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Abstract

Introduction

Hepatocellular carcinoma (HCC) has the fourth highest cancer-related mortality worldwide and is
associated with a poor 5-year survival. Current therapies are limited and provide short median
survival. Thus, there is an urgent need to develop novel therapies. Long interspersed class elements-
1 (LINEZ or L1) activation has been demonstrated in several cancers including HCC and can inhibit
tumour suppressor genes or activate oncogenes. However, the role of L1 in hepatocarcinogenesis

is still unknown.
Methods

L1 expression was evaluated in the RNAseq data of HCC (n=372) from the cancer genome atlas
liver hepatocellular carcinoma (TCGA LIHC) study and formalin-fixed paraffin-embedded (FFPE)
patient biopsies (n=48) from our own biobank. RNAseq data was analysed for L1 counts and their
distribution was assessed in different HCC subclasses based on previously known molecular
classifications and associations with clinical parameters were explored. Likewise, FFPE samples
were stained for L1orflp using an automated immunohistochemistry machine and were scored by
a pathologist; associations between Llorflp expression in HCC and clinical parameters like
cirrhosis, tumour stage, albumin, bilirubin, alpha fetoprotein (AFP) and survival were explored.
The role of L1 was further characterised in different liver cancer cell lines utilising L1 knockdown
and overexpression systems. L1 knockdown was achieved using a lentivirus-based shRNA
expression vector targeting L1orfl in Huh-7 cells. The influence of L1-knockdown on functional
properties such as proliferation, migration and invasion of the cells were investigated by comparing
L1-knockdown cells with wild type and non-targeted controls. RNAseq evaluated the influence of
L1-knockdown on whole transcriptome. Transient L1 full-length overexpression and conditional
Llorflp overexpression were used to further validate the influence of L1 on cell signalling

pathways.
Results

L1 expression was elevated in HCC both at transcript and protein level compared to adjacent non-
tumour tissues. L1 transcripts correlated with high AFP, TP53 mutation, macrovascular invasion
and activated TGF-f signalling. Likewise, L1orf1lp expression correlated with AFP, activated TGF-
B signalling and poorly differentiated tumours. A positive association between Llorflp and
pSMAD3 confirmed the relationship between L1 expression and TGF- signalling in HCC. L1
knockdown in Huh-7 cells led to decrease in migratory and invasion capacity of the cells compared
to control cell lines. Furthermore, gene set enrichment analysis (GSEA) of the RNAseq data

demonstrated downregulation of TGF-p pathway in Huh7-L1knockdown cells compared to non-



targeting control cells, which was confirmed by Pail-lucifease reporter assay. Conversely, L1
overexpression (full-length and L1orfl alone) increased TGF-f signalling as confirmed by Pail-
lucifease reporter assay, RT-qPCR and FACS analysis in HepG2, PLC/PRF-5 and HHL5 cell lines.

Conclusion

L1 is upregulated in human HCC and associated with high AFP, TP53 mutation and activated TGF-
B signalling. Further in vitro studies demonstrated a crosstalk between Llorflp and TGFp-
signalling. Overall, our data demonstrates a causal link between Llorflp and TGFp signalling,
which presents a novel therapeutic avenue and potential treatment stratification biomarker for HCC.
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Chapter 1: Introduction

1.1 Hepatocellular carcinoma
1.1.1 Epidemiology

Liver cancer is the fourth leading cause of cancer related deaths worldwide. 85 to 90% of
primary malignant liver cancers are hepatocellular carcinoma (HCC) (Diaz-Gonzalez et al.,
2016, Ferlay et al., 2013). HCC is associated with a poor 5 year survival, causing about
781,600 deaths worldwide annually (Ferlay et al., 2019). The poor prognosis is associated
with late patient diagnosis as the disease usually develops on a background of chronic liver
disease and has no distinct specific symptoms in early stages. Thus more than 50% of
patients are diagnosed in advance stage HCC with metastasis (Altekruse et al., 2009).

HCC incidence rates are varied in different parts of the world (Figure 1.1). 80% cases have
been observed in sub-Saharan Africa and East Asia due to the prevalence of Hepatitis B
and C viruses (Zhu et al., 2016, Yang et al., 2019). In recent years, these rates are decreasing
due to effective vaccination for Hepatitis B (Goldstein et al., 2005). However, in North
America and Europe, the incidence rate are increasing due to higher prevalence of Hepatitis
C infection, obesity and alcohol consumption (Hajarizadeh et al., 2013). In the USA alone,
incidence levels have more than trebled in the last two decades. (EI-Serag, 2011). Similarly
in the UK, incidence have increased by 2.5 in the last two decades (CancerResearchUK,
2017).
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Figure 1.1 Global disease burden of primary liver cancer (numbers are per 100,000 person) (a)
incidence (b) mortality during 2018 (Yang et al., 2019)



1.1.2 Risk factors

Several risk factors are associated with HCC. The most prevalent risk factors are chronic
infection with Hepatitis B and Hepatitis C viruses. Other major risk factors are alcohol

consumption, aflatoxin B1 exposure and obesity.
1.1.2.1 Hepatitis B virus

Hepatitis B virus (HBV) is the most common risk factor for HCC and accounts for more
than 55% of all cases (Kew, 2010, Yang et al., 2019). Chronic hepatitis B patients
particularly have a 10%—-25% risk of developing HCC (McMahon, 2009).

HBV is a partially double-stranded DNA and has four overlapping open reading frames
(ORFs): pre-C/C , pre-S/S, P and X (Tsuge et al., 2010, Lucifora et al., 2011, Zoulim et al.,
1994). HBV virus enters hepatocytes through the sodium taurocholate cotransporting
polypeptide receptor, Figure 1.2 (Yan et al., 2013). In the cytoplasm, the nucleocapsid
releases the semi-circular DNA. The semi-circular DNA is exported into the nucleus and
converted into covalently closed circular DNA (cccDNA). cccDNA serves as template for
four viral RNAs, which contain polyadenylated tail but do not undergo splicing. The 3.5kB
precore RNA is translated into pre-core antigen (HBeAg). The 3.5kB pregenomic RNA is
encapsulated with protein kinase and viral polymerase into core particle. The 2.4kB
transcript is translated into HBsAg and 0.8kb transcript is translated into HBx. (Tang et
al., 2005, Bock et al., 2001). The viral DNA polymerase contains a reverse transcriptase
domain but lacks proofreading capacity and has a high frequency of mutation particularly
substitution mutations. Subsequently, it causes genetic diversity and several viral genotypes

can emerge leading to drug resistance.

HBV can also integrate into the host genome and can affect gene expression including
inactivation of tumour suppressor genes or activation of oncogenes (Jiang et al., 2012).
High-throughput sequencing-based method has shown that HBV integration tend to occur
commonly in chromosome 17. Its integration is particularly reported in two HCC relevant
genes: fibronectin 1 and telomerase reverse transcriptase and also in SMADS, PHACTR4

and RBFOX1 genes (Ding et al., 2012a).

HBYV can also promote hepatocarcinogenesis via HBx protein as it can influence various
cell signalling pathways. For example, HBx protein can induce promoter methylation of

several genes by increasing DNMT1 and DNMT3a expression (Jung et al., 2007).



pl6INK4A promoter methylation is particularly associated with HBXx protein expression
leading to increased cell cycle progression (Zhu et al., 2010). HBx can also indirectly
inhibit E-cadherin expression through DNMT1. E-cadherin inhibition is associated with
reduced cell-cell contacts and increased cancer invasion. Its inhibition can also activate
Wnt signalling pathway, as it cannot sequester f-catenin and inhibit translocation into the
nucleus. Thus the HBx protein induces EMT and increases cell proliferation (Lee et al.,
2005a). HBx can also reduce p53 nuclear expression by sequestering it in the cytoplasm
(Wang et al., 1995). Furthermore, it can also bind to the C-terminal of p53 and inhibits
binding of xeroderma pigmentosum B (XPB) and xeroderma pigmentosum B (XPD). Both
XPB and XPD are components of the transcriptional factor Il H (TFIIH) and have an
important role in inducing apoptosis. Thus, XPB and XPD inhibition leads to reduce
apoptosis. HBx protein can also upregulate survivin expression, which belongs to the
apoptosis-inhibitor protein family (Zhang et al., 2005). Also, a crosstalk between HBx and
NF-kappaB pathway has been reported (Shukla et al., 2011).
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1.1.2.2 Hepatitis C virus

Hepatitis C virus (HCV) infection is the second most common risk factor for HCC and
accounts for 10-25% of all HCC cases (Huang et al., 2011). It is estimated that 57 million
people have chronic hepatitis C worldwide and 10-20% have liver complications including
cirrhosis and HCC (Heffernan et al., 2019, Hajarizadeh et al., 2013).

HCV is a positive-sense single-stranded RNA and cannot integrate into the host
genome as it does not transcribe via reverse transcription enzyme. The virus tends to
harbour in the endoplasmic reticulum of hepatocytes (Figure 1.3). In the endoplasmic
reticulum, it replicates its RNA and translates key structural and non-structural proteins
such as HCV Core, p7 E1 and E2; and (NS2, NS3, NS4A, NS4B, NS5A and NS5B) (Kim
et al., 2007). HCV core, E2, NS5A, and NS5B proteins can also activate proliferating
pathways such as the E2F1 pathway and RAF/MAPK/ERK kinase pathways. These
pathways are associated with poorly differentiated HCC tumour phenotype.

Endoplasmic
reticulum

Membranous
web

31

Figure 1.3 Hepatitis C viral cycle (Moradpour et al., 2007)

In particular, HCV core protein influences several cellular pathways. It can suppress
tumour suppressor genes such as RB1, TP53 and TP73 (Machida et al., 2009, Kao et al.,
2004, Alisi et al., 2003). Furthermore, HCV core protein is a negative regulator of
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CDKN1A and CDKN2A. CDKN1A (p21) activates TP53 by blocking its inhibitor MDM2.
Thus its downregulation increases MDM2 expression leading to increased TP53
degradation. CDKN2A (p16™K44) is a cell cycle inhibitor and blocks cyclin-dependent
kinases, and inhibits S-phase cell cycle progression (Hayashi et al., 2000, Lim et al., 2012).
HCV core protein also induces the production of ROS, which may induce an inflammatory
microenvironment in the liver and recruit profibrogenic mediators such as TGF-f (Bataller
etal., 2004). The HCV core protein can also inhibit NF-kappa B mediated pathways leading
to a reduced innate immune and anti-tumour response (Joo et al., 2005). In vivo studies
have shown that HCV core protein can induce insulin resistance, steatosis and HCC in
transgenic mice. Similarly, HCV core protein can co-localise with apolipoprotein A2 on
the surface of triglyceride and hence regulates lipid metabolism (Moriya et al., 1998, Barba
etal., 1997).

Besides HCV core protein, NS5A and NS5B can also contribute to hepatocarcinogenesis.
NS5A can inhibit TP53 signalling pathway progression (Majumder et al., 2001). It can also
activate B-catenin/WNT and PIBK/AKT pathways and evade cell apoptosis by inhibiting
caspase-3 (Street et al., 2005). In addition, NS5A can induce the production of ROS and
causes an inflammatory liver microenvironment (Baek et al., 2006). NS5B protein can also
inhibit the tumour suppressor gene RB1 (Munakata et al., 2005). These findings
demonstrate that HCV proteins have diverse roles in cell proliferation, lipid metabolism,

cell survival that support HCC carcinogenesis.
1.1.2.3 Alcohol

Alcohol is third most common risk factor in HCC worldwide however, accounts for 40 to
50% of all HCC in Europe (Jewell and Sheron, 2010). A meta analysis has shown that
consumption of alcohol three or more drinks per day increases the risk of HCC by 16% and
consumption of more than 6 drinks increases the risk by 22% (Turati et al., 2014). A
positive association has been observed between alcohol consumption, obesity, Hepatitis B,
Hepatitis C and risk of HCC (Donato et al., 2002). Particularly, heavy alcohol consumption
(210-560 g/week) and Hepatitis B infection increases the risk of HCC by three fold when
compared to Hepatitis B infection only (Farazi and DePinho, 2006).

Alcohol is metabolised in the liver by the enzyme alcohol dehydrogenase. Alcohol
dehydrogenase metabolises ethanol and synthesis nicotinamide adenine dinucleotide

(NAD). Subsequently, NAD produces free radical species which induces oxidative stress



in the liver and induces the formation of protein and DNA adducts leading to DNA damage
(McKillop and Schrum, 2005). Free radical species can also activate the innate immune
system particularly Kupffer cells. Kupffer cells in turn release several inflammatory
cytokines such as tumour necrosis factor-o. (TNF-a) (Mandrekar and Szabo, 2009) (Farazi
and DePinho, 2006). Chronic alcohol consumption can also increase cytochrome CYP2E1
levels by 10 to 20 fold. CYPSEL induction by ethanol is associated with formation of
hydroxyethyl radicals (HER) leading to lipid peroxidation (Dupont et al., 1998, Albano et
al., 1993). Furthermore, CYP2EL induction increases ethanol reactive species and 4-
hydroxynonenol (4-HNE). 4-HNE is associated with mutation at codon 243 of TP53 gene.
CYPSEL can also activate procarcinogen such as aflatoxin and polycyclic hydrocarbons

(Hu et al., 2002, Aleynik et al., 1998), thus promoting hepatocarcinogenesis.
1.1.2.4 Obesity

Obesity is another major risk factor and a meta analysis has shown that overweight and
obese individual have a 17% and 89% increased risk of HCC (Larsson and Wolk, 2007).
Furthermore, a separate meta-analysis study showed an increased risk of 25% for each 5
kg/m2 increase of BMI (Renehan et al., 2008). Obesity is caused by excess body fat leading
to the accumulation of triglycerides in the liver. As the condition progresses, it can develop
into non-alcoholic fatty liver disease (NAFLD). NAFLD is characterised by ballooning of
hepatocytes and cell death. A strong association have been observed between NAFLD,
obesity, hypertension and insulin resistance. The disease may progress into non-alcoholic
steatohepatitis (NASH) which includes inflammation. NASH patients have a 5 year risk of
11.7% for developing HCC (Bhala et al., 2011).

1.1.2.5 Aflatoxin B1

Aflatoxin B1 (AFLBL1) is synthesised by the fungi Aspergillus flavis and Aspergillus
Parasitans. AFLBL1 is metabolised in the liver and the metabolite can cause alkylation of
nucleic acids in the genome. Several studies have observed somatic mutations associated
with aflatoxin especially in codon 249 of TP53, which affects its tumour suppressor
function (Gouas et al., 2009). Thus, areas with high prevalence of AFLB1 such as sub-
Saharan Africa and eastern Asia are associated with high prevalence of HCC. Exposure of
AFLB1 to Hepatitis B positive patients further increases the risk of HCC development
(Kew, 2003).



1.1.2.6 Hereditary Haemochromatosis

Hereditary haemochromatosis is an autosomal recessive disorder caused by mutation in the
HFE gene. The mutation causes excess iron absorption and storage in several organs
including liver. In the liver, it causes liver damage and fibrosis (Powell et al., 2000). Several
studies have shown an association between hereditary haemochromatosis and HCC
(Fracanzani et al., 2001, EImberg et al., 2003).

1.1.3 Diagnosis of HCC

Several techniques have been developed to detect HCC. These include liver biopsy,
ultrasonography and certain biomarkers. Liver biopsy is the optimum diagnostic test and
has a sensitivity of about 70% but is lower in tumours smaller than 2cm due to difficulties
in distinguishing well differentiated HCC from dysplastic lesions. Several guidelines have
been suggested to identify major histological features of HCC such as increased cell

intensity, diffuse fatty changes, pseudo-glandular pattern and stromal invasion (Jain, 2014).

Ultrasonography is a non-invasive alternative, and an effective tool in monitoring HCC in

cirrhotic patients. Lesions larger than 1cm should be analysed by dynamic contrast
enhanced MRI or quadruple-phase CT. HCC lesions will be brighter than the surrounding
liver in the arterial phase and are less bright compared to the surrounding parenchyma in
the venous phase. The phenomenon is known as delayed washout and has a sensitivity of
89% and a specificity of 96% for HCC (Shinmura et al., 2005, van der Pol et al., 2019).
The use of ultrasonography can be subjective as it depends upon the operator (Atiq et al.,
2017). In cirrhotic patients, lesions larger than 2cm correlate with a 95% risk of HCC
(Frazer, 1999).

Smaller lesion less than 1 cm are less likely to be malignant particularly in patients with
cirrhosis (lwasaki et al., 1998). Nonetheless, routine surveillance is required 3-6 months
to monitor any malignant growth (Bruix and Sherman, 2005). Several studies have
observed better survival during routine surveillance in patients with underlying liver
conditions. For example, in a randomised controlled trial, Hepatitis B patients were
categorised into two groups, screening (9373 patients) and control group (9443 patients).
The screening group were monitored both by a-fetoprotein test and an ultrasonography

examination every 6 months. The mortality group in the screening group was significantly
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lower (83.2 per 100000) compared to (131.5 per 100000) in the control group (Duffy,
2010).

Several biomarkers have been developed to detect HCC (Table 1.1) but they all have some

limitations.

Table 1.1 Different HCC biomarker and diagnostic values

Biomarker Sensitivity, % Specificity, %
AFP (Marrero et al., 2009) 53.0 90.0

AFP-L3 (Marrero et al., 2009) 28.0 97.0

Golgi protein-73 (Xu et al., | 74.6 97.4

2014)

Glypican-3 (Sawadaetal., 2012) | 55.1 97.0

miR-15b (Liuetal., 2012) 98.3 15.3
miR-130b (Liuetal., 2012) 87.7 81.4

miR-21 (Tomimaru et al., 2012) 87.3 92.0

o Alpha Fetoprotein (AFP) is a 70kDa glycoprotein and is usually produced during
the first 12 to 16 weeks of neonatal development at a level of about 3g/L in serum.
Afterwards, AFP level rapidly declines and reach trace levels. In response to injury,
hepatocyte proliferate and release AFP into the circulation (Mizejewski, 2001). Elevated
AFP levels have been associated with HCC particularly serum levels higher than 200 ng/L
(Bruix and Sherman, 2005). However, AFP has a low sensitivity of 53% and a specificity
of 90% for detecting HCC (Marrero et al., 2009). False positive may occur as AFP levels
can increase in other disorders such as cirrhosis and Hepatitis. A more specific biomarker
is AFP-L3. AFP-L3 is one of the three glycoforms of AFP and is specifically elevated in
HCC (Spangenberg et al., 2006). Similarly, elevated AFP-L3 levels are associated with
poorly differentiated tumours. Its sensitivity is 28% but has a specificity of 97% (Marrero

et al., 2009). As the sensitivity is low, it has significant limitation as a biomarker for HCC.



o Golgi protein-73 (GP73) is a type II Golgi-specific membrane protein and expressed
in normal epithelial cells but not in normal hepatocytes. It is detected in the serum during
liver disease particularly in HCC (Kladney et al., 2002). A previous study has shown that
GP73 levels were significantly higher in patients with Hepatitis B or HCC compared to
healthy adults (Mao et al., 2010). The sensitivity and specificity is 74.6% and 97.4%
respectively (Xu et al., 2014).

o Glypican-3 (GPC3) belongs to the heparan sulfate proteoglycan family and is
involved in cell proliferation and survival. In normal hepatocytes , it is usually repressed
(Filmus and Capurro, 2008). In HCC, GPC3 is elevated and associated with increased Wnt
signalling pathway leading to increased cell proliferation. As it is expressed in tumour
tissues and not in benign tissue, it provides the potential as a tissue biomarker (Sung et al.,
2003). Furthermore, GPC3 can be released in the peripheral blood vessels as sGPC3 and
be detected in the serum. The sensitivity and specificity is 55.1% and 97.0% respectively
for sGPC3 (Sawada et al., 2012).

o MicroRNAs (miRs) are small non-coding RNAs and can bind to the 3” untranslated
region of transcripts and induce transcript degradation. miRs are able to affect several genes
and thus affect cellular processes such as proliferation and differentiation, and can also
affect tumour suppressor or oncogene functions (Ferracin et al., 2010). Several studies have
explored these as potential biomarkers for cancers including HCC (Bracken et al., 2016,
Lin and Gregory, 2015). For example, patient serum samples from a cohort of 30 healthy
controls, 57 patients with HCC and 29 hepatitis B individual were analysed for miR-15b
and miR-130b. miR-15b and miR-130b were both elevated in the HCC cohort. miR-15b
had a high sensitivity rate of 98.3% but a poor specificity of 15.3% for detecting HCC.
miR-130b had a sensitivity rate of 87.7% and specificity of 81.4% (Liu etal., 2012). miR-
21 is also an important potential biomarker as it can distinguish chronic hepatitis and HCC.
It had a sensitivity and specificity of 61.1% and 83.3% in detecting HCC compared to
chronic hepatitis patients in a cohort of 30 patients (4 with Hepatitis B and 26 with Hepatitis
C). The sensitivity and specificity increased to 87.3% and 92.0% in detecting HCC (n=126)
compared to healthy control, n=50 (Tomimaru et al., 2012). The data is encouraging but
more studies with larger cohorts are needed to validate the findings and establish clinical
usage of these as potential HCC detection biomarkers.
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Current data suggest that a single biomarker is not sufficient for detecting HCC particularly
in early stages of the disease. Several studies have shown that combination of different
diagnostic markers may improve the diagnostic rate. Hence, early detection biomarkers are

an unmet need of HCC patients.

