated
the correlation between CYP1A1 3801 T>C gene polymorphism and an increased risk

of HCC among Asian smokers (M. W. Yu et al., 1999). Although the specific

83



association is still inconclusive, a growing body of evidence recently suggests that the
common SNP variants of CYP1A1 gene, involving the Mspl and Ile***Val genotypes,
may increase the susceptibility to HCC in the Han Chinese population (R. Li et al.,
2009; B. W. Yu et al., 2015; L. Yu et al., 2012). While it is unclear how these gene
mutations could affect the transcription and translation, it is hypothesized that the
polymorphism would lead to changes in the expression and activity levels of CYP1A1,
which alters metabolism and clearance of carcinogens and in turn causes variation in

the cancer risk.

Despite its genetic contributions to cancer risk being controversial, the
pathological role of CYP1A1 in cancer development and progression remains largely
unknown. It was first reported that CYP1AT1 regulated the progression of breast cancer
in vitro, with evidence revealing a possible role of CYP1Al in promoting the
proliferation and survival of breast cancer cells through suppression of the AMP-
activated protein kinase (AMPK) signaling (Rodriguez & Potter, 2013). The authors
wrote that CYP1A1 silencing activated the AMPK phosphorylation and concomitantly
down-regulated the phosphorylation of ERK1/2 and AKT, hypothesizing that CYP1A1
could be a possible upstream regulator of these kinases. However, no subsequent
studies were ever conducted to investigate the oncogenic role of CYPIAI1 in the
development of breast and other cancers, and the association between CYP1A1 and
cancer-related genes and pathways remains unclear. More comprehensive studies are

required to clarify the pathological contributions of CYP1A1 to cancer development.

Uncontrolled cell growth and proliferation is a hallmark of cancer and is often

attributed to dysregulated control of the cell cycle. Not only participating in
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tumorigenesis, the cell cycle also plays a part in mediating drug resistance in cancer
cells (Otto & Sicinski, 2017; Shah & Schwartz, 2001). Early studies have documented
a mysterious connection between CYP1A1 and the cell cycle as variation of the
CYPI1AL1 expression level in different phases of the cell cycle was repeatedly observed
in vitro (Hamouchene, Arlt, Giddings, & Phillips, 2011; Santini et al., 2001). In addition,
it was found that colchicine and nocodazole, two well-known microtubule interfering
agents inducing G2/M cell cycle arrest, reduced the expression of CYP1A1 at both
mRNA and protein levels while disrupting cytoskeleton integrity in murine hepatoma
Iclc7 cells and human HCC HepG2 cells (Dvorak et al., 2006; Scholler, Hong, Bischer,
& Reiners, 1994). Microtubule dynamics change dramatically during the cell cycle, as
reorganization of cytoskeleton composed of microtubules is crucial to cell division,
which is responsible for formation of mitotic spindle and segregation of duplicated
chromosomes into two daughter cells (Heng & Koh, 2010; Nakaseko & Yanagida,
2001). Alternation in CYP1AT1 expression concurrent with the dynamics may indicate
a possible mechanism contributing to drug resistance in cancer cells. Moreover, the
G2/M phase may have influence on the transcriptional activity of AhR, as microtubule
disarray suppresses the AhR transcriptional activity and thus the expression of the
downstream target CYP1A1 (Dvorak, Ulrichova, & Modriansky, 2005). In this study,
our pathway analysis using the GSEA program presents that cell cycle regulation
including the G2/M checkpoints is a significant signaling pathway mediating apatinib
resistance in HCC cells (p<0.001). Further, the E2F signaling is also identified to be
significantly related to the resistance (p<0.001). It is well-known that the E2F family
of transcription factors cooperates with regulation of cell cycle progression involving
the G2/M checkpoints (Cuitino et al., 2019; Giangrande et al., 2004; Ren et al., 2002).

Our finding is in harmony with the hypothesis that the underlying mechanism of
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apatinib resistance in HCC cells is associated with the cell cycle regulation, in particular

the G2/M checkpoint machinery.

4.4.3. Roles of CYP1AL1 in drug resistance in cancer

One of the challenges in cancer treatments is to overcome drug resistance.
Researchers have undertaken extensive efforts on developing strategies to combat drug
resistance over the past decades. It is known that CYP1AL1 is detected mainly in the
extrahepatic tissues in small amounts under physiological conditions. A few studies
report the important roles of CYP1A1 in metabolism of cancer drugs in conjunction
with development of acquired resistance to the drugs in some cancer types (Table 5).
CYPIA1 not only is directly involved in metabolism of the drugs, but also induces
other signaling pathways to support the resistance, while its direct and indirect effects
on acquired drug resistance seem to be dependent on the type of cancer and the nature
of drug. Until recently, CYP1A1 has not been considered to play a significant role in
metabolic clearance of drugs in the liver because of its comparatively low intrahepatic
expression with regard to its extrahepatic expression and compared to other CYP
enzymes in intrahepatic tissues. A recent publication using mass spectrometry first
demonstrates that intrahepatic CYPIA1l is the key CYP enzyme metabolizing
granisetron, a serotonin 5-HT3 receptor antagonist, and riociguat, a stimulator of
soluble guanylate cyclase approved for hypertension, with outstanding selectivity and
efficiency, providing evidence for the clinically observed interindividual variability in
their pharmacokinetics (Lang et al., 2019). Our data present a significant CYP1A1 up-
regulation in HCC cells when being resistant to apatinib. Therefore, the importance of

CYPIAL1 in cancer drug discovery and development needs to be reconsidered.
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Table 5. Studies on the association between the CYP1AT1 up-regulation and drug resistance in some types of cancer.

Type of cancer

Drug resistance

Associated mechanism(s)

Reference

NSCLC Gefitinib Drug metabolism (Alfieri et al., 2011)

NSCLC Osimertinib Drug metabolism (MacLeod et al., 2018)

Breast Doxorubicin AhR/CYP1A1 pathway-mediated inhibition of PTEN and activation of | (Al-Dhfyan, Alhoshani, & Korashy,
B-catenin and Akt in CSCs 2017)

Multiple myeloma Bortezomib DIl1/Notch activation (Xuetal., 2012)

Chronic myeloid Ponatinib Drug metabolism and glutathione conjugation (Lin et al., 2017)

leukemia
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CHAPTER 5

ELUDICATION OF MOLECULAR PATHWAYs BY WHICH
CYP1A1 MEDIATES APATINIB RESISTANCE IN HCC
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Section 5.1  Introduction

In previous chapters, we have explored that CYPIAl is significantly
overexpressed in apatinib-resistant HCC cells, which may underline the development
of acquired resistance to apatinib in HCC that affects the treatment efficacy and the
prognosis of patients. Through the establishment of CYP1A1 knockdown clones,
CYPIA1 was shown to be significantly associated with apatinib resistance by
controlling apoptosis upon treatment with the drug. In addition, we also presented that
the overexpression of CYPIA1l could have a close relationship with cell cycle
regulation including G2/M checkpoints, E2F and MY C signaling pathways, though we
had not illuminated the detailed molecular mechanism coupling with the functional
relationship between CYP1A1 and the cell cycle. In order to elucidate the mechanism
mediating apatinib resistance in HCC, we hope to explore possible pathways associated
with CYP1AIl, cell cycle regulation and/or other signaling pathways that may

contribute to the drug resistance.

In humans, CYPIAI is expressed to a lesser extent under physiological
conditions but is highly inducible upon stimulation via multiple intracellular signaling
pathways. The regulatory signaling extensively studied with CYP1AT1 expression and
functions is the ligand-dependent aryl hydrocarbon receptor (AhR) pathway, whose
activation can be induced by a vast number of environmental pollutants like dioxins, in
particular 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and PAH, regulating a number
of downstream enzymes and transporters, such as the CYP family members and the
ABC transporters, that facilitate the biotransformation and elimination of these
chemicals. For this reason, the AhR pathway is best characterized for its role in

xenobiotic metabolism since its discovery.
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Upon ligand binding, AhR dissociates from its regulatory proteins involving
HBV X-associated protein 2 (XAP2), p23, and heat shock protein 90 (HSP90), and
translocates to the nucleus. AhR contains a nuclear localization signal located in the N-
terminal whose phosphorylation at either Ser-12 or Ser-36 residue inhibits its nuclear
import, while phosphorylation of tyrosine residues in the C-terminal is required for the
formation of a functional complex with aryl hydrocarbon receptor nuclear translocator
(ARNT). The AhR/ARNT heterodimer subsequently binds to the XRE positioned in
the promoter region of AhR downstream targets like CYP1A1, and the interaction is
inhibited by the heterodimer of ARNT with aryl hydrocarbon receptor repressor
(AhRR). Transcription of the CYP enzymes is initiated concomitantly via interaction
of several transcription factors such as Spl and co-activators like p300 and p/CIP,
which binds with TATA binding protein (TBP) and the AhR complex, eventually
recruiting RNA polymerase II for transcription. The AhR signaling is strictly controlled
as prolonged activation has deleterious effects such as tumor induction and impacts on
immune system (Andersson et al., 2002; Veldhoen et al., 2008). Intriguingly, since AhR
recognizes xenobiotics and many natural compounds such as tryptophan metabolites,
dietary components and microbiota-derived factors, the downstream enzyme CYP1A1
seems to have feedback regulation on the AhR signaling, which is important to curtail
the duration of the signaling, by controlling ligand availability through oxygenation,
leading to their metabolic clearance and detoxification, and thereby activation of the

pathway (Schiering et al., 2017).