1.1.4 Staging of HCC

Staging is an important tool to assess the extent of the cancer and identify the best treatment
strategies. It generally involves evaluation of liver function and patient performance. The
Barcelona Clinic Liver Cancer (BCLC) staging is a common staging system in the world
(Burak and Kneteman, 2010). It was introduced in 1999 and further adapted in 2008 to
include Sorafenib treatment (Llovet et al., 2008a, Llovet et al., 1999a). The staging system
predicts patient prognosis and suggest treatment strategies (Figure 1.4). Patients are
classified into four main groups: early, intermediate, advance and terminal stage. Patients
with child score of A or B and 3 lesions less than 3cm are classified as early stage. The 5-
year survival is usually between 50-75%. Intermediate stage patients have a child score of
A and B and multifocal HCC with no macrovascular invasion. The 3-year survival is
usually less than 50%. Advance stage patients have a child score of A and B, macrovascular
invasion and extrahepatic spread. Terminal stage patients have a child score of C and

extensive tumours. The survival is usually less than 3 months.
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Figure 1.4 BCLC staging system. The staging system predict prognosis and recommends treatment
strategies by assessing patient tumour and liver related factors.

The BCLC has been used to assess HCC staging but prescribed treatment options are
limited. Some centres may use their own guidelines or use other staging systems such as
the Alberta HCC and the Japan Society of Hepatology (JSH) algorithms. Alberta HCC and
JSH both extends the BCLC system by providing more treatment options and re-classifying
some treatment options to more advance HCC patients. For example in these staging
system, early stage HCC can be treated with radiofrequency ablation, and Child-Pugh
class C patients can receive liver transplantation, which is not present in BCLC staging
(Burak and Kneteman, 2010). Nonetheless as the disease progresses, treatment strategies

become limited and are associated with a poor patient prognosis.

1.1.5 Treatment approaches

Several treatment options exist to treat HCC. Though as the disease progresses, treatment
options become limited (Figure 1.4), the options also depend upon the available resources
(Figure 1.5).
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1.1.5.1 Liver resection

Liver resection is the primary treatment for HCC patients. It is offered to patients
with normal liver function, normal bilirubin levels, no portal hypertensions and no liver
cirrhosis. In addition, tumour lesions must have the following criteria: single tumour lesion
less than 5 cm or up to 3 tumour lesions less than 3 cm in size, Child Pugh Score A or B or
performance score of O (Llovet et al., 1999b). Liver resection also provides the capability
of measuring the likelihood of disease recurrence using markers such as microvascular
invasion. Nonetheless, liver resection has a high patient recurrence. 70% of patients will
usually get tumour recurrence within 5 years (Forner et al., 2012) and 10 year survival is
7-15%. Furthermore, patients with non-cirrhotic NAFLD HCC have a high 20% mortality
rate with liver resection, which is also observed in patients with liver cirrhosis. Thus liver

resection can only be performed in certain patients (Piscaglia et al., 2016).

1.1.5.2 Liver transplant

In many cases, resection may not be possible in patients with chronic liver disease.
These patients may receive a liver transplant. Currently, there are several patient criteria
before a transplant can be performed. Milan criteria is the common liver transplant criteria
used in patients. In Milan criteria, HCC tumour nodule must be less than 5 cm or 3 nodules
each less than 3 cm. The 5-year survival usually exceed 70% and tumour recurrence is
about 20%. Furthermore, liver transplantation removes the risk of any unrecognised
intrahepatic metastasis. However, there is a short supply of donor livers available for
transplants and patients require life-long immunosuppressive drugs (Zimmerman et al.,
2008). Loco-regional treatment may be performed such as liver resection or ablation until

a suitable donor is found.

1.1.5.3 Ablation

Tumour ablation is an indirect therapy to remove HCC tumours and has a median overall
survival of 60 months and a 5 year recurrence of 50-70%. Several ablation techniques exist
including chemical, electrical or thermal methods. Chemical ablation uses ethanol to induce

tissue ischaemia in tumour tissues. Radiofrequency ablation is another type of ablation
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which uses heat induced by radiofrequency (Yang and Roberts, 2010). Recently it has been
suggested as a primary treatment for HCC tumours less than 2cm. Several studies have
demonstrated improved overall survival rate with radiofrequency ablation compared with
untreated. In a separate study, a specific cohort of patients demonstrated similar overall

survival between radiofrequency ablation and liver resection (Diaz-Gonzalez et al., 2016).
Radiation

During radiation treatment, HCC tumours were treated with external radiation beams to
reduce or eliminate small tumours. A pooled analysis was performed on 102 patients with
unresectable HCC tumours and Child Pugh score A. Half of patients were treated with
photon stereotactic body radiation therapy from 24 to 54G. Patients with 54G demonstrated
an improved overall response rate of 54% and an overall survival of 17 months (Bujold et
al., 2013).

1.1.5.4 Transarterial chemoembolization (TACE)

TACE is a therapy commonly used in patients with unresectable tumours. Gelatine
microspheres embolised with chemotherapeutic reagent are occluded onto the hepatic
artery to induce tumour necrosis. The hepatic artery is the primary artery of HCC and nearly
all its vascularisation occurs through this artery. In contrast, the hepatic artery supplies 30%
of blood supply to the normal hepatic parenchyma. Thus, it is a selective target particularly
for TACE.

As tumour is reduced, more curative therapy options such as liver transplant may become
available (Belghiti et al., 2008, Heckman et al., 2008). Several studies have shown
significant survival benefit with TACE therapy compared to best supportive care or
Tamoxifen treatment. The overall survival with TACE treatment was 37 months in random
controlled studies (Liu et al., 2018). In a separate study, TACE reported a treatment related
mortality of just 0.6% (Lencioni et al., 2016). However, 5-year survival do not usually
exceed 50%, and is not suitable in advance HCC patients as it may induce liver
failure(Diaz-Gonzalez et al., 2016).

A previous study investigated the effect of treatment with TACE before and after liver

resection. The study concluded that prior HCC treatment may lead to a poorer prognosis.
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Postoperative TACE treatment did not affect survival (Sasaki et al., 2006, Schwartz et al.,
2002). In a separate study, TACE treatment survival was measured in patients with
different stages of HCC. Early stage (BCLC 0-A) demonstrated a survival of 16-45 months,
intermediate stage (BCLC B) 15.6-26.3 months and late stage (BCLC C) 6.8-13.6
months{Llovet, 2016 #331}.

1.1.5.5 Selective internal radiation therapy (SIRT)

Selective internal radiation therapy (SIRT) is used in patients with unresectable tumours.
Implantable radioactive microspheres are typically 35 um in diameter compared with 100-
500 um in TACE (Volk et al., 2008). The most common radiation agent used is Y90 b-
emitting isotope and directly delivered into the artery of the tumour. SIRT radiation induces
localised radiation without causing ischaemia to the liver or tumour due to the small size
of microspheres (Lau et al., 2013). In a study consisting of 463 patients (122 of patients
received TACE and 123 receive SIRT), SIRT had an improved response rate and longer
time for tumour progression compared to TACE therapy (13.3 months vs 8.4 months).
Though the median survival was not significant between these two groups (20.5 months
vs17.5 months) (Salem et al., 2011). SIRT is commonly applied to patients which are not
good candidate for TACE therapy due to the larger tumour burden and vascular invasion
(Lau et al., 2013).

1.1.5.6 Medical Therapies

Several chemotherapeutic agents have been tested for their efficacy against HCC.
Systematic doxorubicin, PIAF (interferon, platinum, doxorubicin and 5-FU) regime have
not reported any survival advantage, and in some cases it was associated with additional
toxicity. Furthermore, no survival benefits were observed with the following drugs in phase
3 trials: sunitinib, erlotinib, epidermal growth factor receptor, brivanib, linifanib,
ramucirumab, everolimus. These phase 3 drugs acts on various molecular targets including
VEGFR, VEGFR2 fibroblast growth factor receptor, c-Kit, epidermal growth factor
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receptor. Several reasons were associated with poor efficacy including liver toxicity, low

potency or flaws in the design of the study (Sun and Cabrera, 2018).

However, sorafenib has been shown to increase median survival across all different HCC
aetiologies. Sorafenib is a multikinase inhibitor and is used to treat advance progressed
HCC. It inhibits the (Raf/MEK/ERK) signalling pathway, specifically VEGF-2, VEGF-3
and PDGF, leading to reduced proliferation and increased cell apoptosis. In a phase 3
clinical trial involving 602 advanced HCC patients who had no previous systematic
treatments, Sorafenib has improved survival by 7.9 to 10.7 months. (Llovet et al., 2008b).
Side effects were manageable and included skin reactions and diarrhoea. Further studies
demonstrated that combination therapy with TACE and sorafenib have not resulted in any

clinical benefits.

Another tyrosine kinase inhibitor is Lenvatinib. Lenvatinib is an oral tyrosine kinase
inhibitor and blocks fibroblast growth factor receptors 1-4, platelet-derived growth factor
receptor, VEGFR1-3, KIT and RET. In a phase 3 trial study of 954 patients with
unresectable HCC, Lenvatinib improved survival by 13.6 months compared with Sorafenib
12.3months. However the complete response is poor as <1% had a complete response, 18%
had a partial response for Lenvatinib. The complete response rate for Sorafenib was <1%
and 6.5% had a partial response (Kudo et al., 2018). Both Sorafenib and Lenvatinib are
first-line treatments and are FDA approved for HCC. However, the response rate is poor

and further secondary line treatments are needed.

Regorafenib is an oral multikinase inhibitor targeting VEGF1-3 and other kinases leading
to inhibition of cell proliferation, metastasis, angiogenesis and tumour immunity (Wilhelm
et al., 2011). Its efficacy was tested in 573 patients who had been treated previously with
Sorafenib but showed tumour progression after treatment. Regorafenib improved survival
by 10.6 months compared to 7.8 months with placebo (Bruix et al., 2017). Cabozantinib is
another second line treatment and inhibits VEGFR2, MET and RET. In a phase 3 study
consisting of 707 patients assigned in a 2:1 ratio of Cabozantinib and placebo, Cabozantinib
improved survival by 10.2 months compared to 8 months with placebo (Abou-Alfa et al.,
2018).

5-FU is a drug which inhibits cell cycle progression at S-phase and upregulates p53
expression. 5-FU and cisplatin combination therapy was particular shown to extend
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survival to 14 months compared to HCC patients who did not receive the combination
therapy (5.2 months) (Nouso et al., 2013).
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Figure 1.5 Strategy of HCC treatments in countries with different resources (Yang et al.,
2019)

1.1.5.7 Novel/Experimental therapies

Novel treatment approaches are required to target tumours whilst not affecting normal
tissues. As the immune system has the capability of targeting tumour cells, several different

strategies have been developed to increase the anti-tumour immune response.

Adoptive Cell Therapy

Adoptive cell therapy is an immunotherapeutic approach, which stimulates patient derived
lymphocytes with cytokines ex vivo. Cells are re-infused into the patient to increase the
patient anti-tumour immune response. Several cell types have been used such as T cells,
natural Killer cells, and tumour-infiltrating lymphocytes (Yeku et al., 2017, Baruch et al.,
2017).
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Chimeric antigen receptor (CAR) T cell therapy has been used in vitro and in vivo studies.
In a previous study, genetically modified T lymphocytes were used which were customised
to the tumour antigen GPC3. Survival was significantly higher with CAR T cell therapy
(n=6) compared to untreated in HCC mice xenografts (n=6) (Gao et al., 2014a). Similarly,
CAR T cells customised to GPC3 and asialoglycoprotein receptor 1 (ASGR1) had an
elevated anti-tumour immune response both in vitro and in vivo (n=5 for each group) (Chen
et al., 2017). Nonetheless, CAR T cells can have severe complications such as cytokine
release syndrome and tumour lysis syndrome. Further clinical trials are required to test the
efficacy and safety of CAR T cells therapy (Teachey et al., 2016, Xu and Tang, 2014).

Cytokine-induced Kkiller (CIK) cells are peripheral mononuclear cells consisting of
CD3-CD56+cells, CD3+CD56+ and CD3+CD56—. Cells are stimulated by cytokines such
as IL-12, IL-1 IL-1, IL-12 and interferon y ex vivo, and then re-infused into the patient
(Mata-Molanes et al., 2017, Gao et al., 2017). In a meta analysis consisting of 693 HCC
patients, TACE and dendritic cells CIK cells combination therapy increased patient
survival by 1 to 2 years (Su et al., 2016). Similarly in a mice model, CIK cells and valproate
were infused. Valproate is a drug used to treat epilepsy and headaches. Recent studies has
shown that Valproate can inhibit histone deacetylase (HDAC). HDAC inhibition can
increase the transcription of several genes and enhance innate immune response by
specifically increasing the NKG2D ligand. The NKG2D ligand is expressed in tumour cells
and has an important role in the induction of cytotoxic lymphocytes. Valproate has shown
to increased MIC-A and MIC-B mRNA expression and making HCC more susceptible to
innate immune system particularly through cytotoxic NK cells. CIK cells and Valproate
had a synergistic effect and reduced tumour growth (Lee et al., 2017).

Lymphokine-activated killer cells may provide the potential for novel therapy. However,
most lymphokine-activated killer cells lack tumour antigen specificity. In contrast, tumour-
infiltrating lymphocytes (TIL) contain tumour antigen-specific T cells as they are derived
from tumour tissues (Toh et al., 2006). In a previous study, TIL cells were infused in the
hepatic artery and were able to migrate to HCC tumour sites. TIL cells were also associated

with lower recurrence rate in HCC patients (Xie et al., 2012).
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Immune Checkpoint Inhibitors

Immune checkpoint regulators are overexpressed in several cancers and inhibit the anti-
tumour immune response. Different immune checkpoint inhibitors have been developed to

increase the anti-tumour immune response.

CTLA-4 inhibitor prevents the binding of CTLA-4 to B7-1 and B7-2 leading to T cell
activation (Vesely et al., 2011). In a phase Il study involving patients with advanced HCC
and hepatitis C, anti-CTLA-4 monoclonal antibody (Tremelimumab) decreased the
Hepatitis C viral load and no significant toxicity was observed. Moreover, the survival was
improved by 6.48 months (Sangro et al., 2013). Similarly in a separate study, combination
therapy of radiofrequency ablation and Tremelimumab decreased Hepatitis C viral load but
also increased CD8+T cells in HCC tumours. Thus CTLA-4 inhibitor may be a potential
successful therapy particularly in Hepatitis related HCC patients (Duffy et al., 2017).

PD-1 immune checkpoint inhibitors can inhibit the binding of PD-L1 and PD-L2 to PD-1.
PD-L1 are expressed in cancer cells and PD-1 in immune cells. If the binding is inhibited,
it leads to T-cells, B-cells, natural killer cells, dendritic cells activation (Dai et al., 2014,
Shietal., 2013). In a phase /1l study, 41 advanced HCC patients were treated with the PD-
1 inhibitor Nivolumab. In 72% of patients, the survival significantly increased by at least 6
months (EI-Khoueiry et al., 2015).

Furthermore in a randomised phase 3 trial, the combination therapy of atezolizumab and
bevacizumab was tested (558 patients). Both atezolizumab and bevacizumab are
monoclonal antibodies. Atezolizumab targets PDL1 and bevacizumab targets VEGF. The
combination therapy improved survival compared to sorafenib 19.2 months vs. 13.4
months. Thus, immune therapies may provide a better treatment option for HCC (Finn et
al., 2020).

HCC Vaccines

Cancer vaccination can be used to reduce tumour load or prevent tumour relapse. A range
of HCC vaccines exists. Antigen Peptide Vaccines uses tumour specific peptides such as
AFP and GPC3. As AFP is overexpressed in many HCC tumours, it can be a potential
vaccine target. However, the anti-tumour immune response is reduced due to acquired

immune tolerance in early development (Pardee and Butterfield, 2012). GPC3 provides a
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potential target as it is highly expressed in HCC cells. In a phase Il trial, 25 patients received
10 GPC3 peptide derived vaccination over the course of 12 months. Patients' recurrence
was significantly lower in patients with surgery and GPC3 peptide derived vaccination than
surgery alone (at year 1: 24% versus 48%; at year 2: 52.4% versus 61.9%) (Sawada et al.,
2016).

Vaccination can also be induced using dendrite cells. Dendritic cells vaccination is
developed by inducing dendrite cells with cytokine such as rhGM-CSF and then sensitising
to autologous tumour antigens (Sun et al., 2015). Several studies have used dendrite
vaccination to treat HCC. In a previous study, dendrite cells were pulsed with autologous
tumour lysates and then infused into 31 patients with advanced HCC. Four patients had
partial response, seventeen patients had stable disease and ten had progressive disease, but
the overall 1-year survival was improved in all patients (Lee et al., 2005b). Similarly in a
separate study, dendritic cells were sensitised by tumour cell lysate. Both dendrite cells and
nifuroxazide (STAT3 inhibitor, increases dendritic cells maturation) were then infused into
mice with HCC. The combination therapy increased the anti-tumour immune response

leading to decreased tumour growth and improved survival (Zhao et al., 2017).

1.2 Molecular mechanisms of HCC

HCC is a multistep process, involving multiple changes such as chronic inflammation,

cirrhosis leading to genomic changes and HCC development.

Chronic inflammation is usually the first step in the development of HCC (Figure 1.6).
Previous studies have shown that more than 90% HCC patients had a background of
inflammation, irrespective of the cause of liver disease. Chronic inflammation is usually
caused by liver injury induced by toxins, autoimmune related causes or infection. The
inflammatory response consists of proinflammatory cytokines such as interleukin 1B and
Tumour necrosis factor o, which further induce inflammation and hepatocellular damage.
This may induce liver regeneration in order to repair the damage. Usually the inflammation
subsides if the initial trigger is removed (Ramadori et al., 2008, Rebouissou and Nault,
2020). However, chronic inflammation may trigger recruitment of myofibroblasts.
Myofibroblasts are derived from bone marrow precursor hepatic stellate cells and induce
wound healing including the deposition of extracellular matrix leading to hepatic fibrosis
(Brenner, 2009).
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Figure 1.6 Pathogenesis of HCC;HD=high dysplastic, LD=low dysplastic

Chronic liver injury and regeneration may lead to liver cirrhosis. Cirrhosis is characterised
by irreversible abnormal liver nodules and are surrounded by collagen deposits. Liver
function may also be impaired as reduced blood flow may lead to tissue hypoxia or portal
hypertension. Persistent chronic inflammation induces the formation of dysplastic
hepatocytic lesions. Dysplastic hepatocyte lesions are abnormal immature hepatocytes and
have irreversible structural alterations in gene expression, chromosome structure and are
considered to be precancerous lesions. These are categorised as low or high depending upon
the morphological structure and presence of atypia. Although both low and high dysplastic
lesions can develop into HCC, high dysplastic lesions have a greater risk. High dysplastic
lesion may develop into malignant tumour in 30% of patients between 1 to 5 years (Kojiro,
2009).

The presence of stromal invasion usually differentiates between dysplastic lesions and early
HCC. HCC is a vascularised and heterogeneous tumour. It may constitute of a single nodule
or multiple nodules. Hepatocytes in HCC usually have a prominent nucleolus, high nuclear-
cytoplasmic ratio and a granular eosinophilic cytoplasm. However, the cell morphology
can be diverse. It can have a pseudo glandular, trabecular, scirrhous or compact tumour
pattern. In its early stages, HCC is well differentiated but it can evolve to poorly
differentiated tumours with time. Several different driver mutations have been identified in
the development of HCC. The alteration of key pathways and epigenetic changes are
similar in most HCC but individual pathways may differ depending upon aetiology and

tumour stage.
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1.2.1 Common mutations and of signalling pathways in HCC
Below are some of the common mutations seen in HCC (Table 1.2):

Table 1.2 Prevalence of HCC mutations in patients. Prevalence statistics were obtained

from cBioportal (Soumerai et al., 2018).

Mutation Pathway Prevalence, %

TERT promoter mutation | Telomerase maintenance 535

WNT/R-Catenin Whnt/B-catenin pathway 34.6

TP53 Cell cycle regulation 30.7
ARID1A and ARID2 Chromatin remodelling 13.4 and 4.7
RB Cell cycle regulation 3.9

Telomerase maintenance

Telomeres are located at the tip of the chromosome and protect against end-to-end fusion
and degradation by nucleases and ligases. Telomerase is an enzymatic complex consisting
of telomerase reverse transcriptase and the telomerase RNA component. The complex
maintains telomeres length by synthesising specific telomeres DNA sequences and
attaching them towards the end of the chromosome. In normal cells, the process is primarily
suppressed. During each cell division, the telomeres become shorter ultimately leading to
cell apoptosis. However in cancer cells, telomerase stabilisation pathways are elevated
allowing cells to proliferate indefinitely. In HCC, TERT promoter mutation is the most
common mutation observed and occur in 30-60% of HCC. Mutation usually result in the
formation of novel ETS transcription factor binding site upstream of the TERT start site.
This results in increased TERT transcript expression. TERT promoter mutation can also
occur in about 25% of cirrhotic preneoplastic lesions (Nault et al., 2013). Thus, TERT
promoter mutation may have a key role or act as a driver mutation in HCC.

Wnt/p-catenin pathway

The Wnt/B-catenin pathway has an important role in liver development, metabolism and
growth. In HCC, the pathway is usually dysregulated through several mutations,
predominantly affecting the CTNNB1 gene. CTNNBI1 encodes for B-catenin and most
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HCC patients have a point mutation in exon 3. The point mutation inhibits the binding of
GSK3p, which inhibits B-catenin phosphorylation and degradation. B-catenin stabilisation
activates the transcription factor LEF-TCF which in turn increases the expression of cell
cycle progressive genes such as cyclin D and myc (Lu et al., 2014). The presence and
absence of CTNNB1 mutation with Wnt signalling activation demonstrates distinct HCC
phenotypes. CTNNB1 mutations with Wnt signalling activation are usually present in low
grade tumours and are associated with a better prognosis (Pez et al., 2013, Lachenmayer et
al., 2012). In contrast, HCC without CTNNB1 mutations and Whnt signalling activation are
usually seen in HBV patients. For this subset, cancers have an aggressive phenotype and
high level of genetic instability (Hoshida et al., 2009a, Pez et al., 2013).