A causal link between overexpression of AhR/CYPIA1l and promotion of

various cancer types has been established. Although the detailed mechanisms are still

little understood, recent evidence more clearly reveals that the AhR/CYP1A1 pathway
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may have a role in promoting doxorubicin resistance through inhibition of PTEN and
activation of B-catenin and AKT in breast cancer stem cells (CSC) (Al-Dhfyan et al.,
2017). The AhR/CYP1A1l pathway also facilitates metastasis by inducing the
biosynthesis of 12(S)-hydroxyeicosatetraenoic acid (HETE) using a co-culture model
of breast cancer MDA-MB231 cell spheroid with lymph endothelial cell (LEC)
monolayer (Nguyen et al., 2016). Our study has identified CYP1A1 as a potential key
player controlling HCC cell susceptibility to apatinib, but little is known about the
molecular mechanisms of CYP1AT1 contributing to the drug resistance. In this chapter,
the potential mechanisms of how CYP1A1 may promote apatinib resistance in HCC

were explored by RNA sequencing coupled with pathway analysis.
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Section 5.2  Experimental Scheme

Human HCC cell line
(PLC/PRF/5)

* Lentiviral shRNA transfection

shCYP1A1 (#20 and #21) and NTC

* shCYP1A1#20 and NTC

RNA sequencing and pathway analysis

Figure 18. Illustrated experimental scheme for elucidating the molecular pathways of CYP1A1

mediating apatinib resistance in HCC cells using siRNA-based gene knockdown approach.

92



Section 5.3 Results

5.3.1. Knockdown of CYP1A1 down-regulated xenobiotic and bile acid metabolism in
PLC/PRF/5 cells

PLC/PREF/5 shCYP1A1#20 cells were employed to perform RNA sequencing

and subsequent GSEA for uncovering the regulatory mechanism of apatinib resistance
contributed by CYP1A1. A total of 5,743 genes showed down-regulation, while 5,909
genes showed up-regulation in the CYP1A1-knockdown cells. To investigate the role
of CYP1AI1 in apatinib resistance in HCC cells for combating the resistance, possible
pathways showing suppression in response to the gene knockdown were focused. Two
gene sets from the MSigDB Hallmark database were significantly enriched in the
analysis, namely xenobiotic metabolism (p<0.01; false discovery rate (FDR) g-
value=0.114) and bile acid metabolism (p<0.05; FDR g-value=0.282) as shown in the
enrichment plots (Figure 19). Notably, some down-regulated gene set members of
xenobiotic metabolism involved in the core enrichment included epoxide hydrolase 1
(EPHX1), UDP-glucose 6-dehydrogenase (UGDH), and 6-phosphogluconate
dehydrogenase (6PGD), whereas those down-regulated GS members of bile acid
metabolism involved neural precursor cell expressed developmentally down-regulated
protein 4 (NEDD4), farnesoid X receptor (NR1H4/ FXR), and ATP-binding cassette

(ABC) transporter family members like ABCA3 and ABCDI.
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Figure 19. GSEA Enrichment plots of xenobiotic and bile acid metabolism in CYP1AI-

knockdown PLC/PRF/5 cells.
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5.3.2. Suppression of CYP1A1 expression correlated with down-regulation of RhoGDI
signaling, SPINK1 pancreatic cancer pathway, and calcium signaling

Correlation with possible signaling pathways was further explored by
employing the sequencing results of PLC/PRF/S shCYP1A1#20 cells in the Ingenuity
Pathway Analysis (IPA) software (Figure 20). The negative and positive activation Z-
scores represent suppression and activation of the particular signaling pathway
respectively. It was found that knockdown of CYPIA1 expression had significant
correlation (p<0.05) with the RhoGDI signaling, SPINK 1 pancreatic cancer pathway,
calcium signaling, and osteoarthritis pathway. Among the down-regulated pathways,
RhoGDI signaling showed the most suppression with the lowest activation Z-score (Z=-
1.604), followed by SPINK1 pancreatic cancer pathway (Z=-1) and calcium signaling

(Z=-0.775) in the knockdown cells.

RhoGDI Signaling-

SPINK1 Pancreatic Cancer Pathway-

Calcium Signaling-

Osteoarthritis Pathway-

GPCR-Mediated Nutrient Sensing in Enteroendocrine Cells-
Opioid Signaling Pathway-

Xenobiotic Metabolism PXR Signaling Pathway-

Leukocyte Extravasation Signaling-

Xenobiotic Metabolism CAR Signaling Pathway-
cAMP-mediated signaling-

2 1 0 1 2 3
Activation Z-score

Figure 20. Alternation in activity of signaling pathways most down-regulated and most up-
regulated with CYP1A1 knockdown in PLC/PRF/5 cells was shown. Down-regulation is

regarded as activation Z-score<0 and indicated by a blue bar, whereas up-regulation is regarded

as activation Z-score>0 and indicated by a red bar.
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Section 5.4  Discussion

In the previous chapter, we have performed transient knockdown of CYP1A1
and demonstrated that suppression of CYP1A1 expression and activity increased the
sensitivity to apatinib in HCC cells. We have also presented a comprehensive review
on the functional and pathological roles of CYP1A1 in cancer. The association between
CYPI1A1 and apatinib resistance in HCC is being unraveled, though it is not understood
how CYPIAL is molecularly dysregulated in the apatinib-resistant HCC cells. In this
chapter, to investigate the detailed mechanisms that are possibly involved in the
regulation of CYP1A1, we employed the CYP1AI-knockdown clone shCYP1A1#20,
whose suppression displayed stronger sensitizing effects to apatinib, to undergo RNA

sequencing and pathway analysis.

It is well known that CYPIAI is regulated by the AhR signaling pathway.
Despite the induction by toxins and xenobiotics, CYP1AI can also be regulated by
tryptophan metabolites (Y. Cheng et al., 2015; Wei, Bergander, Rannug, & Rannug,
2000) and serotonin (Manzella et al., 2018) via the tightly controlled AhR signaling, as
well as the Wnt/B-catenin signaling independent of the AhR control. Interestingly, cells
expressing lower -catenin activity (28%) requires higher doses of TCDD (10-50 nM)
for induction of CYP1A1 expression, while those expressing 100% of B-catenin activity
can display strong and saturating expression of CYPIAI already at 5 nM TCDD
(Schulthess et al., 2015), and it seems that there is an interplay between the AhR-
mediated CYP1AT1 induction and the Wnt/B-catenin signaling. Besides, some studies
have proposed the implication of Src tyrosine kinase in the regulation of CYP1AI,
though the precise mechanism needs to be elucidated. Moreover, nuclear receptors are

also involved in the regulation of CYP1AI. Several studies have documented the
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5.4.1.

regulation of CYPIAI expression by retinoic acid receptors/retinoid X receptors
(RAR/RXR) since a retinoic acid responsive element (RARE) sequence is located
within the CYP1A1 promoter (Fallone et al., 2004). It has been shown that low doses
of RA can slightly induce cutaneous expression of CYP1A1 (Vecchini et al., 1994) ,
but little is known about the details of this pathway in regulating CYP1A1 expression
in cancer including HCC. Nonetheless, CYP1AL1 is negatively regulated by miR-892a-
mediated post-transcriptional modification through the binding of miR-892a at a
specific sequence located in the 3'-untranslated region of CYP1A1(Choi et al., 2012) .

Collectively, these findings depict the CYP1A1 regulatory network.

Knockdown of CYP1A1 down-regulated xenobiotic and bile acid metabolism in
HCC cells
We have employed PLC/PRF/5 shCYP1A1#20 and its mock counterpart cells
in RNA sequencing and the GSEA and have explored that two gene sets, xenobiotic
and bile acid metabolism, from the MSigDB Hallmark database could show significant
down-regulation in the resistant phenotype compared to the parental phenotype. We
reveal some notably down-regulated genes including EPHX1, UGDH, and 6PGD
involved in the xenobiotic metabolism gene set, and NEDD4, FXR, as well as ABC
transporters like ABCA3 and ABCDI involved in the bile acid metabolism gene set.
These genes have been shown to be associated with cancer chemoresistance in previous
studies. EPHX1 1is recently reported to induce the resistance to aclarubicin and
mitoxantrone in acute myeloid leukemia by regulating several drug-metabolizing
enzymes including CYP1Al, glutathione S-transferase Mu 1 (GSTMI), and
glutathione S-transferase Theta 1 (GSTT1) (H. Cheng et al., 2019). UGDH is found to

be overexpressed in breast cancer patients, being correlated with metastasis and
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resultantly worse survival (Teoh, Ogrodzinski, & Lunt, 2020). However, little is known
about the role of these two genes in HCC and it is unclear how they could contribute to
apatinib resistance in cancer cells. 6PGD, an oxidative carboxylase catalyzing the
reduction 6-phosphogluconate into ribulose 5-phosphate in the pentose phosphate
pathway, was shown to be up-regulated in HCC and to have critical involvement in the
cancer growth and patient survival, where inhibition of 6PGD could sensitize HCC cells
to paclitaxel, doxorubicin, and cisplatin (H. Chen et al., 2019). The overexpression of
6PGD may be attributed to the high demand for the release of NADPH from the
enzymatic reaction, as NADPH is necessary for fatty acid synthesis and the scavenging

of reactive oxygen species that are deregulated in cancer cells.