Other somatic mutations have been observed specifically targeting negative regulators of
the Wnt/p-catenin pathway. These include missense mutations in Axin 1 and Axin 2. The
inactivation of these genes inhibited PB-catenin degradation (Guichard et al., 2012).
Furthermore a functional study has shown that Wnt signalling pathway may interact with
TGF-B pathway in an HCC subset, which had no CTNNB1 mutation and Whnt signalling
activation (Hoshida et al., 2009a).

TP53 pathway

TP53 is an important tumour suppressor protein and found to be mutated in about 30% of
HCC. It plays a central role in several cellular responses such as cell cycle arrest, DNA
repair and apoptosis. TP53 can also activate other tumour suppressor and apoptosis related
proteins such as p21 and BAX. Elevated p21 expression inhibits cyclin-dependent kinases
and thus hinders cell cycle progression. BAX is an intrinsic apoptosis protein and activates
the intrinsic apoptosis pathway leading to cell apoptosis. Low level or mutated TP53 have
been observed in many cancers and its mutations are linked to large tumour size and poorly
differentiated tumours. In HCC, TP53 mutation correlated with patient aetiology. Several
studies have shown a strong association between TP53 mutation, aflatoxin exposure and
chronic Hepatitis B infection in development of HCC (Madden et al., 2002). Furthermore
in aflatoxin induced HCC, specific TP53 mutation have been observed at codon 249
(Ozturk, 1991).

Retinoblastoma protein and dysregulation of cell cycle regulators

Cell cycle is regulated by cyclin-dependent kinases (CDKSs) and activators such as cyclin

D and cyclin-dependent kinase inhibitors including p16 and p2l. During cell cycle
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progression, cyclin D becomes active and binds to CDK4/6. The resulting cyclin/CDK
complex phosphorylates the retinoblastoma protein (Rb) resulting in its inactivation. Rb
protein is a tumour suppressor and has a growth repressive role. Its gene is deleted in several
cancers. Specifically, its deletions lead to increased DNA synthesis and cell division which
may support or lead to tumorigenesis (Williams and Stoeber, 2012). Cyclin-dependent
kinase hypermethylation have also been observed. For example in HCC, CDKNA2
promoter hypermethylation reduces pl6 expression and leads to increased cell cycle
progression and proliferation (Wong et al., 1999).

Oxidative stress

Oxidative stress or elevation of reactive oxygen species (ROS) can cause damage to DNA
and proteins. In HCC, oxidative stress pathways were elevated in 12% of HCC patients
(Schulze et al., 2015). Recent studies have shown that continued oxidative stress is a key
characteristic during carcinogenesis. Specifically, the NRF2-KEAP1 pathway is affected
and several somatic mutations have been observed. The NRF2-KEAP1 pathway induces a
cytoprotective response to ROS. NRF2 acts as a transcription factor in this pathway and
mediates the stress oxidative response. In contrast, KEAPL1 negatively regulate NRF2. In
HCC, somatic mutation of NRF2 and inactivating mutation of KEAP1 have been observed
(Menegon et al., 2016).

Akt/mTor and map kinase pathway

The Akt/mTor and map kinase pathway aberration has shown to occur in about 50% of
HCC cases. The pathway is induced by ligand binding and phosphorylation of EGF
(Epidermal growth factor) and VEGF (Vascular endothelial growth factor) receptors.
Subsequently, the pathway activates proto-oncogene cFos and transcription factor AP-

1/c-Jun leading to increased cell proliferation (Niu et al., 2016).
TGF-p pathway

The TGF-B pathway plays an important role in the liver by controlling liver architecture
and regeneration, but can also contribute to pathological condition such as fibrosis,
cirrhosis and HCC (Karkampouna et al., 2012).
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A recent transcriptome and genomic analysis were performed on 488 HCC samples from
the cancer genome atlas. 38% of HCC samples contained at least one mutation in gene
related to the TGF-p pathway. Overall, HCC patients were classed into three major
subgroups based on TGF-f signalling pathway status in the tumour tissue compared to
normal surrounding liver tissue: activated, inactivated and normal. TGF-B dysregulation
was particularly associated with somatic mutation in DNA repair proteins such as RAD51,
TP53BP, ATR, FANCD2, FANCM, FAN1 and RADS51. Patients with active TGF-
pathway had increased DNA damage response and activation of sirtuin signalling
pathways. Although overall survival was significantly better in patients with TGF-p
activated group compared to patients with TGF-f inactivated group (p=0.013), overall
disruption of TGF-p pathway was associated with poorer patient outcome as patients
without TGF-B disruption (normal group) exhibited significantly better survival than in
patients with activated or inactivated TGF-f status (Chen et al., 2018). The study highlights
the importance of the balance of TGF-p signalling in HCC.

Several studies have shown that TGF-B has a dual role and can act both as a tumour
suppressor and as a tumour promoter (Figure 1.7). In early stages of HCC, TGF-p acts as
a tumour suppressor and inhibits c-myc and certain cyclin dependent kinase inhibitors. As
HCC progresses, TGF-p can act as an autocrine and paracrine molecule and can activate
stromal fibroblasts. Stromal fibroblasts can activate regulatory T cells and tumour initiating
cells. Regulatory T cells are a subtype of T-cells which have immunosuppressive effects
on the immune system and decrease the anti-tumour immune response (Giannelli et al.,
2014). Tumour initiating cells, also known as cancer stem cells, are a subpopulation of
highly tumorigenic cells. These cells can self-renew and are resistant to many conventional
therapies (Wu et al., 2012). Elevated tumour initiating and regulatory T cells are both

associated with a poor prognosis.

In late stages of HCC, tumour cells can inhibit TGF-p tumour suppressive functions by
inhibiting genes such as TPRIL. TPRRII receptor expression is reduced particularly in
malignant hepatocytes compared to surrounding non-malignant tissue (Yamazaki et al.,
2011). Similar observations were seen in cell lines with late TGF-B response. These cell
lines had no TPRI1 receptor expression and low level of TBRII receptor expression
(Yamazaki et al., 2011, Matsuzaki, 2013, Nagata et al., 2009). Similarly patients with TBRII
receptor mutations are associated with a poor prognosis (Yamazaki et al., 2011). TGF-p

dysregulation can also affect several pathways such as epidermal growth factor (EGF) and
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Platelet-derived growth factor (PDGF) mediated pathways. The two pathways are
mitogenic signalling pathways and have an important role in cell survival and profileration.
EGF has an important role in cell survival and stimulates proliferation via the MAPK/ERK
and PI3K-Akt Pathway. PDGF leads to the accumulation of nuclear 3-catenin and increases
cell proliferation. Both growth factors are elevated in late stages of carcinogenesis and can

inhibit TGF-P suppressive functions and increase tumour promoting functions.

Several in vivo assays were performed to investigate the role of TGF-p signalling in HCC.
TGF-p signalling was investigated in vivo by hepatocyte-specific deletion of TAKL in
Albumin-Cre recombinase transgenic mice. TAK1 deficient mice developed spontatenous
inflammation, firbosis and HCC. TAK1 can interfere with R-SMAD activation by binding
to the SMAD protein MH2 domain (Hoffmann et al., 2005) or increase the expression of
TGF-p inhibitor SMAD7 (Dowdy et al., 2003). Interestingly, TAK-1 null mice developed
fibrosis and HCC. Further studies were performed to develop double knockout mice model
for TAK1 and SMAD4; TAK1 and TGFBR2. Both double knockout mouse models had a
lesser incidence of fibrosis and HCC, particularly in the TAK1 and TGFBR2 knockout
mouse model (Yang et al., 2013a). Here TAKL1 acts as a possible tumour suppressor gene
in HCC and disruption of the TGF-p pathway reduced tumour incidence. In another study,
a TP53 knockout mouse model was developed. The mouse model had increased expression
of TGF-B1, Pail and AFP. Furthermore, mice with TP53 and TBRII knockout had reduced
HCC and cholangiocarcinoma (Morris et al., 2012). Thus, TGF- singalling may interact
with TP53 signalling during HCC formation.
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Figure 1.7 TGF-p pathway during early and late carcinogenesis. The pathway has tumour
suppressive effects during early carcinogenesis and pro-tumour effects during later stages (Fabregat
etal., 2016).

1.2.2 Epigenetic modifications in HCC

Epigenetic modifications are changes in DNA that affect gene expression without affecting
the DNA sequence. Several biological processes are controlled by epigenetic modifications
including cell signalling pathways, cell division and apoptosis. Thus, epigenetic
modifications have an important role in carcinogenesis, and consist of several mechanisms

including histone modification, chromatin remodelling and DNA methylation.

Histone modifications

Histone modification is a key mechanism that affects the interaction between histone and

DNA strand and its accessibility to transcription factors and regulators.

DNA units are coiled with histone proteins to form a nucleosome. A nucleosome has two
copies each of H2A, H2B, H3, and H4, and is wrapped by 147 base pair of DNA. The

tightness of the configuration can be affected specifically by the histone N-terminal. The
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N-terminal can be methylated, acetylated, ubiquitinated or phosphorylated. The changes
can alter the binding between histone proteins and DNA (Cutter and Hayes, 2015, Jun et
al., 2012).

Histone acetylation affects the positive charged residues on histone proteins. The process
is regulated by two key enzymes: histone acetyltransferases (HAT) and histone
deacetylases (HDAC). HAT add acetyl moieties to lysine residues and increases the histone
positive charge inducing stronger histone and DNA interaction leading to transcriptional
inactivation. HDAC removes acetyl groups and reduces the histone positive charge and
thus reduces histone and DNA interaction leading to transcriptional activation. In several
cancers, HDAC overexpression has been observed and can affect variety of pathways.
HDAC1/2 affect glucose metabolism by inhibiting fructose-1,6-bisphosphatase (FBP1)
leading to increased lactate production in HCC (Yang et al., 2017).

Histone methylation can also alter DNA transcription factor binding sites. It can occur in
three different levels: mono, di or trimethylation and predominantly occur on arginine and
lysine residues. Histone methylation can either be gene activating or gene inhibitory
depending upon the histone site. H3K4, H3K79 and H3K36 methylation lead to
transcriptional activation. In contrast H4K20, H3K27 and H3K9 methylation lead to
transcriptional silencing. Several transcription factors have shown to influence histone
methylation. SETDB1 is a methyltransferase and can influence histone methylation. It
induces H3K9 methylation leading to gene silencing. SETDB1 knockdown cells had
reduced cell migration and invasion capacity in several HCC cell lines such as MHCC97L
and Bel-7402 (Zhang et al., 2018). Tiam 1 expression was also downregulated indicating a
correlation between SETDB1 and Tiam 1 expression (Zhang et al., 2018, Karanth et al.,
2017). Tiaml is associated with metastasis in several cancers including colorectal cancer,
breast cancer and lung cancer, and linked with poor prognosis in HCC (Ding et al., 2009,
Izumi et al., 2019, Li et al., 2016, Zhu et al., 2019). Furthermore the transcription factor
SNAIL can recruit lysine-specific demethylase 1 (LSD1). LSD1 demethylate histones on
H3K4me2 and induces transcriptional repression of E-cadherin (Lin et al., 2010). E-

cadherin gene silencing is associated with a poor prognosis in HCC (Kwon et al., 2005).
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Chromatin remodelling

Chromatin modellers are important class of proteins that regulate chromatin accessibility
to transcription factors and complexes thus can regulate gene expression, DNA repair and
apoptosis (Figure 1.8). Many of these play key roles in carcinogenesis for example,
switch/sucrose non-fermenting (SWI/SNF) complex consists of several key proteins
including ARID1A and ARID2A. ARID1A encodes for a BAF250a subunit and has both
tumour suppressor and oncogene functions. ARID1A mutations are present in 13.4% of
HCC patients. In early stages of hepatocarcinogenesis, it has tumour promoting functions,
but its functions are repressed during HCC. Reduced ARID1A expression are associated
with tumour progression and metastasis (He et al., 2015). ARID2A is part of the polybromo
associated BRG1 associated factor complex and has an important role in nucleotide
excision repair of DNA that can be caused by carcinogenic reagents or UV light. It is
mutated in 4.7% of HCC patients. ARID1A inhibition increases expression of cell cycle
proteins such as cyclin D1 and cyclin E1 leading to increased cell growth. AIRD2A
restoration decreases cell proliferation in hepatoma cells and decrease tumour growth.
Thus, both ARID1A and ARID2A may have tumour suppressive effects (Fujimoto et al.,
2012, Lietal., 2011).

The Polycomb repressive complex (PRC) has an important role in chromatin structuring
and consist of PRC1 and PRC2. PRCL1 interacts with ubiquitin ligases and modifies histone
N-terminals. PRC2 induces histone H3K27 methylation (Simon and Kingston, 2009).
PRC2 also contains the EZH2 subunit which is elevated in HCC and associated with poorly
differentiated tumours, metastasis and poor survival (Sudo et al., 2005). Particularly, EZH2
can induce gene silencing of several Wnt antagonists leading to Wnt signalling activation.
Furthermore EZH2 inhibition increases re-expression of natural killer cell ligands in HCC
cells leading to increased natural killer cell anti-tumour immune response. Similarly, in
vivo studies have shown EZH2 inhibition reduced tumour growth in diffuse large B-cell
lymphoma, lung cancer and HCC (Cheng et al., 2011, Sudo et al., 2005, Vaswani et al.,
2016, Serresi et al., 2018, Zhao et al., 2013).
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Figure 1.8 Chromatin structure regulation and effect on gene expression (Nebbioso et al., 2018)

DNA Methylation

DNA methylation is a chemical modification of DNA wherein the transfer of S-adenosyl
methionine to cytosine carbon 5 of CpG dinucleotides takes place. The majority of CpG
dinucleotides are methylated and located within the heterochromatin. Unmethylated CpG
dinucleotides tend to cluster in CpG islands. CpG island are at least 200 base pairs DNA
sequences and tend to cluster in the promoter region. Promoter regions have at least 50%
CpG islands. DNA methylation can affect transcription by two ways: (1) by directly
inhibiting the binding of transcription factors and regulators to DNA, or (2) interact with
the methyl binding domain (MBD) protein family and induce the recruitment of chromatin
modifier such as histone deacetylases leading to chromatin condensation and gene
inactivation (Klose and Bird, 2006).

Several molecules are involved in regulating DNA methylation particularly DNMT1,
DNMT3A and DNMT3B. DNMT1 has a high affinity for hemimethylated DNA and
maintains DNA methylation pattern particularly during DNA replication. DNMT3A and
DNMT3B can induce de novo DNA methylation and have no preference to
hemimethylated DNA (Klose and Bird, 2006). In contrast, ten-eleven translocation
enzymes (TET1, TET2 and TET3) removes 5’-methylcytosine (5mC) via methylcytosine

dioxygenase activity.

Methylation patterns are essential in regulating cell signalling, growth and development. In

cancer cells, methylation pattern are dysregulated leading to regional hypermethylation and
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global hypomethylation (Figure 1.9). Regional hypermethylation occur in CpG islands and
are associated with increased DNMTs expression. DNMTSs are elevated and correlated with
poor survival in HCC (Saito et al., 2001, Dong and Wang, 2014). Several types of DNMTSs
can promote carcinogenesis. For example, DNMT1 can induce hypermethylation of tumour
suppressor genes such as MYOCD, LHX9 and PANX2 (Xie et al., 2015). Other key tumour
suppressor genes are also hypermethylated in early stages of HCC such as CDKN2A,
SOCS1, APC, HIC1, GSTP1, RUNX3, PRDM2 and RASSF1. Therefore, regional
methylation could be an early step or driver of hepatocarcinogenesis (Nishida et al., 2012).
Furthermore, DNMT3a and DNMT3b have shown to affect several oncogenic pathways.
For example, DNMTs can regulate MTAL gene in patients with HBV HCC. Particularly,
HBV X protein can interact with DNMT3a and DNMT3b to induce TP53 promoter
methylation leading to increased MTAL transcription. MTAL can support carcinogenesis
by inducing angiogenesis, invasion, metastasis, and survival (Sen et al., 2014). In a separate
study, DNMT3a depletion caused demethylation of tumour suppressor promoter PTEN
leading to reduced cell proliferation in HCC cell lines (Zhao et al., 2010). The transcription
factor SNAIL can induce histone modification to inhibit E-cadherin as described earlier but
it can also interact with DNMT3a and DNMT3b to induce E-cadherin promoter
methylation (Lin et al., 2010). E-cadherin promoter methylation has been associated with
invasion and metastasis. DNMT inhibitors have been demonstrated to reduce metastasis in
HCC (Ding et al., 2012b). Besides affecting tumour suppressors and oncogenes, global
hypomethylation can promote chromosomal and genetic instability. A key group of active
retrotransposable elements are long interspersed class elements-1 (LINE-1 or L1). L1
hypomethylation have been demonstrated in several cancers including HCC (Zhu et al.,
2014).
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Figure 1.9 DNA methylation changes during carcinogenesis (Sharma et al., 2010, Gerhauser et al.,
2015).

1.3 L1 elements

L1 retrotransposons are autonomous non-long terminal repeat elements and constitute 17%
of the human genome. Collectively, there are about 500,000 L1 elements in the genome
and they consist of 50 different families and subfamilies. However, in humans the only
active L1 family is L1Hs (L1 human specific). The L1Hs elements are clustered into pre-
Ta and Ta subfamilies. The Ta subfamily is subclustered further as Ta-0 and Ta-I. The vast
majority of L1 are inactive and about 80-100 L1 elements remain active in the genome.
Most of these active L1 elements belong to the Ta subfamily. Several studies have
demonstrated that retrotransposons can lead to human diseases. (Kazazian et al., 1988)

have observed the first L1 insertion in X-linked gene, specifically L1 insertion in the F8
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exon. The exon is coding for coagulation factor VIII and was observed in a haemophiliac
A patient. L1 insertions have also been demonstrated to affect developmental processes
and influence behaviour by influencing multiple gene products. Thus these studies
demonstrate that L1 are still active in the human genome.

Furthermore, active L1s may vary in frequency in individuals and populations. Fosmid end
resequencing and mapping identified 68 novel L1 retrotransposons insertion
polymorphisms which were differentially present in individuals but not present in the
human genome reference sequence. The majority of the 68 novel L1 retrotransposition
insertions were active in a L1 retrotransposition cultured cell based assay. 37 were
considered as active L1 elements. Furthermore, L1 genotyping revealed that a subset of L1
were specific to Africans and some were absent from the Human Genome Diversity Panel
(HGDP)(Beck et al., 2010).

1.3.1 Structure of L1

Active L1 elements are 6kb in length and consist of a 5’UTR, three open reading frames
L1lorfO, L1lorfl and Llorf2and a 3’UTR poly(A) signal, and are flanked by two target site
duplications (TSDs) (Furano, 2000), Figure 1.10

EN RT
ORFO n
L1 ekb

Figure 1.10 structure of an active L1 element. On the sense strand, it has two key open reading
frames, L1orflp and Llorf2p. Llorflp is a RNA binding protein, L1orf2p has endonuclease (EN)
and reverse transcription activity (RT). ORFO is located within the antisense promoter.

L15UTR

L1 5°UTR untranslated region is about 900 nucleotide long and contains CpG island which
is heavily methylated in normal cells (Furano, 2000, Woodcock et al., 1997). It contains
both sense and an antisense promoter (L1 ASP). The sense promoter is an internal promoter
and transcribes the full L1 RNA. Antisense promoter transcribes chimeric transcripts.

These chimeric transcripts have a portion of the L1 5’UTR and genomic sequences which
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flanks the end of L1 5°UTR. L1 chimeric transcripts have been previously observed in
cancer specimens (Cruickshanks and Tufarelli, 2009). Transcriptional profiling revealed
that L1 5’UTR ASP are involved in diverse cellular processes including mitosis,
intracellular protein transport, protein modification and vesicle mediated transport. A
recent study has also demonstrated that L1 ASP activation induces cell cycle progression
and cell growth (Criscione et al., 2016). Furthermore, chimeric transcripts may promote
the formation of double stranded L1 RNA and regulate L1 retrotransposition through RNA
interference mechanisms (Yang and Kazazian, 2006).

LlorfOp

ORFO is located on the antisense strand and codes for a 71 amino acid peptide. The protein
product is located in promyelocytic leukaemia-adjacent nuclear bodies. Currently its
functions is unknown but some studies have suggested that it may enhance L1 mobility
(Denli et al., 2015).

Llorflp

Llorflp is a 40kDa protein and has 338 amino acids. It has both RNA binding and nucleic
acid chaperone activity. L1orflp structure was analysed using atomic force microscopy and
shown to have a dumbbell structure (Figure 1.11). Llorflp crystal structure analysis
demonstrated it can trimerize via its N-terminal with other Llorflp molecules. The
structure is semi stable, which can partially open indicating Llorflp can form larger
assemblies on L1IRNA transcript (Khazina et al., 2011).

The N-terminal consist of a highly variable N-terminal domain and a conserved coiled coil
(CC) domain. The CC domain is predicted to contain a leucine zipper, which is important
in protein-to-protein interaction. The C-terminal consist of an RNA recognition motif
(RRM) and a C-terminal domain (CTD). The CTD also contains residues that have high
affinity for RNA binding and nucleic acid chaperone activity (Martin, 2010). For example,
mutations on the CTD residues Tyr282—Ser287 disrupted L1orflp binding to LIRNA and
inhibited L1 ribonucleoprotein (RNP) formation. Similarly, mutations in Arg206, Arg210,
and Arg211 of the RRM, and Lys133, Lys137, Lys140, and Argl141l in the CC domain
reduced RNA binding affinity. These studies indicate that both RRM and CC domain are
important in RNA binding function of L1orflp (Khazina et al., 2011, Martin et al., 2005).
Both the RRM and CTD form an intervening cleft that is highly positively charged and is
likely to interact with the backbone of single-stranded RNA.
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Figure 1.11 Structure of Llorflp consisting of a N-terminal domain, coiled coil domain, RNA

recognition motif and a C-terminal domain.