The association between bile acid metabolism and cancer development as well
as drug resistance brings awareness to recent cancer research, as bile acid has long been
recognized as an endogenous carcinogen in various types of cancer for more than three
decades, and it regulates gene expression during tumor development. Several studies
have showed that NEDD4 is involved in growth and metastasis as well as acquisition
of EMT in cancers including HCC (Hang et al., 2016; Z. J. Huang, Zhu, Yang, & Biskup,
2017) and cisplatin-resistant nasopharyngeal carcinoma cells (Feng et al., 2017). FXR
is a nuclear receptor that can activate the expression of ABCB4 and induce
chemoresistance against cisplatin in HCC cells (Vaquero, Briz, Herraez, Muntane, &
Marin, 2013), though it remains inconclusive as it is known that FXR also plays a role
in maintenance of homeostasis in the liver such as protecting the liver from
accumulation of bile acid which can cause damage to the liver. Despite its possible role
in regulation acquired drug resistance in some cancers as similar to other ABC

transporters (Hu et al., 2018), the FXR-mediated activation of ABCB4 may be
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associated with FXR-dependent hepatoprotection against bile acid accumulation, as
deficiency of ABCB4 can cause bile regurgitation and damage to the liver (Cariello,

Piccinin, Garcia-Irigoyen, Sabba, & Moschetta, 2018).

5.4.2. RhoGDI, SPINK1 and calcium signaling pathways may be the underlying
mechanisms of acquired apatinib resistance in HCC cells

The possible pathways involved in regulating the expression and activity of
CYPI1ALI in PLC/PRF/5 cells are explored by employing the RNA sequencing results
in the IPA software. Through the analysis, we discover that lentiviral-based knockdown
of CYP1A1 concurrently suppresses the activity of the RhoGDI signaling, SPINK1
pancreatic cancer pathway, and calcium signaling in PLC/PRF/5 cells. Rho GDP
dissociation inhibitor (RhoGDI) plays a key role in regulating a vast number of cellular
functions through interaction with Rho family GTPases such as Racl, Cdc42, and
RhoA. RhoGDI is identified as a negative regulator of Rho GTPases by preventing
nucleotide exchange and their membrane association, but its role in cancer remains to
be elucidated. Indeed, RhoGDI is frequently overexpressed in cancers and
chemoresistant cancer cell lines (H. J. Cho, Kim, Baek, Kim, & Lee, 2019; Zhang,
Zhang, Dagher, & Shacter, 2005), which implies that it may contribute to development
of drug resistance in cancer. In HCC, it is found that RhoGDI activates the expression
of Rho and hence the PI3K/Akt and MAPK pathway, resulting in metastasis (H. Wang
et al., 2014), though the clinical relevance and its role in drug resistance in HCC are
lacking. Remarkably, a number of Rho signaling members including Rho guanine
nucleotide exchange factors (GEF) such as Ect2, GEF-H1, and MyoGEF, as well as
GTPase-activating proteins (GAP) like MgcRacGAP, p190RhoGAP, and MP-GAP are

identified as key regulators of mitotic progression, one of which being depleted results
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in formation of multinucleated cells. Interestingly, the expression levels of Ect2, GEF-
H1, MgcRacGAP, and p190RhoGAP reach a peak at the G2/M boundary (Chircop,
2014). These findings depict that Rho GEF and GAP have their involvement in cell
cycle regulation and perhaps some of them may be implicated in G2/M checkpoint
regulation. It is also demonstrated that RhoGDIp regulates mitosis and cytokinesis upon
when localized to centrosomes. Dysregulation of RhoGDIB may contribute to cancer
progression by disrupting the regulation of cytokinesis and bipolar spindle formation
(Y. S. Jiang et al., 2013). Current knowledge about the causal relationship between
RhoGDI signaling and the cell cycle is limited. Our IPA results reveal that RhoGDI
signaling is the pathway most down-regulated along with CYP1A1 knockdown.
However, it is still unknown whether RhoGDI would mediate apatinib resistance in
HCC cells through direct regulation of cell cycle progression and/or interaction with
other intracellular signaling pathways. Given the importance of RhoGDI signaling in
regulating Rho functions and possibly the cell cycle, future studies may elucidate the

key player in RhoGDI signaling that contributes to apatinib resistance.

Serine protease inhibitor Kazal-type 1 (SPINK1) serves to cleave trypsin
prematurely activated from trypsinogen stored in the pancreas to prevent the enzyme
from causing damage to the organ. Mutation in SPINK1 can cause chronic pancreatitis
due to inhibition of its trypsin inactivation function. Up-regulation of SPINKI is
identified to be associated with poor patient survival in multiple cancers including
prostate, ovary, bladder, pancreas, colorectal, breast cancers as well as HCC. It is
hypothesized that SPINK1 may be secreted by tumor cells to inhibit unknown serine
proteases to induce anoikis resistance, tumor cell survival and metastasis, and to

activate EGFR kinase pathways leading to tumor cell proliferation (Mehner & Radisky,
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2019). Overexpression of SPINK 1 has been shown to increase cellular resistance to cell
death induced by anti-cancer drugs like 5-fluorouracil, suberoylanilide hydroxamic
acid, tamoxifen, adriamycin, and etoposide in estrogen receptor-positive breast cancer
cells (Soon et al., 2011). SPINK1 overexpression is also associated with increased risk
of carcinogenesis in HBV-related cirrhosis and HCV-related HCC (Hass, Jobst, Vogel,
Scheurlen, & Nehls, 2014; F. Li et al., 2015), suggesting that SPINK1 may be utilized
by the hepatitis viruses causing the liver diseases. More recent evidence has discovered
SPINK1 as a possible downstream target of cadherin-17/B-catenin axis in HCC (Shek
et al., 2017). Other studies also document that SPINK1 suppresses E-cadherin and
induces metastasis of HCC cells through activation of the MEK/ERK signaling
pathway (Ying, Gong, Feng, Jing, & Lu, 2017), notably one of which reveals by GSEA
that metabolism of glycine, serine, threonine, and bile acid may be the underlying
mechanisms of SPINK1 in HCC (K. Huang et al., 2020), though the detailed roles need

further investigation.

Calcium is the most abundant element in the human body and is essential in
many physiological functions such as signal transduction and the release of
neurotransmitters. The functions of liver carried out by hepatocytes are also governed
by calcium ions. Although it is controversial whether calcium can promote the
development of cancer, calcium signaling is often dysregulated in chronic liver diseases
and HCC (Liang et al., 2018; Modica et al., 2019). The contribution of calcium
signaling to acquired drug resistance in cancer cells remains largely unknown. A
previous study shows that rutaecarpine, a quinazolinocarboline alkaloid, can induce up-
regulation of CYP1AT1 expression and activity through activation of the AhR signaling

and phosphorylation of Ca(2+)/calmodulin (CaM)-dependent protein kinase (CaMK)
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in mouse hepatoma Hepa-lclc7 cells, thus suggesting a possible role of calcium
signaling in mediating xenobiotic metabolism in mammalians (Han, Kim, Im, Jeong,
& Jeong, 2009). Another study demonstrates that calpain, a calcium-dependent cysteine
protease activated by TCDD-induced intracellular calcium elevation, plays a part in the
ligand-dependent transformation and signaling of AhR pathway in Hepa-1clc7 cells
(Dale & Eltom, 2006). More recent evidence also shows that endosulfan, a cyclodiene
insecticide, induces CYPIA1 up-regulation through enhanced phosphorylation of
CaMK and protein kinase C (PKC) in AhR-expressing cells but not in AhR-deficient
mutant cells, emphasizing on the view that calcium signaling is, at least in part,
involved in metabolism of xenobiotics (Han, Kim, Lee, & Jeong, 2015). However,
whether calcium signaling is a driver inducing xenobiotic-metabolizing enzymes such
as CYPIALI in humans still remains inconclusive, as these studies are all performed on
murine cells. Indeed, protein members involved in calcium signaling have a regulatory
role in cell cycle progression (Kahl & Means, 2003; Whitaker & Patel, 1990). It has
been reported that CaMKII promotes cell cycle progression by directly activating
MEK/ERK, which degrades p27 protein that is responsible for inducing G2/M cell
cycle arrest (N. Li, Wang, Wu, Liu, & Cao, 2009). This may provide preliminary
evidence for the functional connections among CYP1A1, calcium signaling, and G2/M
cell cycle checkpoints. Further investigation is required to clarity the role of calcium
signaling in xenobiotic metabolism and may help us understand the underlying

mechanisms of acquired apatinib resistance in HCC.
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CHAPTER 6