Llorflp has several phosphorylation sites that regulate its function. These are
predominantly serine and threonine phosphorylation sites. Some of these sites are docking
motifs for proline-directed protein kinases (PDPKSs) such as cyclin-dependent kinases,
mitogen-activated protein kinases and glycogen synthase 3. These kinases phosphorylate
serine or threonine residues with a proline residue at position +1 (S/T-P motifs) (Khazina
and Weichenrieder, 2009, Khazina et al., 2011). L1orflp has four S/T-P motifs: S18P19,
S27P28, T203P204, and T213P214. T203 and T213 motifs have been predicted to be key
PDPK sites for L1orflp function. These two sites are flanked by three conserved arginines
(R206, 210 and 211) and mediate RNA binding (Khazina and Weichenrieder, 2009,
Khazina et al., 2011). T203 or T213 phosphorylation can also lead to hydrogen bond
formation within the guanidino group of the three arginines. Subsequently, it may affect
Llorflp RNA binding (Mandell et al., 2007). Moreover, Llorflp has several PDPK
docking motifs such as T241 and T250 are protein kinase A binding sites. These are highly
conserved and substitution mutation of a non-phosphorylated residue reduced L1
retrotransposition by 0-40% (Cook et al., 2015).

PDPK motifs are also regulated by other proteins such as Pinl. Pinl is a prolyl isomerase
and induces proline isomerization in phosphorylated S/T-P motifs (Lu et al., 2002, Liou et
al., 2011). Proline isomerization induces a conformational change and enhances
phosphorylation (Litchfield et al., 2015, Nishi et al., 2014). Pinl has shown to interact with
various phosphorylated S/T-P motifs in L1orflp such as S18 and S27 sites. Pinl protects

35



S18 and S27 phosphorylation state by inhibiting cis trans prolyl-sensitive phosphatases.
S18 or S27 mutation have shown to reduce retrotransposition between 60-80%. Further
analysis also revealed that PDPK phosphorylation is not essential for L1orflp annealing
RNA but are important for retrotransposition. Interestingly, mutation in the PDPK
phospho-acceptor lead to L1 retrotransposition inhibition (Cook et al., 2015). Further
research is required to investigate how the different phosphorylation sites may interfere

with L1orflp function and its interaction with different pathways.
Llorf2p

Llorf2p is a 150kDa protein and has 1278 amino acids. It has both endonuclease and
reverse transcription activities. It consists of four key domains: N-terminal domain, seven
subdomains of reverse transcriptase, Z-domain, C-terminal domain and a cysteine rich
domain. The N-terminal domain consist of an Apurinic/Apyrimidinic endonuclease domain
(Feng et al., 1996, Saxton and Martin, 1998.). The C-terminal domain has an important role
in nucleic acid binding during retrotransposition (Moran et al., 1996). The reverse
transcription domain and Z region are important for reverse transcriptase function. The 3’
cysteine rich motif has been shown to have an important role in retrotransposition by
supporting nucleic acid binding (Feng et al., 1996, Saxton and Martin, 1998.).

Normally L1 proteins are cis-acting i.e. the proteins favourably binds to L1 transcripts (Wei
et al., 2001) however, they can bind to any transcript and induce cDNA conversion. Non-
autonomous elements such as Short interspersed nuclear elements (SINE) use the L1
reverse transcriptase and endonuclease domain for its integration into the genome (Schmid
and Maraia, 1992). SINEs are nonautonomous retrotransposons which do not encode any
proteins but rather hijack L1 proteins. SINE consist between 85 to 500 bps and are located
in gene rich regions, whereas L1 are located in intergenic regions (Dewannieux et al.,
2003). Furthermore, SINEs are transcribed by RNA polymerase Il (pol I11) which is

initiated at its internal promoter (Kramerov and Vassetzky, 2011).
L1 3°UTR

3’UTR region contains about 200 nucleotides and is attached to a conserved G-rich
polypurine tract. The G-rich polypurine tract forms intrastrand tetraplexes (Howell and
Usdin, 1997). The G-rich polypurine tract function is currently unknown. Some studies
suggested that it may interact with nuclear export factor 1 (Lindtner et al., 2002). L1 also

contains a poly A tail. The poly A tail has a weak termination codon and read-through can
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occur. In silico studies have estimated that 15% of L1 have read-through past the
termination codon, leading to 3’ flanking DNA and creation of about 19-30.5 Mb of new
DNA to novel L1 DNA sites (Goodier et al., 2000).

1.3.2 Mechanism of L1 retrotransposition

L1 retrotransposition has several steps. These include transcription, translation, formation

of L1 ribonucleoprotein and reverse transcription for genomic integration (Figure 1.12).

J Transcription

As the TATA box is absent in the internal L1 promoter, several cis-acting sequences have
been identified which can regulate L1 transcription. For example, RUNX3 and YY1 (Ying-
Yang 1) transcription factor binding sites have been identified as positive regulators of L1.
These binding sites are located at nucleotide positions +13 to +21 of L1 5’UTR (Nigumann
etal., 2002, Yang et al., 2003). Particularly, the YY1 binding site has an important role in
transcript initiation and mediates accurate initiation at the +1 site within 5’UTR (Seto et
al., 1991). YY1 may interact with other trans-acting factors located downstream of the
promoter to induce RNA polymerase recruitment. L1 transcription is mediated by RNA
polymerase 11 (Ostertag and Kazazian, 2001, Hirose and Manley, 1998). L1 transcripts are
then exported into the cytoplasm by an unknown mechanism. Some studies suggested that

the nuclear export factor 1 (NXF1) pathway might be involved (Lindtner et al., 2002).

. L1 proteins translation

Llorflp and Llorf2p are translated in the cytoplasm. Several studies have demonstrated
that Llorflp and Llorf2p initiation and translation occurs by scanning ribosomes
(McMuillan and Singer, 1993, Dmitriev et al., 2007). Ribosomes bind to the L1 5’UTR end
and transcribe until they reach a AUG sequence and stop translation (Kozak, 1989). As
most eukaryotic translation occurs as monocistronic, the translation of L1orf2p may occur
in a several ways. For example, L1 transcript might have an internal ribosome entry site or
a translation re-initiation site post L1orf1p stop codon (Dmitriev et al., 2007, Kozak, 1989).
Nonetheless, L1orflp translation is more efficient than L1orf2p translation (McMillan and
Singer, 1993). Once L1orflp are translated, they form a coiled trimer complex with other
Llorflp along the N-terminal domain (Martin, 2006, Hohjoh and Singer, 1996). L1orflp

37



trimer complex has a cis preference and colocalises with its own transcript and L1orf2p to
form a L1 RNA particle. The cis preference reduces the risk of incompetent L1 transcripts

forming ribonucleoprotein (Wei et al., 2001).

L1 RNP translocate back into the nucleus for L1 retrotransposition to occur. As the L1orflp
trimer is 120KDb in size and L1orf2p is 150kb, passage must be either through nuclear pores
or by cell division. An early study demonstrated that L1 retrotransposition can occur
without nuclear membrane breakdown. Furthermore, Mita et al., (2018) investigated the
mechanism of L1 RNP translocation into the nucleus. Immunofluorescence staining for
Llorflp, geminin (marker of S/G2/M phase) and Cdt (marker of G1 phase) revealed
nuclear localisation of Llorflp in Cdt positive cells while geminin positive cells had
cytoplasmic Llorflp localisation. Llorf2p nuclear expression remained unaltered.
Similarly, L1 retrotransposition was inhibited in cells which were arrested at G1, S, G2, or
M phase (Shi et al., 2007). L1 retrotransposition was also inhibited in primary human
fibroblasts during cellular senescence (Kuilman et al., 2010). It suggests that LLRNP can
translocate into the nucleus when the nuclear membrane is degraded during cell division.
Advanced imaging techniques showed that most retrotransposition occur during the S

phase. Hence, L1-RNP enters the nucleus during cell division (Mita et al., 2018).
o L1 integration

L1 integration can occur by two mechanisms: Target primed reverse transcription (TPRT)
or endonuclease independent (ENi) L1 retrotransposition (Figure 1.12). However, L1
integration predominantly occurs through TPRT (Morrish et al., 2002). During TPRT,
Llorf2p cleaves the DNA at one strand, which is often at a 5’-TTTTAA-3’ consensus
sequence. The 3° hydroxyl group is used as a primer for reverse transcription. The LIRNA
poly A tail then binds to the 3” hydroxyl group and reverse transcription is initiated to
generate the complementary strand. Previous in vitro studies were performed on R2
elements to identify TPRT. R2 elements are non-long terminal repeat retrotransposons and
can insert themselves into the 28S rRNA genes of several animal species. In vitro
experiments on the R2 TPRT demonstrated that cleavage of the second DNA strand occurs
after reverse transcription. Second strand synthesis follows by an unknown mechanism.
Consequently, it leads to L1 cDNA integration. TPRT often results in 5’ truncations or

inversion (Ostertag and Kazazian, 2001).
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The second mechanism of L1 integration is endonuclease independent (ENi). ENi rather
than TPRT utilised pre-existing nicks in the DNA and does not require endonuclease
activity. It commonly occurs in cells with dysfunctional telomeres, which may be caused
either by loss of DNA-PKc or expression of TRF2{Sen, 2007 #333}. Thus this may cause
the L1 retrotransposition machinery to use the 3’OH group in the dysfunctional telomeres

as primers to initiate endonuclease independent (ENi) L1 retrotransposition.
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Figure 1.12 Process of retrotransposition. L1 integration can occur by two mechanisms - TPRT
and ENi. TPRT requires endonuclease activity for L1 RNA to integrate. In contrast, ENi does not

require endonuclease activity. Instead, it can integrate into pre-existing DNA nicks.

1.3.3 Mechanisms of L1 Repression

Since L1 retrotransposition can lead to chromosomal instability and genetic aberrations,
cells have evolved several mechanisms to repress the elements and keep retrotransposition
in check. Several different mechanisms exist to prevent L1 retrotransposition in cells at

promoter, transcript as well as protein level (Figure 1.13).
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o DNA methylation

L1 promoter contains 29 CpG sites in the first 460 base pairs. DNA methylation of the CpG
island in L1 promoter can inhibit the transcription of L1 elements. L1 expression is usually
elevated in embryogenesis when there is a globally hypomethylated state of the genome
but then L1 promoters acquire methylation during early development and become silent.
L1 5’UTR methylation has been negatively correlated with L1 expression and thus it is a
key L1 inhibitory process. L1 5’UTR methylation is regulated by several epigenetic
factors such as DNMT3L. DNMTS3L regulates methylation by recruiting DNMT3A and
DNMT3B (Liang et al., 2002). DNMT3A and DNMT3B can associate with
heterochromatin protein 1 (HP1), methyl-CpG binding proteins (MeCP) leading to L1
promoter methylation (Yu et al., 2001). Further studies revealed that Sirtuin 6 can repress
L1 motility through its interaction with the heterochromatin. Sirtuin 6 is a mono-ADP
ribosyltransferase and protein deacetylase and binds to L1 5’UTR causing ribosylation of
KAP1. KAP1 can then interact with the heterochromatin factor HPla and represses L1
transcription (Van Meter et al., 2014). Similarly, promyelocytic leukaemia zinc finger can

mediate DNA methylation and induce L1 5’UTR methylation both in germ and progenitor
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Figure 1.13 L1 and different cellular mechanisms inhibiting L1 retrotransposition (Saleh et al., 2019)

cells (Puszyk et al., 2013). Recently the conserved YY1 transcription factor binding site
has also been proved to mediate L1 promoter DNA methylation leading to silencing of

these elements both in pluripotent and differentiated cells (Sanchez-Luque et al., 2019).

. Small RNA molecules

L1 retrotransposition can also be inhibited by RNA interference molecules. The main RNA
interference molecules are siRNA, microRNA, and piRNAs: in vitro studies have shown
that cells treated with diced L1 siRNAs and L1-related endo-siRNAs had increased
promoter hypermethylation and reduced L1 retrotransposition (Chen et al., 2012).
Similarly, mir-128 inhibited the integration of L1 RNA in Hela cells by inducing RNA
degradation (Hamdorf et al., 2015). The Piwi-interacting RNA silencing pathway can also
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inhibit L1 retrotransposition. Particularly, the pathway induces PIWI protein endonuclease-

slicer activity and de novo methylation of transposons (Hamdorf et al., 2015).

o RNA editing proteins

APOBEC proteins are part of the cytidine deaminases. In humans, there are seven types of
APOBECS3 proteins (A3A, A3B, A3C, A3D, A3F, A3G and A3H) that can inhibit and
degrade viruses. Recently, it has been shown that these proteins can inhibit L1
retrotransposition. A3A and A3B are particularly effective in inhibiting retrotransposition
(Niewiadomska et al., 2007). Similarly, MOV10 is a potential RNA helicase and inhibits
L1 retrotransposon by restricting AGO2. AGO2 is part of a complex consisting of an RNA-
induced silencing complex and L1 ribonucleoprotein particle. Its interaction leads to L1
transcript inhibition and degradation (Arjan-Odedra et al., 2012). SAMHD1 can also
sequester L1 RNP within the stress granules and thus inhibit L1 retrotransposition (Hu et
al., 2015).

o TP53 pathway

In normal human cells, TP53 has shown to supress L1 retrotransposition. Moreover, in
cancer cells with TP53 mutation, L1 retrotransposons are found to be significantly elevated.
Thus TP53 might be a negative regulatory of L1 (Wylie et al., 2016).

1.3.4 L1 and diseases especially cancer

Despite tight regulation of L1 elements by repressive epigenetic mechanisms, several
environmental factors can induce genetic alterations and are capable of inducing L1
retrotransposition. Carcinogens such as benzopyrene are risk factors in several cancers
such as: colon cancer, lung cancer and breast cancer, and are also shown to induce L1
retrotransposition in Hela cells (Stribinskis and Ramos, 2006). Likewise, exposure to
specific metals such as nickel can also increase L1 retrotransposition (Kale et al., 2005).
Increased L1 retrotransposition is observed in presence of oxidative stress causing

chromosomal instability (Giorgi et al., 2011).

L1 insertion can influence expression of genes through different mechanisms depending
upon its insertion context with respect to the gene. For example, L1 insertion into an exon
can disrupt the coding sequence leading to missense or nonsense mutation. It can also alter

the regulatory sequence or induce exon skipping leading to new splicing sites. Gene breaks
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can occur, if L1 integrates into an intron in an antisense orientation. In this process, the
antisense promoter and polyadenylation tail can split the transcript into two parts and create
new transcription start sites at both directions. L1 insertion can also induce cryptic splice
sites or induce ectopic recombination such as in non-allelic homologous recombination
(NAHR) (Scott et al., 2016) (Burns, 2017).

124 disease causing retrotransposon insertions have been discovered (Carreiraetal., 2014).
L1 3’end truncation has been observed in the dystrophin gene at exon 67 causing Duchenne
muscular dystrophy although the L1 5°UTR was truncated and there was no recognisable
sequence (Awano et al., 2010). In factor IX gene causing Haemophilia A, NAHR occurred
between two L1 tandem repeats resulting in factor 1X gene deletion (Wu et al., 2014).
Furthermore, several cancers have increased L1 expression which may lead to genetic
alterations. L1 retrotransposition is a hallmark in many cancers especially cancers of
epithelial origin (Carreira et al., 2014, Barchitta et al., 2014, Rodriguez-Martin et al., 2020).

Since L1 CpG promoter hypomethylation is a key mechanism of L1 activation, several
studies have investigated the association between L1 hypomethylation in normal and cancer
tissues and observed higher L1 hypomethylation in malignancies. For example, a meta-
analysis consisting of 19 articles was performed on 6107 samples of both tumour and non-
tumour samples. L1 hypomethylation was elevated in tumour samples particularly in
patients with colorectal and gastric cancer compared to normal tissues (Barchitta et al.,
2014). In a separate study, colorectal liver metastases had elevated L1 hypomethylation
compared to primary colorectal samples. However, primary and liver metastasis biopsies
had similar level of L1 hypomethylation, indicating level of L1 hypomethylation remain
similar during tumour progression (Murata et al.,, 2013). L1 hypomethylation also
correlated with poor survival in several cancers. For example, in lung and colorectal cancer,
it was associated with a poor prognosis. Similarly in HCC, L1 hypomethylation was
associated with a poor prognosis and disease recurrence after resection (Gao et al., 2014b).
Interestingly, in melanoma L1 hypomethylation was associated with a favourable prognosis
(Sigalotti et al., 2011). These differences in survival may be caused by the different

histological tissue types.
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1.3.5 L1 promoter activation and retrotransposition in cancer

L1 somatic insertions were observed in several cancers. A previous study has observed
elevated L1 somatic insertions in several epithelial cancers by whole genome analysis. The
analysis was performed on whole genome paired end sequencing data both from tumour
tissues and corresponding blood samples in 45 patients with five different cancer types:
colorectal, ovarian, prostate, blood, and brain cancer using a single nucleotide resolution
analysis. From the analysis, 183 L1 insertion were identified and each tumour type had an
average between 0 to 29 insertions. L1 insertions were present in epithelial cancers only
but not in multiple myeloma or Glioblastoma (Lee et al., 2012). Similarly in another study,
290 cancers were analysed for somatic L1 retrotransposition. De novo L1 insertions were
predominantly found in heterochromatin regions or in intergenic regions of the genome and
showed diverse level of expression in different individuals and tissue types. 53% patients
had at least one somatic L1 insertion. L1 retrotransposition events were particularly
elevated in colorectal cancer (93%) and lung cancer (75%) patients (Tubio et al., 2014). In
a separate study, 1389 distinct L1 insertions were observed in 60 samples (20 primary non-
small cell lung cancers and 20 corresponding normal adjacent tissues, 10 human brain
tumours and 10 corresponding blood leukocyte controls). In total, 650 were putative novel
L1 insertions. Of those, 9 were L1 insertion in lung cancer and 6 were somatic L1 insertions
(Iskow et al., 2010).

In HCC, several somatic mutations have been reported. For example in one study, whole-
genome sequencing and retrotransposon capture sequencing (RC-seq) was performed on
mice and human HCC samples (Schauer et al., 2018). The analysis identified four somatic
L1 insertions in 12 mice. One of the somatic insertions belonged to the Tf subfamily and
also had a 3’UTR transduction. This L1 insertion had full retrotransposition capacity in
cancer cell line. Furthermore, 25 HCC patients with alcohol abuse had 8 tumour specific
L1 insertions. Similarly, in 10 intrahepatic cholangiocarcinoma patients, 3 tumour specific
L1 insertions were observed. One of the L1 insertion was traced to chromosome 22, which
is highly active in cancers. Previously the same group had demonstrated active L1
retrotransposition in HBV and HCV related HCC (Shukla et al., 2013).

These findings indicate elevated L1 insertions in different cancers particularly in epithelial
cancers. In fact, one study investigated L1 insertions in pre-cancerous and malignant

tissues. Here 4 normal colon, corresponding colonic polyps and colorectal cancer tissues
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were analysed by L1-seq and then validated by PCR and Sanger sequencing. In this study,
L1 insertion were observed both in colonic polyp and colorectal cancer tissues indicating
that L1 may be an early event during colon carcinogenesis and could be a potential driver
in carcinogenesis (Ewing et al., 2015).

L1 can support carcinogenesis by several mechanisms including inhibiting tumour
suppressor functions. The first bona-fide tumour-related retrotransposon insertion was
observed in the APC gene. The somatic insertion was further characterised and had 5’
truncation and a 8base pair duplication at the site of insertion, which are characteristics of
TPRT (Miki et al., 1992). Scott et al (2016) also identified novel somatic L1 insertion in
APC in colorectal cancer using whole genome sequencing. The insertion was
complementary to another point mutation in the second allele (Scott et al., 2016). These
findings suggest L1 insertion may drive carcinogenesis through a classic two-hit colorectal
cancer. Similarly, L1 de novo insertion has been observed in the telomerase reverse
transcriptase (TERT) gene. The insertion inhibited the progressive shortening of telomeres
and cell apoptosis. Other examples of somatic L1 insertions which potentially drive
carcinogenesis are in an exon of the PTEN gene (Helman et al., 2014), in the intron 14 of
the RB gene, causing early mRNA splicing (Rodriguez-Martin et al., 2016) and in the intron
of ST18 gene, inhibited a negative feedback loop that inhibited its binding to its enhancer
thus insertion inhibited the function of ST18 inhibitor leading to the activation of the gene
(Shukla et al., 2013). These findings suggest that L1 insertion can affect several tumour

suppressor genes and oncogenes thus encourage carcinogenesis.

Besides somatic retrotransposition, germline L1 insertion in Mutated in Colorectal Cancers
(MCC) was observed in 4/19 patients. MCC 1is expressed in the liver and inhibits the B-
catenin/Wnt signalling pathway. Its inhibition increased p-catenin/Wnt signalling pathway
(Shukla et al., 2013).