CONCLUSIONS AND FUTURE PLAN

103



Section 6.1  Conclusions

HCC remains one of the deadliest diseases, being the 6th most commonly
diagnosed cancer and the 4th leading cause of cancer mortality worldwide. It is
prevalent in East Asia and sub-Saharan Africa, which accounts for more than 80% of
liver cancer cases in the world. HCC is a complex disease associated with a number of
risk factors, including chronic liver disease and cirrhosis, chronic infection with HBV
and HCV, alcoholic liver disease, and NAFLD/NASH. Sorafenib is the current standard
drug treatment for advanced HCC since its approval. However, the limitations of
sorafenib treatment due to drug resistance that frequently results in tumor recurrence
have largely increased the demand for developing novel drug interventions against the

disease.

Apatinib is a novel anti-angiogenic agent targeting VEGFR2, with encouraging
preclinical and clinical performance in treatments of various types of solid tumor
including HCC. It has been approved in China since 2014 for advanced gastric cancer,
and more extensive clinical studies have been carried out on other cancer types
afterward. Increasing body of evidence has proved that apatinib has good safety and
potent therapeutic effect on patients with advanced HCC, collectively proposing
apatinib as a possible treatment for the disease. However, little is known about the
development of acquired resistance to apatinib in HCC. It is of importance to have
better understanding about the molecular mechanisms of acquired apatinib resistance

to evaluate the therapeutic potential of the drug.

In this study, we first established apatinib-resistant cell lines from two human

HCC cell lines PLC/PRF/5 and MHCC-97L by continuous treatment of the cells with
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gradually increasing apatinib concentration. This approach is to mimic the clinical
conditions of the HCC patients. We characterized the resistant cells by performing a
series of functional assays, including apoptosis assay, Western blotting, and migration
and invasion assay. In order to uncover the mechanisms underlying apatinib resistance
in HCC, we performed RNA sequencing using the mock and apatinib-resistant HCC
cells, and through pathway analysis we identified CYP1A1 as the key player whose

expression level is significantly up-regulated in the resistant cells.

CYPI1AT1 has been reported to play a role in cancer. It is involved in metabolism
of numerous xenobiotics and endogenous molecules, which gives rise to the hypothesis
that the overexpression of CYP1A1 may promote the development of cancer. Early
studies show that CYP1A1 polymorphism may have a close association with the risks
of various cancer types including HCC. More recent evidence reveals oncogenic
contributions by CYP1A1 including enhancement of drug resistance in some cancers.
Our study presents an overexpression of CYPIAI1 in apatinib-resistant HCC cells,
demonstrates the sensitization of apatinib in HCC cells by suppressing the expression
of CYP1A1 and its enzymatic activity using lentiviral-based approach, leading to the
enhancement of apatinib-induced apoptosis. Collectively, our results are in agreement

with the previous findings.

To elucidate the possible molecular mechanisms of CYP1A1l in mediating
apatinib resistance in HCC, we analyzed the change in transcriptome pattern in the
apatinib-resistant HCC cells and their mock counterparts by performing RNA
sequencing and the GSEA. We discover that E2F targets, G2M checkpoint proteins,

and MY C targets may support the development of acquired apatinib resistance in HCC
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cells. Subsequently, the alternation in transcriptome and signaling pathway profile in
HCC cells in response to the CYP1A1 knockdown was explored. We discover that
shRNA based CYP1AT1 knockdown suppresses xenobiotic and bile acid metabolism in
PLC/PRF/5 cells. Meanwhile, our findings provide preliminary evidence showing that
RhoGDI signaling, SPINK1 pancreatic cancer pathway, and calcium signaling may be

the possible underlying mechanisms of acquired apatinib resistance in the cells.
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Figure 21. Suppression of CYP1AT1 sensitized human HCC cells to apatinib treatment through

multiple signaling pathways. Our study discovered that CYP1A1 was highly up-regulated in
apatinib-resistant human HCC cells, which contributed to reduction in apoptosis induced by
apatinib. Suppression of CYP1AT1 reduced apatinib resistance in HCC cells possibly through
inhibition of xenobiotic and bile acid metabolism, RhoGDI, SPINK 1 and/or calcium signaling

pathways.
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Section 6.2  Future Plan

Aim Experiments
CYP1A1 knockdown in gPCR analysis, Western blotting
apatinib-resistant HCC cells Flow cytometry-based apoptosis assay
CYP1A1 inhibitor treatment Cell proliferation assay
in HCC cells Apoptosis assay for combination treatment
HCC xenograft nude mice Body weight, tumor size and volume
combination treatment gPCR analysis, Western blotting, marker and IHC staining
e CYP1AT1 verification in
T HCC patients gPCR analysis, IHC staining

Figure 22. Summary of future plan with aims and experiments.