L1s can also create chimeric transcripts (Figure 1.14). A chimeric L1-MET transcript was
observed between an intronic L1 sequence and c-met in HCC. L1-MET correlated with c-
MET transcript expression and poor survival (Zhu et al., 2014). Similarly, Hepatitis B virus
can integrate into L1 on chromosome 8p11 producing an oncogenic HBx-LINEL chimeric
transcript, and was observed in 23.3% HCC patients (Lau et al., 2014). HBx-LINE1
chimeric transcript expression was associated with increased WNT signalling pathway.
Further studies revealed that knockdown of HBx-LINE1 reduced migration and invasion
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whereas HBx-LINE1 expression increased migration and invasion in HCC cells (Whittaker
etal., 2010, Lau et al., 2014).
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Figure 1.14 L1 and its role during carcinogenesis (Xiao-Jie et al., 2016)

1.3.6 L1 encoded proteins influence on cellular pathways

Besides active retrotransposition, L1 can influence host cell via its increased proteins -
Llorflp and Llorf2p expression. L1lorflp expression were measured in several cancers
(1027 patients) by tissue microarray staining. The staining was positive in 47% of the
tumours (482 cases) and particularly expressed in the cytoplasm. It was highly expressed
in epithelial cancers such as breast carcinoma (97%, 66 of 68 were positive), high-grade
ovarian carcinomas (93.5%, 29 of 31 were positive) and pancreatic ductal adenocarcinomas
(89%, 56 of 63 were positive). High grade tumours such as sarcomas, pancreatic
carcinomas, lymphoma and secondary glioblastomas were also highly positive. Other
cancers such as oesophagus, bladder, head and neck, colon, lung, endometrium and biliary
tract were 22.6-76.7% positive for L1orflp. In HCC, L1lorflp expression was positive in

24% of cases. In contrast, corresponding preneoplastic legion had none or low L1
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expression (Rodic et al., 2014). Similarly, high Llorflp expression were observed in
different epithelial cancers such as liver, renal, ovarian, lung and prostate carcinoma
(Barchitta et al., 2014).

Further studies demonstrated L 1orflp staining intensity correlated with tumour malignancy
and invasion. Thus, malignant tumour cells may produce higher level of L1orflp and can
potentially be a malignancy marker (Asch et al., 1996). However in some cancers, nuclear
localisation of Llorflp has been observed. For example in invasive breast carcinoma,
Llorflp and Llorf2p nuclear localisation correlated with metastasis and poor survival.
L1lorflp and L1lorf2p nuclear localisation might be more prevalent in certain cancers and
may correlate with a worse prognosis (Harris et al., 2010).

Increased Llorflp expression can affect several oncogenic pathways. For example in
prostate cancer, L1orflp coiled-coil domain can interact with the androgen receptor leading
to its translocation to the nucleus. Androgen receptor translocation increases the gene
expression of proliferating and anti-apoptotic genes such as VEGF (Lu et al., 2013).
Llorflp can also interact with the ETS-1 transcription factor. ETS-1 is an important
transcription factor during development and carcinogenesis and acts downstream of the c-
Met signalling pathway. It activates several proliferating and invasion genes such as MMP-
1, MMP-9, c-Met, Cyclin D1 and u-PA. In colon and breast cancer, L1orflp increased ETS-
1 transcriptional activity leading to increased cell proliferation and invasion (Bu et al.,
2006) (Yang et al., 2013). In a separate study, L1 knockdown cells reduced telomeres
length and increased cell apoptosis. Further analysis revealed that telomerase related
transcription factors cMyc and KLF-4 transcript and protein expression were reduced
(Aschacher et al., 2016). Llorflp can also affect the TGF-p pathway. An
immunoprecipitation analysis has shown that L1orflp forms a complex with Smad4. The
formation of the complex inhibited Smad4 nuclear translocation (Zhu et al., 2013). Role of
Llorflp in drug resistance has also been demonstrated. For example in oesophageal
squamous cell carcinoma, L1orflp can increase gene expression of ATP-dependent efflux
pump (MDR1)(Zhu et al., 2015). MDR1 encodes the membrane bound drug transporter P-
glycoprotein. The increased expression of p-glycoprotein increases level of drugs being
pumped from the cells. Increased levels have been shown to induce doxorubicin and
paclitaxel drug resistance. In HepG2 (HCC cell line), Llorflp overexpression led to
epirubicin and cisplatin drug resistance (Feng et al., 2013). Further study revealed that

Llorflp overexpression in HepG2 reduced apoptosis when treated with epirubicin,
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cisplatin and paclitaxel due to increased level of BCL-2 (an anti-apoptotic protein). Co-
immunoprecipitation also revealed an interaction between L1orflp and cisplatin-resistance
associated proteins CROP or LUC7L3 (Slotkin and Martienssen, 2007). In contrast, HepG2
Llorflp siRNA cells had significantly reduced 1C50 of epirubicin, cisplatin and paclitaxel
by up to 9-fold. These findings suggest L1orflp increases drug resistance and might be a

potential therapeutic target or treatment stratification biomarker (Feng et al., 2013).

As L1 expression is elevated in epithelial cancers, it is important to investigate the role of
L1 in carcinogenesis. HCC has particularly poor prognosis and several studies have
indicated active L1 elements. Though, the role of L1 in HCC carcinogenesis is unknown
and requires further studies.
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1.4 Aims of the thesis

Purpose of this thesis is to investigate the role of L1 retrotransposons in HCC, specifically
the relationship between L1 activation and HCC progression. Overall, the goal is to explore

L1 as a therapeutic target or a molecular classifier for HCC..

Specific Aims are as follows

1) Explore L1 expression correlations with clinical and pathological features of HCC

2) Characterisation of L1 elements in different HCC cell lines and develop an in vitro model

with a stable knockdown of L1 encoded protein expression

3) Investigate the effect of L1 expression knockdown on cell proliferation, invasion,

migration and doxorubicin sensitivity

4) Investigate the molecular role of L1 expression in HCC, in relation to the TGF-$

pathway.
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Chapter 2: L1 expression and correlation with HCC subclasses

2.1 Introduction

HCC is a heterogeneous disease and several studies have focused on genetic and molecular
expression patterns to categorise patients into molecular clusters. In a transcriptomes meta-
analysis study, 603 HCC patient tumours were categorised into three main clusters: S1, S2
and S3 according to gene signature, somatic DNA alteration and subclasses (Figure 2.1).
S1 consisted of 28-31% HCC patients and correlated with a cholangioma-like gene
signature. A strong association was also observed with steatohepatitic HCC, TGF-j
activation and TP53 mutation. S2 consisted of 23-24% HCC patients and was prevalent in
patients with Hepatitis B positive but no cirrhosis. Patients were positive for several
stemness markers such as AFP and Epcam, GPC3, c-myc and had elevated TP53 mutations.
S2 cluster was also associated with activated WNT signalling, poorly differentiated tumour
and high recurrence. In contrast, S3 tumours were associated with well differentiated
tumours and elevated CTNNB1 mutations. Furthermore, S3 cluster was associated with
lower tumour recurrence and better survival compared to S1 and S2 clusters (Schmidt et
al., 2016, Hoshida et al., 2009b, Hoshida et al., 2010, Goossens et al., 2015).
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Figure 2.1 Molecular classification of HCC using S clusters (Goossens et al., 2015)
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A recent comprehensive analysis integrated transcriptional profiles (RNAseq), microRNA
expression, DNA methylation, copy number variations, somatic mutations and reverse
phase protein lysate microarray (RPPA) of HCC samples by the TCGA consortium
revealed 3 clusters - iClusterl-3 (Table 2.1)(Wheeler, 2017). iCluster 1 was associated
with young age, female gender, normal body weight and Asian ethnicity. In addition,
iCluster 1 was associated with high grade tumour and macrovascular invasion. iCluster 2
was associated with low-grade tumours and less microvascular invasion. iCluster 3 was
associated with higher degree of chromosomal instability particularly chromosome 17p
loss, hypomethylation of several CpG sites and higher frequency of TP53 mutations.
iClusters were also compared with other pre-existing molecular clusters such as Hoshida
clustering. A prediction signature was used and demonstrated a correlation between
iCluster 1 and Hoshida C2 patients; and iCluster 3 and Hoshida C3 patients.

Table 2.1 Molecular classification of iClusters in HCC

Macrovascular High Low -

invasion

Tumour grade High Low -

Chromosomal Low Low High

instability

CDKN2A Low High High

silencing

CTNNB1 Low High High

TERT promoter Low High High

mutation

TP53 mutation Low Low High

Hoshida clustering Hoshida S2 - Hoshida S3

Key association young age, female, - Hypomethylation
normal body weight of several CpG
and Asian ethnicity sites
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Besides identifying these molecular subclasses, it is also essential to develop robust
biomarkers to identify these subclasses in a clinical setting for prognostic or treatment
stratification purposes. Majority of studies have focused on individual genes or gene
signatures, their expression, mutation and DNA methylation status however, systematic
analysis of repeat elements in this context is still lacking. A recent study investigated
Llorfl protein (L1lorflp) expression in 1027 patient biopsies of different cancer types.
Formalin fixed and paraffin embedded patient (FFPE) biopsies were stained for L1lorflp
by immunohistochemistry. Staining was positive in 47% of tumours (482 cases). It was
particularly positive in epithelial cancers such as breast carcinoma (97%, 66 of 68 were
positive), high-grade ovarian carcinomas (93.5%, 29 of 31 were positive) and pancreatic
ductal adenocarcinomas (89%, 56 of 63 were positive). However in HCC, Llorflp
expression was positive in about 24% of cases only. Other cancers such as oesophagus,
bladder, head and neck, colon, lung, endometrium and biliary tract were 22.6-76.7%
positive for Llorflp. Corresponding preneoplastic legions had none or low Llorflp
positive cells. Furthermore, high L1orflp expression also correlated with TP53 mutation.
(Rodic et al., 2014). Similar findings were also observed in a meta-analysis wherein high
Llorflp expression was observed in epithelial cancers such as liver, renal, ovarian, lung
and prostate carcinoma (Barchitta et al., 2014). In summary, about 50% of tumours of

epithelial origin have L1 activation and L1 activation correlates with TP53 mutation.

One study demonstrated an interplay between L1 transcription and P53. L1 contains several
P53 DNA binding sites. Furthermore Abrams et al demonstrated that P53 can bind to
certain sites in the L15’UTR promoter and cause the deposition of restrictive histone marks,
thus inhibiting L1 transcription. Interestingly P53 removal or P53 binding site removal in
L1 5°UTR promoter caused increased L1 activity and de novo transcription However,
Harris et al demonstrated a positive correlation between P53 and L1 transcription leading
to cell apoptosis (Harris et al., 2009). These differences may be due to the experimental
procedures used. Harris used transient cotransfections to overexpress P53 whereas Abrams
used integrated reporters. In addition, Harris’s reporter lacked ~100 bp of the L1 promoter.
Thus P53 has an important role in interacting with L1 through its promoter, however further

studies are required to identify specific regulators in this process.
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2.2 Aims

In this chapter, the role of L1 as a potential biomarker and prognostic marker will be
investigated in HCC samples.

Specific aims are as follow:

Patient HCC RNAseq dataset (The Cancer Genome Atlas Hepatocellular
carcinoma study (TCGA-LIHC) will be analysed for key transcriptional changes
between L1 5’UTR counts and clinical features and pathway changes.

Patient formalin fixed and paraffin embedded (FFPE) HCC samples will be
stained for L1orflp to characterise level of staining between tumour and
corresponding non-tumour tissues.

Several HCC aetiological features will be compared with L1 staining. Further
clinical features such as tumour grade, liver function and survival will also be

compared.

Patient FFPE HCC samples will be stained for pSMAD3 to measure TGF-f3
signalling and correlate with L1orflp staining.
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2.3 Material and Methods

2.3.1 Ethical Approval

Ethical approval was obtained for the use of FFPE HCC patient biopsies by the National
Research Ethics Service (NRES) Committee North East (12/NE/0395).

2.3.2 Patient cohort for immunohistochemical analysis

FFPE HCC diagnostic biopsies were obtained from our own biobank for patients visited
between 2002 to 2018 and who consented to the use of their tissues surplus to diagnostic
requirements for research purposes. Clinical features were obtained from patient medical
records. A total of 48 patients were obtained, 37 males and 11 females ranging from 49 to
85years of age (median 71). Most patients were overweight or obese (median BMI: 30) and
were diabetic (62.5% patients). Cirrhosis was present in 39.6% patients and NAFLD was
the most common aetiology, which was present in 45.8% patients. In terms of tumour
histology, tumour size had a median of 4cm and most patients had a BCLC stage of C
(45.8%. Furthermore, most patients had been treated with TACE (50%).

2.3.3 Immunohistochemistry

4um FFPE sections were stained using an automatic immunohistochemistry machine
(Ventana Discovery XT). In short, slides were de-paraffinized in EZ prep solution and
antigen retrieval was performed by heat retrieval at 95°C for 44 minutes, pH of 7.8 in Tris-
EDTA buffer. Primary L1orflp antibody was added (Gift from Prof K Burns Rodric 2014,
1:3000 dilution in TBST) and incubated for 1 hour. Primary pSMAD3 (Santa Cruzsc-
517575) was added with TBST at dilution of 1:50. Secondary antibody was added (OMAP
anti- Ms HRP secondary antibody) and incubated for 20 minutes. Slides were
counterstained with haematoxylin, dehydrated and then mounted with DPX. Resection
tissues of colorectal cancer metastasised to liver were used as a positive control. Colorectal
cancer tissues without primary antibody, and corresponding secondary antibody were used

as a negative control.
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2.3.4 Llorflp and pSMAD3 scoring

Llorflp slides were scored by a pathologist and categorised based on staining intensity (1-
5) and percentage of positive cells. Scores were combined to finally categorise the samples

into two groups: L1_low and L1_high.

pSMAD3 protein expression were examined by immunohistochemistry in a cohort of 17
HCC FFPE patient samples. Slides were scored and classified into the following groups:

None (50% positive), low (25% positive), and high (> 25% positive).

2.3.5 Llorflp algorithm scoring

FFPE slides were digitally scanned onto the Aperio software and analysed using an in-
house optimised algorithm to measure cytoplasmic staining using Aperio® Image analysis
(Table 2.2). The algorithm produced cytoplasmic H-score based on percentage of positive
cells and staining intensity. The cytoplasmic H-score was calculated on the software using
the following formula: 3x percentage of strongly stained cytoplasm+2x percentage of
moderately stained cytoplasm+1x percentage of low stained cytoplasm. Cytoplasmic H-
score ranged between 0 to 300, with 0 being totally negative and 300 being all hepatocytes
highly positive for L1orflp. The selection of normal versus tumour areas was supervised

by a liver pathologist. Researchers were blinded until the study endpoint.
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Table 2.2 Aperio algorithm parameters used for H-score quantification in HCC FFPE

samples

[Algorithm parameters — [Values
Version 2.0
Algorithm type Cytoplasmic v2
Height 1250
Width 1250
Overlap size 100
Averaging Radius (um) 1
Cytoplasmic Distance (um) 6
Max Cell Dimension(um) 25
Pixel Area (millimeter-squared) 2.502e-007
Classifier Neighbourhood 25
Min Nuclear Area (um*~2) 20
Maximum allowable distance for 6
cytoplasm surrounding nucleus (um)
Minimum threshold 0
Maximum threshold 240
(1+) Threshold 210
(2+) Threshold 180
(3+) Threshold 150
OD for Red 0.696858
OD for Green 0.643073
OD for Blue 0.317563
OD for positive Red 0.244583
OD for positive Green 0.509334
OD for positive Blue 0.825081

2.3.6 HCC RNAseq analysis

RNAseq dataset was downloaded from the TCGA-LIHC study and reanalysed to assess
L1 promoter counts (L1-5’UTR, L1Ta subfamily). The reads were mapped to the human
active L1-Ta sequence (Genbank: L19092) by BLAT alignment. Counts corresponding full
length L1-Ta and just the 5’UTR (promoter region) were obtained and were normalised by
the total number of reads in each library.
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2.3.7 Statistical analysis

Statistical analysis was carried out on IBM SPSS Statistics Version 24. Wilcoxon signed-
rank test was performed for Tumour and Non-tumour samples. Mann-Whitney test was
performed for gender, hepatitis B, hepatitis C, NAFLD, alcohol liver disease, cirrhosis,
vascular invasion, SNUR, HB16 and TP53 mutation (TCGA samples), and H-score and
pathologist scoring (FFPE samples). Spearman's rank correlation was performed for Age,
TP53 gene expression targets (TCGA) and pSMAD3 and Llorflp staining (FFPE).
Kruskal-Wallis Test was performed for pathological stage, iCluster and TGF-f status.
Survival analysis was performed using Kaplan Meier analysis.
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normalized_L1Ta

2.4 Results

L1Ta full-length and L1Ta 5’UTR (L1 5° UTR) counts were analysed in HCC patients
RNAseq dataset (Figure 2.2) and demonstrate a strong correlation (r=0.597, p<0.001). L1
5’UTR counts is a more reliable measure of legitimate L1 transcripts due presence of L1
promoter in the region. As both demonstrate a strong correlation, L1 5’UTR counts were

taken further to evaluate correlations between L1 expression and different clinical factors.
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Figure 2.2 L1Ta transcript correlates with L1 Ta 5’UTR promoter counts (r=0.597,
p=<0.001 Spearman correlation).
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Normalised _L1Ta_5’UTR

2.4.1 L1 5°UTR counts are elevated in HCC tumours

L1 5’UTR counts were found to be significantly elevated in tumour samples (median:
26.73) compared to non-tumour samples (median:16.25), p<0.0001 Wilcoxon rank test
(Figure 2.3).
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Figure 2.3 L1 5°UTR counts of tumour and corresponding non-tumour patient samples,
p<0.0001 Wilcoxon rank test (n=45).

2.4.2 HCC L1 5°’UTR counts correlated with high pathological stage, recurrence and

poor prognosis

L1 Ta 5°UTR counts were compared with different aetiological factors (Table 2.3). No
correlations were observed with gender (p=0.381, Mann-Whitney test), age (spearman r=
0.12 2, p=0.093), Hepatitis B (p=0.990), Hepatitis C (p=0.162, Mann-Whitney test),
NAFLD (p =0.408, Mann-Whitney test), alcohol liver disease (p=0.652, Mann-Whitney
test) and cirrhosis (p=0.677, Mann-Whitney test).
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Table 2.3 L1 5°UTR counts and correlation with different aetiological factors in 196 HCC
patients. Mean L1 5’UTR counts and standard error was calculated for each actiology.
Number in brackets represents patient count. Mann-Whitney test was performed for
gender, Hepatitis B, Hepatitis C, NAFLD, alcohol liver disease and cirrhosis. Spearmann

regression analysis was performed for Age.

Normalised_L1Ta_5'UTR

Clinical features Mean + SE p value

Gender Male (129) / Female (67) 364+£29/383+£38 0.38
r=0.12

Age 60.2+1.0 b= 0.093
Hepatitis B (44) 401 +£9.0 0.99
Risk factor Hepatitis C (35) 31.3+45 0.16
NAFLD (11) 39.2+7.1 0.41
ALD (64) 37.1+36 0.65
Cirrhosis No (142) / Yes (48) 36.7+£27/396+52 0.68

Table 2.4 pathological stage group

Stage group Description

1 A single tumour larger than 2cm but has not invaded a blood
vessel. The cancer has not spread to any lymph node or sites

2 Single tumour larger than 2cm which has invaded a blood
vessel or a single tumour larger than 5cm. The cancer has not

spread to any lymph node or sites

3 More than 1 tumour larger than 5¢cm or any tumour size that
has grown into the portal or hepatic vein. The cancer has not

spread to any lymph node or sites
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Next, we investigated the correlations between HCC L1 expression and tumour features
like pathological staging based on tumour number, size and invasion (see Table 2.4). L1
5’UTR counts were significantly elevated in Stage 2 (mean+SE 44.8+5.9) and Stage 3
(43.3+ 4.9) tumours compared to Stage 1 tumours (29.2+2.5), p<0.05,Kruskal-Wallis Test
(Figure 2.4A). Likewise, L1 5’UTR counts were significantly higher in patients with
vascular invasion than without (with= mean+SE 45.8+ 5.6 and without 33.7+, 2.7 p=0.015
Mann-Whitney test), Figure 2.4B.
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Figure 2.4. L1 5°UTR counts were elevated in high pathological tumours and associated with
vascular invasion (box plot). (A) L1 5°UTR were significantly elevated in high pathological stage
tumours p=0.025, Kruskal-Wallis Test. (B) L1 5°UTR counts were associated with vascular

invasion, p=0.015 Mann-Whitney test. Values represent meanSE.

Cancer recurrence can be assessed by Seoul National University (SNU) recurrence
signature gene cluster. SNU classifies tumours either as low (low recurrence) or high (high
recurrence). L1 5’UTR counts were significantly elevated in SNU high compared to SNU
low (mean+SE Low=33.7+2.8, High=42.8+3.9 p=0.007 Mann-Whitney test, Figure 2.5A).
Patient prognosis was assessed by the HB16 gene cluster and were classified either as C1
(well differentiated tumours and good prognosis) or C2 (poorly differentiated tumours and

poor prognosis). Again, L1 5’UTR counts were significantly elevated in C2 group implying
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advanced tumour stage, metastasis and poor prognosis (mean+SE C1=29.7+2.0,
C2=50.3£5.0, p<0.001 Mann-Whitney test), Figure 2.5B.
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Figure 2.5. L1 5°UTR counts correlated with patient recurrence and poor survival (box plot).
(A) L1 5°UTR counts were elevated in SNU high gene cluster p=0.007, Mann-Whitney test (B) L1
5’UTR counts were elevated in HB16 C2 gene cluster p<0.001, Mann-Whitney test. Values

represent mean+SE.

2.4.3 L1 5°UTR counts and correlation with HCC-related signalling pathways

Several genes and pathways were altered between tumour and non-tumour samples such as
TP53, CTNNB, TGFB, etc. HCC samples were classified into two groups based on their
TP53 status - functional TP53 (WT) and mutated. L1 5’UTR counts were elevated
significantly in TP53 mutated subgroup compared to TP53 WT (mean+SE TP53 WT:30.6+
2.0 and TP53 mutated: 49.1+ 5.9 p<0.001 Mann-Whitney test), Figure 2.6A. Similarly,
TP53 gene expression targets correlated negatively with L1 5’UTR counts (Spearman
correlation r=-0.166, p=0.022) Figure 2.6B. CTNNB1, which has an important role in Wnt

signalling, demonstrated no significant correlation with L1 5’UTR counts, Figure 2.6C.
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Figure 2.6 L1 5°UTR counts correlated negatively with TP53 expression. (A) L1 5°UTR counts
were elevated in TP53 mutated patients TP53 WT, p<0.001, Mann-Whitney test (box plot) (B) L1
5’UTR counts correlated negatively with TP53 gene expression targets p=0.022, Spearman
correlation (scatter plot), (C) L1 5°UTR demonstrate no significant difference between normal and
mutated CTNNB1 p=0.689, Mann-Whitney U test (box plot).