6.2.1. Examination of the sensitivity of CYP1A1 suppression to apatinib treatment in
apatinib-resistant HCC cells

We have shown that knockdown of the CYP1A1 promotes apatinib-induced
apoptosis in the mock HCC cells. Our data suggest a potential role of the CYP1A1 in
regulating apoptosis in apatinib-treated HCC cells. We therefore expect that the
CYPI1A1 knockdown would have similar apoptosis-enhancing effects in the apatinib-
resistant HCC cells, though we have not testified it in this study. In order to testify the
hypothesis that suppression of the CYP1AT1 could sensitize apatinib-resistant HCC cells
to apatinib treatment, CYP1A1 knockdown clones will be generated from the apatinib-
resistant HCC cell lines established, followed by qPCR analysis and Western blotting
for verifying the knockdown efficiencies. Afterward, flow cytometry-based apoptosis
assay will be performed to compare the apoptosis rates among the knockdown clones

and the NTC in response to different apatinib concentrations, as demonstrated in the
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previous experiments. The enhancement of apoptosis in the CYP1A1 knockdown

clones compared with the NTC will prove the apatinib sensitization in the resistant cells.

6.2.2. Evaluation of the therapeutic effect of a-naphthoflavone, a CYP1A1 inhibitor
in HCC cells

Our principal aim is to propose a combination regime for apatinib treatment in
order to enhance its therapeutic potential in HCC therapy. In this study, we have
identified the CYP1A1 as a potential key player in mediating apatinib resistance in
HCC cells. Future experiments will focus on the question whether inhibitors of the
CYPI1A1 would synchronize with apatinib to reverse the resistance in HCC (Figure
22). a-Naphthoflavone (ANF) is a classical CYP1A1 inhibitor by forming complexes
with cytosolic AhR to prevent it from ligand-dependent activation and transformation,
suppressing the gene expression of CYP1A1. This compound has been studied in early
pharmaceutical studies showing its potent inhibitory effects at concentrations from 10
to 1000 nM (Merchant, Arellano, & Safe, 1990; Santostefano et al., 1993). The
therapeutic effect of ANF in HCC cells will be evaluated. Cell proliferation assay such
as the MTT assay will be carried out to determine the ICso values of the compound.
Subsequent experiments involving the apoptosis assay will examine the combination
effect of ANF with apatinib in the parental and apatinib-resistant HCC cells. The
hypothesis can be testified in vitro by showing the enhancement of apoptosis in the

combination groups.
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Figure 23. Flow chart of future plan to develop a combination regimen with apatinib.

6.2.3. Evaluation of in vivo therapeutic effect of ANF in combination with apatinib in
HCC xenograft nude mice model

After demonstrating the combination treatment in HCC cells, extensive
experiments will be conducted to testify the regime in vivo using HCC xenograft nude
mice model. In the experiment, the nude mice subcutaneously injected with the
apatinib-resistant HCC cells will be allowed for tumor formation in the liver, and then
will be evenly divided into four groups labeled as apatinib only, ANF only, combination,
and control, respectively (Figure 23). Each group will be given the corresponding
treatment strategy with care for at least eight weeks. Body weight and tumor size will
be measured regularly during the treatment. All the mice will be sacrificed afterward to
harvest their tumor-bearing liver for further investigation such as qPCR analysis,

Western blotting, marker staining, and immunohistochemistry (IHC) staining.
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Figure 24. Evaluation of in vivo therapeutic effect of ANF in combination with apatinib in

HCC xenograft nude mice model.

6.2.4. Further confirmation of the pathways identified by RNA sequencing
In the previous chapter, we have identified several pathways which was found
to be significantly downregulated including xenobiotic and bile acid metabolism,
RhoGDI, SPINK1 and calcium signaling pathways in response to CYP1A1 knockdown.
However, we have not confirmed these pathways in this study. For this purpose, we
will compare the expression of the genes that are crucial for these pathways between

shCYPIALI cells and their non-target counterparts by qPCR and western blot analyses.
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6.2.5. Verification of CYP1A1 expression in apatinib-treated HCC patients
In collaboration with Dr. Zhu in Shunde Hospital of Southern Medical
University, we have obtained HCC samples pre- and post-apatinib treatment. We will
correlate with the expression of the CYP1A1 and HCC patients’ survival by qPCR
analysis and IHC staining. Resultantly, we can prove whether elevation of CYP1A1

upon apatinib treatment is clinically relevant.
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