Furthermore, L1 5’UTR counts were significantly elevated in iCluster 3 (mean+SE
53.5+4.9) compared to iCluster 1 (33.3+3.4) and iCluster 2 (22.7+1.9), implying higher
chromosomal instability and TP53 mutation (Figure 2.7). These iClusters were derived
previously by integration of mRNA expression, miRNA expression, DNA copy number,
DNA methylation, and RPPA (Wheeler et al, 2017).
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Figure 2.7 mRNA expression, miRNA expression, DNA copy number, DNA methylation, and
RPPA were previously clustered into three mains iClusters. L1 5’UTR counts were significantly
elevated in iCluster 3 compared to iCluster 1 p<0.001 and iCluster 2 p<0.001, iCluster 1 and 2
p=0.035, Kruskal-Wallis Test.

As TGF- B has an important role in HCC and can influence several biological pathways,
the pathway was investigated in theses samples. TGF-  pathway status were previously
assessed and classified into the following groups: activated, normal and inactivated (Chen
etal., 2018). L1 5’UTR counts positively correlated with activated TGF-f status (42.1+3.1)
compared to Normal 21.0£2.1), and inactivated (mean £SE 26.1+5.1), p<0.01, Kruskal-
Wallis Test) Figure 2.8.
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Figure 2.8 L1 5’°UTR counts correlated with active TGF-§ status. L1 5’UTR counts correlated
significantly with activated TGF-p status compared to Normal and inactivated p<0.01, Kruskal-
Wallis Test.

There are different algorithms available to evaluate L1 transcripts from RNAseq data. In
order to validate our method with another reported pipeline {Chen, 2018 #117} we
compared the two datasets. In this study, the authors have analysed 372 HCC cases from
the TCGA-LIHC dataset. Our L1Ta UTR counts exhibited a strong positive correlation
with the L1HS counts (r=0.597, p=<0.001 Spearman correlation) reported in the other
study for the same samples (Figure 2.2). Furthermore, the study also reported counts for
other L1 subfamiles such as L1PA2, L1PA3 and L1PBal. Hence, we evaluated the
correlation between different L1 subfamiles. L1HS, P1PA2, L1PA3 and L1PBal
demonstrated a strong correlation (p<0.001) (Figure 2.9).
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Figure 2.9 L1Ta 5’UTR correlates with L1HS (r=0.597, p<0.001), L1PA2 (r=0.866, p<0.001)
L1PA3 (r=0.684, p<0.001) and L1PBal (r=0.605, p<0.001) Spearman correlation.

Several clinical factors were compared to L1 subgroups, and significance was observed with HB186,
macrovascular invasion, TP53 mutation signature, iCluster and TGF-p cluster. These findings are
consistent with findings observed earlier in which L1 5°UTR (L1HS) is associated with poorly
differentiated tumours and poor prognosis (HB16 and presence of macrovascular invasion) and
TGF-p activation.
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Table 2.5. Clinical parameters were compared in L1HS, L1PA2, L1PA3 and L1PBal by measuring

L1 full length transcripts. Mann-Whitney U test was performed for continuous data. iCluster and

TGF-pB were analysed using Kruskal-Wallis test. Error bars represent standard error.
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2.4.4 Expression of L1orfl protein in HCC tissues
Llorfl protein (L1lorflp) expression was assessed by immunohistochemistry in 48 HCC
patient samples. Tissue sample of colorectal carcinoma metastasised to liver was used for

assay optimisation and as a positive control (Figure 2.10).

Negative control Positive control

Figure 2.10 Negative and positive control for L1orflp antibody using colorectal carcinoma tissue.
Negative control was stained in the absence of primary antibody, and positive control was stained
with primary and secondary antibody (200x magnification).

2.4.5 Llorfl protein expression is elevated in HCC

Llorflp level was assessed and compared between tumour and corresponding non-tumour
liver samples. Llorflp stain was predominantly cytoplasmic. Stained slides were scored
based on staining intensity and percentage positivity, as negative or grade 1 to 5 (Figure
2.12). Tumour biopsies had significantly elevated Llorflp staining intensity compared to
non-tumour biopsies (Figure 2.11) (p=0.001, Wilcoxon signed ranks test). Based on this
scoring, samples were classified into the following groups: L1_low (score 0-2) and L1 _high
(score 3-5) for tumour; L1 _absent (0), L1 _low (1), L1 high (2-4) for non-tumour for
exploring the correlations between L1 expression and clinical features.
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Figure 2.11 Llorflp levels in tumour and corresponding non-tumour samples (box plot). Tumour
tissues had significantly elevated Llorflp staining intensity compared to non-tumour tissues

(p=0.001, Wilcoxon signed ranks test).
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Figure 2.12 FFPE tumour and non-tumour biopsies were stained for LZlorflp using
immunohistochemistry. Stained slides were assessed and scored based on staining intensity and
percentage positivity: 0 (NT tumour case) or grade 1 to 5 (HCC tumour cases), x200 magnification.
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2.4.6 L1 protein expression correlated with poorly differentiated tumours and

increased AFP

HCC L1lorflp expression status (L1_low versus L1 _high) were compared with different
clinical factors (Table 2.5). No correlations were observed between Llorflp and patient
age (p=0.838), gender (p=0.52), type two diabetes (p=0.34), cirrhosis (p=0.643) and BCLC
stage (p=0.72). However, high Llorflp expression correlated with poorly differentiated
tumours (p=0.036, Chi-square test). Patient liver function indicators such as albumin and
bilirubin levels were not significantly different between the 2 groups however, AFP level
was significantly elevated in L1_high compared to L1 _low (L1_low 6ng/ml vs L1 _high
39ng/ml, p=0.039, Mann-Whitney U test).

2.4.7 L1 high correlated with poor survival in TACE treated patients

The median survival was measured using Kaplan Maier analysis between L1_low and
L1 high patient groups. No significant difference was observed between L1 _low (19.3moz+
2.9,n=24) and L1 high (13.2 mozx 5.0, n=26) p=0.756. Similar findings were observed
in patients excluding resection patients L1_low (19.3mo+ 2.9, n= 24) and L1_high (13.2
mozx 5.0, n=26) p=0.756. However, a significant difference in survival was observed in
patients with TACE treatment (L1 _low 20.89 months vs L1_high 10.8 months, p=0.025,
Log-rank Mantel-Cox test) Table 2.5 and Figure 2.13. However, the number of patients

are very low and the finding needs to be validated in a larger cohort.
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Table 2.5. Clinical parameters were compared between L1 low and L1_high patients in tumour

samples. Chi-square test was performed for categorical data and Mann-Whitney U test for

continuous data. Survival analysis was performed using Kaplan Meier analysis.

Clinical Features N (%)
p-value

L1-low 22 (46) L1-high 26 (56)
Age Median [range] 69 [55-85] 71 [49-80] 0.838
Gender Male/Female (F%) 17/05 (23) 20/06 (23) 0.977
Risk Factor ::(FLD/ALDNiraI/Others/No known 12/1/0/3/6 10/4/0/5/6 0.273
BMI Median [range] 33.9[25.4-42.0] 25 19-45.6.0] 0.021
Diabetes No/Yes (Y%) 7115 (68) 11/15 (58) 0.454
Cirrhosis No/Yes (Y%) 13/9 (41) 16/10 (39) 0.863
Ascites No/Yes (Y%) 12/1(8) 14/2(13) 0.672
Albumin (g/1) Median [range] 40[31-67] 39[28-48] 0.431
Bilirubin (umol/1) Median [range] 10[5-28] 14[4-39] 0.186
AFP (ng/mL) Median [range] 6[1-632] 29.5[1-50000] 0.032
Tumour and Histopathologic Features
Tumour number Median [range] 1[1-5] 1.55 [1-20] 0.45
Tumour size Median [range] 3.6 [1.3-18] 4[1-18] 0.329
PVT No/Yes (Y%) 16/6 (27) 19/8 (30) 0.978
EHD No/Yes (Y%) 18/4(18) 22/3(12) 0.553
TNM Stage MMV (IV%) 6/2/715 (25) 10/4/8/3 (12) 0.637
Grade Well Differentiated No/Yes (Y%) 7/15 (68) 18/7 (28) 0.046
BCLC Stage A/B/C/D 4/5/12/1 4/5/17/1 0.709
Therapy OLTx/Res/Ablation/TACE/Med/ BSC ~ 0/3/0/12/2/5 0/2/7/12/0/4 0.057
Survival post biopsy Months median
All patients N =48 18.2+ 3.0 17544 0.701
Treated patients N =36 16.0+ 4.0 9.8+3.1 0.281
TACE treated N =24 19.3+3.0 98+3.1 0.036
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Figure 2.13 Median survival between L1 low and L1 high in tumour (Kaplan Meier curve) (A)
All patients, L1 low (18.2mo + 3.0, n=22) and L1 high (17.5mo % 4.4, n=26), p=0.756 (B) all
patients except ablation or resection, L1 low (16.0mo % 4.0, n= 19) and L1 high (9.8mo + 3.1,
n=17), p=0.249 (C) TACE patients only, L1 low (19.3mo + 3.0, n= 12) and L1 high (9.8 mo

3.1, n=12), p=0.036 Log-rank Mantel-Cox test.

Likewise, to explore significance of L1 expression in non-tumour tissues, hon-tumour cases

were categorised into the following groups: L1_absent, L1 low and L1_high; however, no

significant correlation were observed with any of the parameters except cirrhosis. A

positive association between liver cirrhosis and L1orflp expression in non-tumour tissues

was observed (Table 2.6).
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Table 2.6. Clinical parameters were compared between L1 low and L1 high patients in non-

tumour samples. Chi-square test was performed for categorical data and Mann-Whitney U test for

continuous data. Survival analysis was performed using Kaplan Meier analysis.

Clinical Features N (%)
L1-absent . p-value
5(14) L1-low 23 (62) | L1-high9 (24)
Age Median [range] 61 [52-70] 73 [56-85] 71 [41-76] 0.263
Gender Male/Female (F%) 3/2(40) 19/04 (17) 8/1 (11) 0.398
Risk Factor NAFLD/ALD/Viral/Others/No known risk  4/0/0/0/1 13/2/0/0/3 2/4/0/0/1 0.116
BMI Median [range] 37.8030- 28[23.07-37] 32[25-40] 0.438
45.58]
Diabetes No/Yes (Y%) 2/3 (60) 10/13 (57) 3/6 (67) 0.871
Cirrhosis No/Yes (Y%) 4/1 (20) 15/8 (35) 217 (78) 0.046
Ascites No/Yes (Y%) 2/0(0) 12/1(8) 6/1(14) 0.724
Albumin (g/l) Median [range] 42.5[39-45] 41.5[28-67] 39[34-47] 0.469
Bilirubin (umol/l) ~ Median [range] 7[5-41] 11.5[4-39] 13[7-26] 0.601
AFP (ng/mL) Median [range] 3 16[1-18000] 4[2-2733] 0.198
Tumour and Histopathologic Features
Tumour number Median [range] 1[1-2] 1[1-4] 1[1-20] 0.848
Tumour size Median [range] 3.74[2-19] 4[1.3-18] 3.7[2-11.5] 0.509
PVT No/Yes (Y%) 4/1 (20) 18/5 (22) 8/1 (11) 0.880
EHD No/Yes (Y%) 4/1(20) 19/4(17) 9/0(0) 0.390
TNM Stage 1MV (IV%) 2/0/1/1 (25) 8/3/5/3 (16) 3/3/2/0 (0) 0.680
Grade-Well
Differentiated No/Yes (Y%) 27/19 (41) 9/12 (57) 18/7 (28) 0.046
BCLC Stage A/B/CID 8/9/29/2 4/4/12/1 4/5/17/1 0.945
Therapy OLTx/Res/Ablation/TACE/Med/ BSC 0/3/0/0/1/1 0/4/3/11/3/2 0/2/3/4/0/0 0.196
Survival post biopsy Months median
All patients N =36 40.1+20.4 19.3+5.3 17.5+6.4 0.607
Treated patients N=21 No patients 12.7+£29 91+23 0.535
TACE treated N =15 No patients 145+4.1 9.1+ 2.3 0.123

2.4.8 L1 correlated with TGF-B activation

As TCGA HCC transcript analysis demonstrated a significant correlation between L1

5’UTR counts and active TGF- B status (Figure 2.8), we decided to validate the finding in

our FFPE HCC samples at protein level. TGF-f activation was measured by measuring its
downstream target pSMAD3 specifically the Ser 425 phosphorylated SMAD3. pPSMAD3
protein expression were examined by immunohistochemistry in a cohort of 17 HCC FFPE

patient samples for which Llorflp status has already been determined (L1_low n=8,

L1 high n=9).
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Slides were scored and classified into the following groups based on staining intensity by
a pathologist: None, low, and high. pPSMAD3 was expressed in the nucleus only and highly
expressed in HCC tumour cells compared to non-tumour cells (Figure 2.14A). pPSMAD3
expression demonstrated a positive association with L1orf1p expression in HCC ( r=0.502,

p=0.04,n=17, Spearman correlation). (Figure 2.14B)
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Figure 2.14 FFPE HCC tumour and non-tumour biopsies were stained for pPSMAD3 by
immunohistochemistry. (A) Stained slides were assessed and scored based on staining intensity
and percentage positivity as None, Low or High. (B) pSMAD3 correlated significantly with
Llorflp FFPE staining (r=0.502, p=0.04,n=17, Spearman correlation).
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2.5 Discussion

In this chapter, TCGA HCC patient samples were re-analysed to include L1Ta 5’UTR
promoter (L1 5°UTR) counts. In addition, L1 subfamilies L1HS, L1PA2, L1PA3 and
L1PA4 exhibited strong correlation with each other. L1 counts were elevated in high
pathological stage tumours and correlated with vascular invasion. Vascular invasion has
been linked with satellite nodule, intrahepatic metastases and portal vein obstruction
leading to liver damage and failure (Shi et al., 2010). Furthermore, L1 counts were
associated with high tumour recurrence (SNU cluster) and poor prognosis (HB16 cluster).
These findings suggest that elevated L1 may contribute to tumour progression and poor

prognosis in HCC patients.

Several signalling pathways were also elevated and associated with high L1 counts.
Particularly, L1 counts were elevated in iCluster 3 implying higher chromosomal instability
and were positively correlated with TP53 mutation and activated TGF-p signalling. TP53
is an important cell cycle regulator and its reduced expression leads to increased cell cycle
progression. Similarly, TGF-f signalling has an important role in HCC and has both tumour
suppressive and promoting functions. During late stage carcinogenesis, tumour cells can
inhibit TGF-p mediated tumour-suppressive functions and increase tumour promoting
factors including the induction of EMT. Therefore, L1 may support tumorigenesis by

increasing the TGF-f pathway in a background of mutated TP53.

Besides L1 transcripts, we confirmed Llorfl protein expression in HCC biopsies and
overall L1orflp was elevated in HCC tumours compared to non-tumour tissues. L1orflp
was present in the cytoplasm, but low nuclear positivity was also observed. Similar findings
were reported in in vitro studies using retrotransposition assay and patient FFPE biopsies
(Belgnaoui et al., 2006, Rodic et al., 2014). However, some studies have shown a
correlation between L1orflp nuclear staining and key clinical parameters. For example, in
invasive breast carcinoma, Llorflp and Llorf2p nuclear localisation correlated with
metastasis and poor survival (Chen et al., 2012). L1orflp and L1orf2p nuclear localisation

might be more prevalent in certain cancers and correlate with a worse prognosis.

L1 expression (transcripts as well as L1orf1p) was also significantly associated with poorly

differentiated tumours, and poor survival in patients receiving TACE therapy. These data
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suggest that L1 is significantly elevated in tumour tissues and might support resistance to
TACE therapy. As well as being associated with early mortality, L1 expression correlated
with other indicators of adverse outcome including elevated AFP levels. During liver injury
or hepatocarcinogenesis, hepatocyte release AFP into the circulation (Steiner et al., 1966).
Elevated AFP levels have been observed in 60% of HCC patients (Taketa, 1990). Cirrhosis
is also another important risk factor for HCC and present in 80% of HCC patients. Here,
L1 expression positively correlated with cirrhosis in non-tumour tissues. Previous studies
have shown that several HCC related aetiologies have late diagnosis of HCC. For example,
in NAFLD, 22.8% related HCC were detected by surveillance. In alcohol related HCC, it
was 32% and in Hepatitis C it was 46.2% (Mittal et al., 2015). These data suggest that L1
might be a potential biomarker particularly in early stage of cancer such as in cirrhotic
patients.

In terms of cell signalling pathways, L1 transcript expression positively correlated with
TP53 mutation and TGF-f signalling in HCC. The association between TGF-f signalling
and L1 expression was further verified at the protein level as well using pPSMAD3 as a
surrogate for TGF-p signalling activation. This is in line with previous reports where L1
expression is found to be positively correlated with TP53 mutation in other epithelial
cancers such as lung carcinoma, pancreatic carcinoma, ovarian carcinoma and secondary
glioblastoma (Rodic et al., 2014). There are reports showing an association between L1
expression and TGF-f signalling and indicates either regulation of L1 by TGF-f3 (Reyes-
Reyes et al., 2017) or regulation of TGF-p by L1 (Zhu et al., 2013). Hence, the relationship
between L1 and TGF-f signalling can be context dependent. There can be a number of
potential explanations that could explain the association between L1 and TGF-f signalling
activation in HCC: (i) TGF-p signalling activates L1 expression, (ii) L1 drives activation
of TGF-p signalling, (iii) there is a feedback loop between TGF-f signalling and L1, or (iv)
these are independent events and are only non-causally linked in cancer cells through
chance. To answer this systematically, we utilised HCC-related cell line models described
in Chapter 2 and 3.

Summary

L1 was elevated in tumours both at transcript and protein level in HCC patients. High L1
correlated with poorly differentiated advanced stage tumours with vascular invasion and

poorer patient outcome. Both transcript and protein analysis demonstrated a significant
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association between L1 and TGF-f signalling. Further studies are required to investigate
the mechanism of how L1 influences TGF-B signalling and explore its potential as a

treatment stratification marker and/or therapeutic target.
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Chapter 3: Effect of L1 knockdown on Huh7 cells

3.1 Introduction

The transforming growth factor  (TGF-B) pathway has an important role in HCC and can
affect several cellular processes such as proliferation, migration and invasion. Previously
in Chapter 1, analysis of RNAseq data and FFPE biopsies demonstrated a positive
relationship between L1 expression and activated TGF-f signalling in HCC patients.
However, it remains unclear if there is a causal relationship between L1 and TGF-$

signalling in HCC.
3.11 TGF-p signalling pathway

The TGF-B superfamily consist of 30 different structural regulatory proteins, which
includes TGF-B, activins, BMP, inhibins, growth and differentiation factors (Padua and
Massague, 2009). The TGF-p ligand is an important molecule in this pathway. It is a
polypeptide cytokine and has three main isoforms: TGFB1, TGFB2 and TGFB3. TGFp1 is
the most abundant isoform and regulates several cellular functions such as cell proliferation
and apoptosis (Massague, 1998, Heldin et al., 1997).

Active TGF-B ligand has a dimer configuration and binds to both Type 1 and Type 2
transmembrane serine/threonine kinase receptors (Figure 3.1). Upon binding, these two
receptors form a heteromeric complex. The Type 2 receptor has constitutively active
kinases, which phosphorylate the Type 1 cytoplasmic juxtamembrane glycine-serine
domain. Subsequently Type 1 receptor phosphorylates two serine residues located at the
end of its carboxyl-terminal in the cytoplasmic domain. Phosphorylation of these sites
creates specific binding sites for SMAD proteins (R-SMAD) particularly SMAD2 and
SMADZ3. The adaptor protein SARA facilitates the binding. Both SMAD2 and SMAD3 are
then phosphorylated by the two receptors and dissociate from it. These two proteins form
a heterotrimeric complex with SMAD4 and translocate to the nucleus. SMAD4
accumulates in the nucleus and interacts with several transcription factors and target genes
(Tang et al., 2018).

The TGF-p ligand can also activate non-canonical pathways, which do not involve SMAD
proteins. For example, it can activate the Erk/MAPK (P13K)/Akt and MAPK cell signalling
pathways (Moustakas and Heldin, 2005).
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The TGF-B pathway is usually inhibited by SMAD6 and SMAD7. Both SMAD6 and
SMADY inhibit TGF-p signalling but affect different points of the pathway. For example,
SMADSG inhibits BMP signalling and SMAD1-Co-SMAD interaction. SMADY7 interferes
with Type 1 receptor and blocks ligand binding and thus the receptor cannot get activated.
It can also recruit the E3 ubiquitin ligase Smurf to the receptor and target it for degradation
(Ebisawa et al., 2001).
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Figure 3.1 TGF-P pathway (Piersma et al., 2015).

3.12 TGF-p and HCC

The TGF-p pathway has an important role in the liver by controlling liver architecture and
regeneration, but can also contribute to pathological condition such as fibrosis, cirrhosis
and HCC (Karkampouna et al., 2012).

TGF-B can have different functions and can act either as a tumour suppressor or tumour
promoter (Figure 3.2). In early stages of HCC, TGF- acts as a tumour suppressor and
inhibits c-myc and certain cyclin dependent kinase inhibitors. In turn, it reduces cell
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proliferation and induces cell apoptosis. As HCC progresses, TGF-3 can act as an autocrine
and paracrine molecule, and also activate stromal fibroblasts. Stromal fibroblasts can
activate regulatory T and cancer stem cells. Regulatory T cells are a subtype of T-cells, and
have an immunosuppressive effect on the immune system (Giannelli et al., 2014). Cancer
stem cells are a subpopulation of tumour cells which can self-renew and are resistant to
many conventional therapies. Both regulatory T and cancer stem cells contribute to

tumorigenesis (Wu et al., 2012, Gallimore and Simon, 2008).

In late stages of HCC, tumour cells become less responsive to the TGF-B suppressive
effects by inhibiting key genes in the pathway such as TBRII. TBRII expression has shown
to decrease particularly in malignant cancers. In malignant hepatocytes, TBRII expression
was reduced by more than 25% compared to surrounding non-malignant tissues (Yamazaki
et al., 2011). Similar observations were seen in cell lines with late TGF-f response. These
cell lines lacked the TBR1 receptor and had low level of TBRII receptors (Yamazaki et al.,
2011, Matsuzaki, 2013, Nagata et al., 2009). TBRII receptor mutations are particularly
associated with a poor patient prognosis (Yamazaki et al., 2011).

TGF-p dysregulation can affect several pathways such as epidermal growth factor (EGF)
and Platelet-derived growth factor (PDGF) mediated pathways. Both pathways are
mitogenic signalling pathways and affect cell survival and proliferation. EGF has an
important role in cell survival and stimulates proliferation via the MAPK/ERK and PI3K-
Akt pathways. PDGF leads to the accumulation of nuclear B-catenin leading to increased
cell proliferation. Both EGF and PDGF are elevated in late stages of HCC and can inhibit

TGF-B mediated tumour suppressive functions and increase tumour promoting functions.
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Figure 3.2 TGF-p pathway in early and late carcinogenesis (Fabregat et al., 2016). In early
carcinogenesis the pathway has tumour suppressive effects but has tumour supporting effects in late

carcinogenesis.

EMT can also increase during late stages of HCC. A meta-analysis has shown that the TGF-
[ pathway converges on several pro-EMT inducers such as transcription factors (TWIST1,
TWIST?2), transcriptional repressors SNAIL (SNAIL), SLUG (SNAI2), ZEB1 and ZEB2.
Collectively these were overexpressed in 49.6% of 1334 HCC patients (Wan et al., 2017).
EMT markers were also increased at protein level such as Twist1 (60.3% of patients), Snail
(51.9% of patients), Zeb1 (43.6% of patients) and Zeb2 (50.3% of patients).

TGF-B pathway can also increase the expression of Axl through its ligand Gas6 in
malignant hepatoma cells. Axl is a tyrosine kinase and high level of Axl has been associated
with increased invasion, tumour recurrence and poor survival in HCC patients. Axl can also
interact with 14-3-3 zeta. 14-3-3 zeta can increase the expression of several TGF-$
mediated EMT genes such as PAil, SNAIL and MMP-9 in HCC, which are associated
tumour progression (Reichl et al., 2015). Similarly, TGF-B downregulation decreased

migration and invasion in HCC cell lines (Fabregat and Giannelli, 2017).

Several mouse model studies have also investigated a correlation between TGF-
dysregulation and HCC. For example, one study investigated the role of TAK1 and HCC
using TAK-1 null mice (Yang et al., 2013a). TAKL is a negative regulator of the TGF-f

pathway and has two mechanisms of inhibition. It can interfere with R-SMAD activation
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by binding to the MH2 domain of SMAD proteins (Hoffmann et al., 2005). TAK1 can also
increase SMAD7 expression and thus decrease TGF-f signalling (Dowdy et al., 2003).
Interestingly, TAK-1 null mice developed fibrosis and HCC, indicating increased TGF-3
signalling led to increased HCC. Furthermore, two double knockout mice models - TAK-1
with SMAD4 and TAK-1 with TPRII receptor - had lesser incidence of fibrosis and HCC,
particularly in TAK1 and TBRII receptor knockout mouse model. Furthermore, SMAD4
and TPRII receptor null mutation had also reduced tumour incidence possibly due to
decreased TGF-p signalling (Yang et al., 2013a). In another study, TP53 knockout mice
had increased expression of TGF-B1, Pail and Afp. Furthermore, mice with TP53 and
TBRII knockout had reduced incidence of HCC and cholangiocarcinoma (Morris et al.,
2012).

3.13L1and TGF-g

Relationship between L1 and TGF-f signalling has been reported in literature. Reyes-Reyes
et al. have demonstrated activation of L1 in human bronchial epithelial cells upon TGF-
treatment while knockdown of L1 using Llorfl targeting siRNA did not alter TGF-
pathway. Thus, L1 may act downstream of the TGF-f pathway (Reyes-Reyes et al., 2017).
On the other hand, Zhu et al., 2013, have shown that L1orflp can also affect the TGF-
pathway in HepG2. An immunoprecipitation analysis has shown that ORF1p forms a
complex with Smad4. The formation of the complex inhibited Smad4 nuclear translocation.
The observations indicate that the relationship between L1 and TGF-f pathway might be
different in cancerous versus non-cancerous cells. Hence, in this chapter we focused on the
primary question — if L1 has potential to activate TGF-p pathway in HCC using stable

knockdown of L1 in an HCC cell line.
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3.2 Specific aims

o Characterisation of L1 expression in different HCC cell lines and identify relevant
cell line for L1 knockdown

o Stable knockdown of L1 using lentivirus-based shRNA constructs in selected cells

and evaluate the role of L1 in cell proliferation, migration and invasion

o RNAseq analysis of Huh7-L1KD and Huh7-NT (control) cell lines to evaluate

influence of L1 knockdown on the cellular transcriptome

. Validation of RNAseq findings especially modulated signalling pathways by

functional assays like luciferase reporter assay and at protein level by western blotting.
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3.3 Materials and Methods

3.31 Reagents

SDS lysis buffer: Tris HCL (pH 6.8) 12.5ml, 2g SDS, 10ml glycerol, 67.5ml distilled water

Loading dye (western blot): 2.5ml 0.5M Tris/fHCL pH 6.8, 0.4g SDS, 1ml B-
mercaptoethanol, 2ml glycerol, 1ml 0.1% bromophenol blue, 13.5ml distilled water

Running buffer (western blot) 1000ml distilled water, 14.4g glycine, 3g Tris base, 1g SDS

Transfer buffer (western blot): 800ml distilled water, 200ml methanol, 0.3g Tris base and

1.41g glycine
TBST: 1000ml distilled water, 2.42g Tris base, 8g NaCl, 6, 1ml Tween20 and pH=7.

Carnoy fixative: 3 parts acetic acid, 1 part methanol

3.32 Cell Culture

HepG2, Hep3B, SK-Hepl, Huhl, Huh7, SNU182, SNU475, and PLC/PRF5 were grown
in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). HHL5 was grown in DMEM-high glucose media supplemented with 10%
FBS, 1% L-Glutamine and 1% non-essential Amino Acid Solution. Cells were incubated
at 37°C and 5% COo, and sub-cultured every 6 days.

3.33 Huh7-L1KD lentiviral particles

pLKO.1 lentival-based plasmids containing either non-target-shRNA
(CAACAAGATGAAGAGCACCAA) or Llorfl-shRNA
(AAATGAAGCGAGAAGGGAAGT) were obtained from Prof Gael Critofari, Institute
for Cancer Research and Aging, Nice, France (Pizarro and Cristofari et al., 2016).
Lentiviral particles were prepared as follows: 500ul serum free DMEM/F-12 media were
mixed with the following plasmids: pLKO.1 shRNA plasmid (6ug), envelope plasmid
MD2.G (1.5ug), packaging plasmid PAX2 (4.5ug) and TransIT-LT1 transfection reagent
(36pl, Geneflow) and incubated for 30 minutes at room temperature. HEK293T were then
transfected with these plasmids (cells were previously seeded at 4x10° in a 10cm? petri dish
and left for 24 hours to attach). Culture supernatant was collected at 48 and 96 hours post-

transfection. Condition media was then centrifuged at 2000g for 5 minutes and filtered

85



through a 0.45uM filter to remove cell debri. Cleared supernatant containing the packaged

lentiviral particles (non-targeted or Huh7-L1KD) were then stored at -80°C.
3.34 Transduction into Huh7 cell line

Wild-type Huh7 (Huh7-WT) cells were seeded in a 6 well plate at 2x10° per well. The next
day, cell media was removed from cells and then transducted with 50pl non-target or Huh7-
L1KD lentiviral supernatant in presence of 8ug/ml polybrene. 450 ul complete media
(DMEM/F-12 media+10% FBS) was also added to each well to make a final volume of
500ul per well. After 24 hours, cell media was replaced. The next day, cell media was
replaced with media containing 2pug/ml puromycin. Puromycin and media were replaced
every 3 days. Selection was performed for 2 weeks before confirming status of knockdown
by RT-gPCR and western blot.

3.35 Western blot

Cell pellets were isolated using trypsin and frozen dry at -20°C. Pellets were thawed and
solubilised in 50ul SDS lysis buffer. Lysates were then heated at 100°C for 10 minutes
followed by sonication for 3 minutes (30sec ON and 30 sec OFF, 3 rounds). After
sonication, samples were centrifuged at 13000g for 10 minutes. The supernatant was then
taken further for protein estimation. Protein estimation was performed using the Pierce
BCA Protein Assay Kit (Thermofisher). After estimation, protein samples were adjusted to
30ug and a loading dye was added at a 1 to 1 ratio. Samples were heated for 10 minutes at
100°C and then loaded onto a 4-15% Mini-PROTEAN TGX Precast Protein Gels (Biorad).
Gel electrophoresis was performed at 100V for 90 minutes, and wet transfer was performed
using a nitrocellulose membrane for 60 minutes at 100V.

After transfer, nitrocellulose membrane was blocked with 5% bovine serum albumin
(diluted in TBST) for 1 hour at room temperature. The membrane was incubated overnight
with the primary antibody at 4°C and then washed three times with TBST, 5 minutes each.
The following primary antibodies were used: Llorflp clone 4H1, 1:1000
(merckmillipore); GAPDH 1:5000 (Sigma); Vimentin 1:1000 (Abcam); SMAD3 1:1000
(Abcam). The membrane was then stained with the appropriate secondary antibodies
(Dako) at room temperature for 1 hour and visualised using the ECL kit (GE Healthcare).
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3.36 FACS

Cells were harvested from a 70% confluent T75 flask with trypsin, and then fixed in 1%
formalin (diluted in PBS) overnight. Following fixation, cells were washed in wash-perm
buffer (BD bioscience) twice at 300g for 7 minutes and stained with L1orflp clone 4H1 1:
4000 (merckmillipore) for 1 hour at room temperature. Cells were then washed twice with
wash-perm buffer (BD bioscience) and incubated with anti-mouse secondary antibody
Alexfluor 488, 1:8000 (Invitrogen) for 1 hour. After secondary incubation, cells were

washed with wash perm buffer and PBS, and analysed on the FACS Calibur.

3.37 Cell cycle by PI staining

Cells were harvested from a 70% confluent flask with trypsin and fixed in cold 70% ethanol
(4°C) for at least 24 hours. Samples were then centrifuged at 4509 for 7 minutes and the
supernatant was discarded. To each sample, the following reagents were added: 234l PBS,
10pl propodium iodide solution (1mg/ml, Sigma), 6pl RNase A (1mg/ml, Sigma) and then
incubated for 20 minutes at room temperature in the dark. After incubation, samples were
analysed on the FACS Calibur (BD bioscience).

3.38 SMADZ3 luciferase assay

Huh7-WT, Non-target-shRNA (Huh7-NT) and Huh7-L1 knockdown (Huh7-L1KD) were
seeded at 0.5x10° in a 12 well plates in triplicates. The next day, 200l serum free media
were incubated with the following plasmids (one well): 400ng pail-luc reporter plasmid,
40ng Renilla plasmid and 1.2ul LT1 transfection reagent and incubated for 20 minutes at
room temperature. After incubation, cells were transfected, incubated for 48 hours at 37°C,
and then washed with PBS and frozen dry at -20°C. Dual-Luciferase Reporter Assay
System (Promega) was used to perform the luciferase assay. Plate was thawn to room
temperature and 100ul of 5x lysis buffer was added to each well, and then incubated in a
plate shaker for 15 minutes at room temperature. 20ul cell lysate was removed and added
onto a well of a 96 well white polystyrene microplate plate. 100l luciferase reagent was
added to each well and analysed on the Omega Plate reader for luminescence.
Subsequently, 100ul stop and glow solution was added to measure Renilla luminescence.

Samples were then normalised to Renilla.
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3.39 RNA isolation

RNA was isolated using the Qiagen RNeasy kit according to the instructions. RNA was
eluted in 30l nuclease-free water and concentrations were quantified using the ND-1000
Spectrophotometer. Purified RNA was further treated with the Turbo DNase-l kit as

instructed by the manufacturer (Invitrogen).

3.310 Reverse transcription

Reverse transcription was performed using the Promega reverse transcription system. 1ug
of RNA was diluted in 10ul nuclease-free water. RNA was heated at 70°C for 10 minutes
and placed on ice. The following mastermixes were added for oligo(dT) 15 Primer and gene
specific primer cDNA conversions:

o The following reaction mixture were added for oligo (dT)15 Primer cDNA
conversion: MgCl, 25mM (4ul), Reverse transcription buffer 10X (2ul), dNTP Mixture
10mM (2ul), Recombinant RNasin Ribonuclease Inhibitor (0.5ul), AMV Reverse
transcriptase (0.5ul) and oligo(dT)15 Primer (1pl). 10ul reaction mixture was added onto
each 10 pul RNA sample. The combined 20pul reaction mixture was incubated at 42°C for
15 minutes, 95°C for 5 minutes and 4°C for 5 minutes. 80ul nuclease-free water was added
and cDNA was stored at -20°C.

J The following reaction mixture were added for gene specific primer cDNA
conversion: MgCl, 25mM (4ul), Reverse transcription buffer 10X (2ul), dNTP Mixture
10mM (2ul), Recombinant RNasin Ribonuclease Inhibitor (0.5ul), AMV Reverse
transcriptase (0.5ul) and L1-RT (1ul of 100uM), 18S-RT and TBP RT primers (1pl of
100uM). 10ul of the reaction mixture was added onto each 10 pul RNA sample. The
combined 20ul reaction mixtures were incubated at 42°C for 30 minutes, 50°C for 30
minutes, 95°C for 5 minutes and 4°C at 5 minutes. 80ul nuclease-free water was added to

each sample and stored at -20°C.

3.311 Real-time PCR

gPCR was performed in a 10ul reaction per well using the following reagents: 5ul
Platinum™ SYBR™ Green qPCR SuperMix-UDG with ROX (Thermofisher), 2.8l
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Nuclease-Free Water, 0.2ul of primer (forward and reverse, 10uM), 2ul cDNA. Samples

were loaded onto a 384 well plate and analysed on the QuantStudio 7 Flex Real-Time PCR

System (Applied Biosystems). The qPCR cycle conditions are shown in Table 1. gPCR

primer sequences are shown in Table 2.

Table 3.1 gPCR conditions

qPCR condition

Hold stage( 1 cycle) PCR stage (40 cycles) Melt curve stage

50°C for | 95°C for | 95°C for 15 | 60°C for | 95°C for | 60°C for | 95°C for
2min 10min sec Imin 15sec 1min 15 sec

Table 3.2 gRT-PCR primer sequences

Type of Oligo Sequence of oligo
Gene
L1’5UTR Forward GAATGATTTTGACGAGCTGAGAGAA
L1’SUTR Reverse GTCCTCCCGTAGCTCAGAGTAATT
Llorflp Forward AGTGCTTAAAGGAGCTGATGG
Llorflp Reverse GCTGATACCCTTTCTTCCAGTT
Llorf2p Forward CAAACACCGCATATTCTCACTCA
Llorf2p Reverse CTTCCTGTGTCCATGTGATTCA
TBP Forward GCAAGGGTTTCTGGTTTGCC
TBP Reverse GGGTCAGTCCAGTGCCATAA
HPRT Forward TTGCTTTCCTTGGTCAGGCA
HPRT Reverse ATCCAACACTTCGTGGGGTC
SMAD?2 Forward TGCTCTGAAATTTGGGGACTGA
SMAD?2 Reverse CGACCATCAAGAGACCTGGTT
SMAD3 Forward GAGGAGAAATGGTGCGAGAA
SMAD3 Reverse GCGGCAGTAGATGACATGAG
SMAD4 Forward TTTGAGGGACAGCCATCGTT
SMAD4 Reverse ATACTGGCAGGCTGACTTGTG
SMAD7 Forward TCCTCGGAAGTCAAGAGGCT
SMAD7 Reverse TGGACAGTCTGCAGTTGGTT
Epcam Forward GAACACTGCTGGGGTCAGAA
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Figure 3.3 Melting temperature of different gPCR primers. Each primer had a single peak

indicating no primer dimers.

Table 3.3 Primer efficacy of L1 5’UTR, L1orflp, L1lorf2p, TBP and HPRT

Gene Slope Efficiency r

L1 5°UTR -3.40 £ 0.043 97.0% 0.99
Llorflp -3.24 £ 0.031 103.5% 0.99
Llorf2p -3.40 £ 0.055 96.8% 0.99
TBP -3.18 £ 0.033 106.1% 0.97
HPRT -3.48 £ 0.089 93.8% 0.99

91



3.312 Cell proliferation

Incucyte

Huh7-WT, Huh7-NT and Huh7-L1KD cells were seeded onto a 96 well plate, 500 cells per
well. Images were taken every 6 hours using incucyte imaging. Cell proliferation was then
measured by a cell specific algorithm.

MTT

Huh7-WT, Huh7-NT and Huh7-L1KD cells were seeded onto a 96 well plate, 500 cells per
well. Plates were treated with MTT at the following time points: day 2, 4, 6, 8 and 10. For
each well, 20ul MTT reagent was added and then incubated for 5 hours at 37°C in the dark.
Subsequently, media was removed and 150l DMSO was added onto each well. The plate
was incubated for 10 minutes at room temperature in a shaker. Readings were then taken
at 570nM.

SRB

Huh7-WT, Huh7-NT and Huh7-L1KD cells were seeded onto a 96 well plate, 500 cells per
well. Cells were incubated with 200l complete media and incubated at the following time
points: day 1, 2, 3, 4, 5, 6 and 7. Afterwards, cells were fixed with 50ul Carnoy’s fixative
for 24 hours at 4°C. The plate was then rinsed 5 times with deionised water and air-dried.
200ul sulforhodamine B solution (0.4% diluted in 1% acetic acid) was added to each well
and incubated for 40 minutes. Following the incubation, the plate was rinsed 5 times with
1% acetic acid and air-dried. 200 pL of 10 mM Tris base was added to each well and
incubated for 30 minutes at room temperature in a shaker. Readings were then taken at
570nM.

3.313 Clonogenic assay

Huh7-WT, Huh7-NT and Huh7-L1KD were seeded at 4000 and 6000 cells in a 10cm? Petri
dish in triplicates. Plates were incubated at 37°C and 5% CO3 for 21 days, and then washed
with PBS and fixed with cold Carnoy fixative for 10 minutes. Plates were washed with
distilled water and stained with 0.4% crystal violet (diluted in distilled water) for 30

minutes. Plates were then washed with distilled water and colony size and number were
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counted using an automatic colony counter. Colonies smaller than 0.5mm were excluded

from the analysis.

3.314 Invasion assay

Invasion assay was performed using Boyden chambers (Merckmillipore). Huh7-WT,
Huh7-NT and Huh7-L1KD were seeded in 1.0 x 10° cells/ml serum free media. 300pl cell
suspension was added at the top of the chamber. On the bottom of the chamber, 500ul
complete media was added and incubated for 72 hours. After incubation, non-invasive cells
were removed from inside of the chamber using a cotton stick. Invasive cells on the outside
of the chamber were stained with 500 pl staining solution for 20 minutes. Residual staining
was removed by gently submerging in distilled water. Phase-contrast images were taken
and quantified using Image J.

3.315 RNA seq
RNA isolation

Total RNA was isolated from Huh7-NT and Huh7-L1KD from 3 biological repeats. Sample

integrity was checked using a bioanalyser and all samples had good quality.

Library preparation and RNA seq

Samples were then sent for sequencing to the Genomic Facility, Newcastle University.
Illumina Tru-seq paired end strand-specific sequencing was performed using the
NextSeq50.

Bioinformatics

Post trimming quality control was performed with FastQC (version: 1.0.0). The resulting
FastQ files were mapped on to the human reference genome using RNAseq alignment tool
(V1.1.1) on Illumina BaseSpace software. DESeqz2 analysis (version: 1.1.0) was performed
to identify differentially expressed genes in Huh7-L1KD compared to Huh7-NT.
Differentially expressed genes were defined as those with a p value of less than 0.05. Gene

Set Enrichment Analysis (GSEA) was carried out using Broad institute’s GSEA software.
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3.316 Mouse xenograft experiment

Huh7-WT, Huh7-NT and Huh7-L1KD cells were injected subcutaneously into 8 weeks old

nude mice. 5 mice were used for each cell line and injected with 5x10° cells.
3.317 Statistics

Statistical analysis was performed using SPSS (Version 24) and Graph Prism (Version 8).
Independent t-test was performed for migration assay, One Way ANOVA for invasion

assay.
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3.4 Results

3.4.1 L1 expression in various liver cancer cell lines

L1 expression was analysed in the following liver cancer cell lines : HepG2, Hep3B, Huhl,
Huh7, SNU182, SNU475, PLC/PRF5; SK-Hepl (hepatic adenocarcinoma cell line,
endothelial origin) and HHL5 (human hepatocyte cell line, (Clayton et al., 2005).

Transcript analysis was performed by RT-qPCR using primers targeting different L1
regions: L1-5°UTR, ORF1 and ORF2 and normalised against TBP and HPRT expression.
As expected, all three primers had a strong correlation with each other (L1 5’UTR and
ORF1(r=0.946, p=0.0001); L1 5°UTR and ORF2 (r=0.868, p=0.002); ORF1 and ORF2
(r=0.928, p=0.000314). Overall, L1 expression showed large variation amongst the cell
lines, being highest in Huh7-WT and Hep3B, medium expression was observed in Huh-1,
HepG2, SK-Hepl, SNU182 and SNU475, and lowest expression was observed in HHL5
and PLC/PRFS5 (Fig 3.4A-4B).

Furthermore, full length L1 transcripts were measured using cDNA, prepared using L1
3’UTR specific primer and carrying out PCR using primers targeting L1 5’UTR. Relative
L1 5’UTR transcript expression were significantly lower compared to when using oligo dt
primers in all cell lines (Figure 3.4C). However, both oligo dt and gene-specific cDNA

had a similar distribution.
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Figure 3.4 L1 transcript expression in different HCC related cell lines: (A) L1 5°UTR, ORF1 and
ORF2 transcript expression using oligo (dT)15 cDNA conversion, normalised to TBP (B) L1
5’UTR, ORF1 and ORF?2 transcript expression using oligo (dT)15 ¢cDNA conversion, normalised
to HPRT, (C) L1 5°’UTR transcript expression using gene specific cDNA conversion, normalised
to TBP.

Next, L1 protein expression was analysed by measuring L1lorflp levels using western
blotting and FACS. Llorflp was strongly expressed in Huh7, SK-Hepl, SNU182,
SNUA475, moderately expressed in SNU182 and Huh-1, and low expression was observed
in HHL5 and HepG2 (Figure 3.5). FACS staining was performed by measuring L1orflp
positive cells (%) and mean fluorescence intensity. Both variables showed a similar trend
and results corroborated with western blotting data. Huh7 had the highest Llorflp
expression and lowest expression were observed in HepG2, HHL5 and Huhl (Figure 3.6,
Table 3.4). Hence, overall there was good corroboration between transcript and protein
expression data in the cell lines with an exception in Hep3B and HepG2 cells, which
exhibited high expression of L1 transcript level but very low protein expression.
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by western blotting. (A) Representative image of western blotting (B) western blot quantification
by image J, normalised to GAPDH (n=3). Error bars represent standard error.
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Table 3.4 L1orf1p mean fluorescence intensity (MFI) and expression (%) in different HCC

related cell lines.

HUH-1 3.90 3.01
HepG2 4.70 1.94
HHLS 7.30 7.17
Hep3B 8.90 2091
PLC/PRF5 13.80 38.68
SK-Hepl 24.60 71.25
HUH-7 28.60 73.35
SNU475 49.30 92.94

3.4.2 Generation of Huh7-L1 knockdown (Huh7-L1KD) and Huh7-non-target (Huh7-

NT) control cell lines

Since, Huh7 cells exhibited highest transcript and protein expression, this cell line was
selected to generate L1-knockdown transgenic cells to decipher the role of L1 in liver
cancer cells. NT and L1KD lentiviral constructs were transduced into Huh7-WT cells and

selected with puromycin (2ug/ml) for two weeks before confirming L1 knockdown.

Knockdown of L1 in Huh7-L1KD was confirmed both at transcript and protein levels.
Transcript analysis was performed using primers previously optimised for an active L1
region in Huh7 cells (Figure 3.7A). As expected, L1 transcripts were downregulated by 7-
fold in Huh7-L1KD compared to Huh7-WT and Huh7-NT (p=0.0096, One Way ANOVA).
Moreover, Llorflp expression was reduced to undetectable levels in Huh7-L1KD
compared to Huh7-WT and Huh7-NT when measured by western blotting (Figure 3.7B).
FACS analysis also confirmed the downregulation of L1orflp expression in Huh7-L1KD
(37.50%) compared to Huh7-WT (92.18%) and Huh7-NT (92.01%), (Figure 3.7C-7D).
Hence, L1 knockdown in Huh7-WT was successful, and Huh7-L1KD cells were taken

forward for functional analysis.
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Figure 3.7 Huh7-WT, Huh7-NT and Huh7-L1KD transcript and protein expression (A) L1
transcript expression using active L1 specific primers, Huh7-WT vs Huh7-L1KD p=0.0001, Huh7-
NT vs Huh7-L1KD p=0.0096 (One way ANOVA). Error bars represent standard error (n=4) (B)
Western blot of L1orflp and GAPDH, (C) L1lorflp FACS staining. Grey lines represent unstained,
black lines represent secondary staining only, and green or red line represent both primary and
secondary antibody staining. L1orflp expression was determined by setting the gate at 0.5% of
secondary positive cells only. (D) L1lorflp FACS geometric mean: Huh7-WT (n=3) vs Huh7-NT
(n=6) p=0.7486, Huh7-WT vs Huh7-L1KD (n=6) p=0.0255, Huh7-NT vs Huh7-L1KD p=0.0463,
One Way ANOVA.

3.4.3 Effect of L1 knockdown on phenotypic and functional properties of cells

No striking difference in cell morphology was observed in Huh7 cells upon L1 knockdown
when analysed under phase contrast microscope and by Incucyte imaging (Figure 3.8).
Cell proliferation was measured by Incucyte imaging, sulforhodamine B and MTT (Figure
3.9). The doubling time was calculated using Incucyte imaging. Measurements were taken
from the exponential phase (n=3). Huh7-WT had a doubling time of 60 hours, Huh7-NT
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and Huh7-L1KD had a doubling time of 41 hours Hence, Huh7-NT and Huh7-L1KD had

a similar proliferation rate.

300pm

Huh7-WT Huh7-NT

Huh7-L1KD

Figure 3.8 Huh7-WT, Huh7-NT and Huh7-L1KD cell morphology. Images were taken by Incucyte

imaging from a 24well plate.
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Figure 3.9 Growth proliferation curve between Huh7-WT WT, Huh7-NT and Huh7-L1KD. (A)
Incucyte imaging (n=3). Error bars represent standard error (B) SRB assay (n=1) (C) MTT assay

(n=1).

Colony formation ability was measured in a 10cm? Petri dish using the following cell

densities: 4000 and 6000. After 3 weeks, cells were fixed and stained with crystal violet.
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Colony size and number were measured using an automatic cell counter for each cell line.
Huh7-L1KD had larger colonies but colony number were similar compared to Huh7-WT
and Huh7-NT (Figure 3.10 and Figure 3.11).

Huh7-WT Huh7-NT Huh7-L1KD

Figure 3.10 Huh7-WT, Huh7-NT and Huh7-L1KD clonogenic assay. Cells were seeded at 4000
cells per petri dish and fixed 21 days after. Top image represents petri dish with colonies and
underneath 10x magnification of colonies. Huh7-L1KD colonies were more dense than Huh7-WT
and Huh7-NT.
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Figure 3.11 Mean colony number and size in Huh7-WT, Huh7-NT and Huh7-L1KD. Clonogenic
assay was performed with the following cell densities: 4000 and 6000. Plates were then analysed
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using an automatic colony counter. A 0.5mm minimum cut off was applied for each colony. Error
bars represent standard error from three technical repeats. Area (4000)=Huh7-WT vs Huh7-NT
p=0.68; HUh7-WT vs Huh7-L1KD p=0.0002; Huh7-NT vs Huh7-L1KD p=0.0003 Area (6000):
Huh7-WT vs Huh7-NT p=0.77; Huh7-WT vs Huh7-L1KD p=0.0031; Huh7-NT vs Huh7-L1KD
p=0.0022, One way ANOVA.

Huh7-WT, Huh7-NT and Huh7-L1KD migration capacity were measured using Incucyte
(Figure 3.12). Cells were seeded onto a 96 well plate and a scratch was applied using the
Incucyte Wound Maker 96-pin. Measurements were taken at regular 3-hour intervals.
Huh7-L1KD were migrating less than WT and Huh7-NT. Invasion capacity was measured
using Boyden chambers. Cells were seeded onto these chambers, and after 72 hours
invasive cells were stained and then measured using phase-contrast microscope. Huh7-
L1KD cells were significantly less invasive than Huh7-WT and Huh7-NT (Figure 3.13).
Thus, Huh7-L1KD had reduced cell migration and invasion compared to Huh7-WT and
Huh7-NT.
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Figure 3.12 Migration assay of Huh7-WT, Huh7-NT and Huh7-L1KD (A) absence of collagen:

Huh-7 vs L1-shRNA p<0.05 (27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57 hours). Huh-7 vs NT-
shRNA p<0.05(39, 42,45,48,51,54,57 hours), 3 independent experiments. Error bars represent

standard error from 3 independent experiments
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Figure 3.13 Huh7-WT, Huh7-NT and Huh7-L1KD cell invasion. Cells were incubated in a
Boyden chamber for 72 hours and stained for invasive cells. Images were taken and quantified
using Image J. Statistical analysis was performed using One Way ANOVA Cell count: Huh7-WT
vs HUh7-NT p=0.773, Huh7-WT and Huh7-L1KD p=0.009, Huh7-NT and Huh7-L1KD
p=0.001(n=4, independent experiments).

Further studies were performed to investigate the role of L1 inhibition on tumour growth
in vivo. 5 nude mice were used for each cell line and injected with 5x10° cells onto the
dorsal lateral thorax region. From each group, two mice had tumour engraftment and
growth was measured until tumour volume reached 500mm?3. Once tumour engraftment
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occured, rapid tumour growth was observed (Figure 3.14). Here, Huh7-L1KD had a
delayed tumour response compared to WT and Huh7-NT.
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Figure 3.14 Huh7-WT, Huh7-NT and Huh7-L1KD cells were subcutaneously injected into nude
mice, 5x106 cells. Tumour size were measured until day 50, or terminated early when tumour size
was larger than 500mm?3. Huh7-L1KD (n=2) had a delayed tumour response compared to WT
(n=2) and Huh7-NT (n=2).

3.4.4 Influence of L1 knockdown on cellular transcriptome - RNAseq analysis of
Huh7-NT and Huh7-L1KD cells

RNAseq was performed between Huh7-NT and Huh7-L1KD to identify differentially
expressed genes (Table 3.5).

Table 3.5 Number of reads in control (Huh7-NT) and L1 knockdown (Huh7-L1KD)

Control Huh7-NT 1 18,104,070 90.91
Huh7-NT 2 16,565,680 88.21
Huh7-NT 3 14,447,823 87.37
L1 knockdown Huh7-L1KD 1 18,766,946 91.78
Huh7-L1KD 2 18,578,050 92.54
Huh7-L1KD 3 18,586,416 91.65
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DeSeq?2 analysis identified 1512 differentially expressed (DE) genes (950 downregulated
and 561 upregulated) at log2FC0.5, padj < 0.05. At log2FC1, 334 genes were differentially
expressed (242 downregulated and 92 upregulated), Figure 3.15. See Table 3.6 for Top 50
significantly DE genes.

Volcano plot

-3 -2 -1 0 1 2 3
log2FoldChange

Figure 3.15 Volcano plot of differentially expressed genes between Huh7-NT and Huh7-L1KD.
(A) log2FC1, padj<0.05, 334 genes, (B) log2FCO0.5, padj<0.05, 1512 genes.

Table 3.6 Top 50 most significant differentially expressed genes in Huh7-L1KD compared to
Huh7-NT

DPYSL3 963.5415 -2.64835 2.47E-172
LYZ 3045.921 1.856762 2.14E-167
NPNT 1197.392 -2.30917 8.09E-156
CPS1 792.7656 2.750509 3.14E-152
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TMSB4X
CCDC80
PEG10
FSTL1
PLG
RGS4
NRP1
ACBD5
RB1CC1
FBN2
APOB
MICAL2
MYO1C
CTSE
SH3BGRL2
ALPK2
UGT2A3
HS3ST3B1
OoDC1
FGB
AHSG
FST
NQO1
ITGAS
CPT1A
CDK6
GABRA4
MYO18B
MEP1A
PRTG
DCDC5
SCFD1

1184.812
1287.429
30603.02
1275.984
1154.34

200.8243
3421.405
1484.936
321.3372
384.2992
64467.16
1667.648
1852.899
405.8982
496.5474
218.4504
409.9555
764.0174
3557.192
16940.52
15111.9

1104.414
3128.073
1040.746
320.9832
993.5035
158.811

261.4476
483.1994
566.3422
340.4034
9384.83

106

-2.28281
-2.01328
1.167453
-1.65069
1.927129
-3.2902

-1.16135
-1.31361
S
-2.19886
1.00801

-1.49296
-1.20775
-2.0768

-1.88495
-2.55147
-1.93155
1.673973
0.956994
0.864077
0.91399

1.370336
0.981947
-1.25984
-1.99917
1.263358
-2.64048
-2.15778
1.811325
1.54081

1.901649
0.822101

2.47E-149
3.47E-125
2.59E-106
2.66E-91
2.11E-85
1.49E-73
8.99E-68
3.95E-64
4.54E-64
5.03E-63
2.14E-60
2.42E-60
1.03E-57
6.31E-57
1.12E-55
1.12E-53
1.94E-53
2.7T7TE-51
3.40E-51
9.23E-51
5.97E-50
1.02E-49
1.15E-49
1.14E-48
3.24E-47
1.72E-46
2.02E-46
4.45E-46
6.85E-46
2.08E-45
1.82E-44
2.14E-44



uUBD 994.9204 1.212558 4.78E-43
CYP26B1 670.0063 -1.39879 7.83E-43
CDH2 3089.313 -0.92206 8.20E-43
LOXL?2 500.9349 -1.60645 1.60E-42
CRAT 2080.158 -0.98527 9.05E-42
UPK1B 177.0285 -2.56235 2.95E-41
PTRF 980.5382 -1.17841 6.69E-41
MYRF 3885.1 -0.84294 2.06E-39
ST6GAL1 8493.857 0.846946 2.31E-39
MAP1B 606.4116 -1.40888 2.42E-39
EPS8L2 821.6556 -1.22815 3.76E-39
PKM 12509.91 -0.90621 1.04E-38
SERPINAS 3679.159 -0.8182 1.38E-38
COL2A1 433.3259 -1.60156 1.94E-38

Padj=P.value adjusted

Gene Set Enrichment Analysis (GSEA) was performed to identify pathway differences in
Huh7-L1KD compared to Huh7-NT. Initial analysis was performed on the top 50 most
significant differentially expressed genes in Huh7-L1KD compared to Huh7-NT. Analysis
was performed for Hallmark pathways and identified 8 out of 50 genesets significantly
enriched in the genelist (Table 3.7). EMT, angiogenesis and Hedgehog signalling were the
most significant enriched pathways (p<0.001, FDR<0.001). Both EMT and angiogenesis
gene sets were decreased in Huh7-L1KD indicating downregulation of these pathways.

Further analysis was performed by including all the differentially expressed genes with a
log2FCO0.5, padj<0.05 (1512 genes). Hallmark pathways identified 44 gene sets (Table 3.8).
Again, EMT geneset was the top most significantly enriched pathway, the list included
TGF-p signalling as well. Furthermore, GSEA analysis for Keggs pathways identified 83
out of 186 gene sets significantly enriched in the genelist (Table 3.9). The most significant
enriched pathways were EMT related pathways such as Focal Adhesion (k/K=0.201), ECM
Receptor adhesion (k/K=0.2262) and TGF-f signalling (k/K=0.200), p<0.001, FDR<0.001.
Furthermore, hallmark enrichment plot demonstrated TGF- downregulation in Huh7-
L1KD (Figure 3.16). Thus, GSEA analysis demonstrate reduced TGF-§ signalling and
EMT in Huh7-L1KD.
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Table 3.7 TCGA analysis for Hallmark pathways on top 50 significant differentially

expressed genes between Huh7-L1KD versus Huh7-NT cells.

Gene Set Name

Description

Differentially
expressed

EPITHELIAL

0.035

8.22E-09

4.11E-07

Genes

MESENCHYMAL

TRANSITION

ANGIOGENESIS

HEDGEHOG
SIGNALING

IL2 STATS

SIGNALING

MYOGENESIS

COAGULATION

UV RESPONSE

DN

FATTY
METABOLISM

Differentially expressed genes: red=downregulated, blue=upregulated

ACID

mesenchymal transition,
as in wound healing,
fibrosis and metastasis.
Genes up-regulated
during formation of blood
vessels (angiogenesis).
Genes up-regulated by
activation of hedgehog
signaling.

Genes up-regulated by
STATS in response to 1L2
stimulation.

Genes involved in
development of skeletal
muscle (myogenesis).
Genes encoding
components of Dblood
coagulation system; also
up-regulated in platelets.
Genes down-regulated in
response to ultraviolet
(UV) radiation.

Genes encoding proteins
involved in metabolism of
fatty acids.

0.0833

0.0833

0.02

0.02

0.0217

0.0208

0.019

1.48E-05

1.48E-05

1.41E-04

1.41E-04

8.07E-04

9.13E-04

1.19E-03

2.46E-04

2.46E-04

1.41E-03

1.41E-03

6.52E-03

6.52E-03

7.45E-03

k/K= Genes in Overlap (k)/ Genes in Gene Set (K); FDR= False Discovery Rate
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FSTL1, RGS4,
ITGA5, CDHZ2,
DPYSL3,
FBN2, LOXL2
FSTL1, NRP1,
SERPINAS5,

NRP1,
CDKG,

PLG,

NRP1,
MYO1C,
ODC1,
SH3BGRL2
MYO1C,
CRAT,
NQO1,FST
PLG, MEP1A,
CTSE

RGS4,
MAP1B

NRP1,

ODCL1,CRAT,
CPT1A



Table 3.8 TCGA analysis for Hallmark pathways on all differentially expressed gene at
logFC 0.5, p<0.05 between Huh7-L1KD versus Huh7-NT cells (Top 10 pathways are
shown only).

Gene Set Name Description

EPITHELIAL_MESENCHYMA  Genes defining epithelial- 0.315 3.39E 1.70E-37

L_ TRANSITION mesenchymal transition, -39
as in wound healing,
fibrosis and metastasis.

COAGULATION Genes encoding 0.2899 7.65E 1.91E-22
components of  blood -24
coagulation system; also
up-regulated in platelets.

TNFA_SIGNALING_VIA NFKB Genesregulated by NF-kB 0.215 5.61E 9.35E-19

in response to TNF -20
[GenelD=7124].

IL2_STATS5_SIGNALING Genes up-regulated by 0.21 3.84E 3.84E-18
STATS in response to IL2 -19
stimulation.

MYOGENESIS Genes involved in 0.21 3.84E 3.84E-18
development of skeletal -19
muscle (myogenesis).

UV_RESPONSE_DN Genes down-regulated in  0.2431 2.52E 2.10E-17
response to ultraviolet -18

(UV) radiation.
ESTROGEN_RESPONSE_EARL Genes defining early 0.2 1.65E 9.15E-17

Y response to estrogen. -17
HYPOXIA Genes up-regulated in 0.2 1.65E 9.15E-17
response to low oxygen -17

levels (hypoxia).
XENOBIOTIC_METABOLISM  Genes encoding proteins 0.2 1.65E 9.15E-17

involved in processing of -17
drugs and other
xenobiotics.
ESTROGEN_RESPONSE_LATE Genes defining late 0.175 1.13E 5.67E-13
response to estrogen. -13
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Table 3.9 Keggs pathway analysis on all differentially expressed gene at logFC 0.5, p<0.05

(Top 10 pathways are shown only).

Gene Set Name

FOCAL_ADHESION

COMPLEMENT_AND_
COAGULATION_CASCADES

AXON_GUIDANCE

PEROXISOME
PATHWAYS_IN_CANCER
ECM_RECEPTOR_INTERACTION
ABC_TRANSPORTERS
TGF_BETA_SIGNALING_PATHWAY

METABOLISM_OF_XENOBIOTICS_
BY_CYTOCHROME_P450

SMALL_CELL_LUNG_CANCER

Enrichment plot: HALLMARK_TGF_BETA_SIGNALING

005
o "\'\ [
.
005 N
)

0.10

0.15
0.20
025
0.30
-0.35

"L1-KD' (positively cor

Enrichment scare (ES)

Zetu cross at 9202

578 'nt (negatively comelated)
0 2500 5,000 7.500 10,000 12,500
Rank in Ordered Dataset

[— Entichment profile — Hits Ranking metic scores|

Description

Focal adhesion

Complement and
coagulation
cascades

Axon guidance

Peroxisome

Pathways in
cancer
ECM-receptor
interaction
ABC
transporters
TGF-beta
signaling
pathway
Metabolism  of
xenobiotics by
cytochrome
P450

Small cell lung
cancer

k/IK

0.201

0.3188

0.2016
0.2564
0.1231
0.2262
0.2955

0.2

0.2

0.1786

5.77E-

1.52E-
11
2.08E-
10
5.06E-
10
8.39E-
09
2.94E-
08

4.83E-
07

8.84E-
07

2.55E-
15
9.48E-
13

3.58E-
10
7.07E-
10
7.72E-
09
1.57E-
08
2.23E-
07
6.83E-
07

9.98E-
06

1.64E-
05

Figure 3.16 TGF-B enrichment plot using Hallmark analysis. Analysis was performed on complete

genelist using L1 expression as a continuous variable, demonstrating TGF-f signalling

downregulation in Huh7-L1KD.



As RNA-seq analysis demonstrated TGF-p downregulation in Huh7-L1KD, transcript and
protein analysis were performed to confirm the finding. Transcript analysis was performed
by RT-qPCR for the following TGF-p associated genes: SMAD3, TGFf1, SMAD?2,
SMAD4 and SMAD7. SMAD3 and TGFB1 were both downregulated in Huh7-L1KD
compared to WT and Huh7-NT (Figure 3.17). SMAD2, SMAD4 and SMAD?7 were

unaffected.

Protein expression of SMAD3 and SMAD4 was analysed by western blotting (Figure
3.18). SMAD3 protein expression was downregulated in Huh7-L1KD, and SMADA4 protein
expression was unaffected. In order to check the functionality of SMAD3, a luciferase
reporter assay using Pail promoter-luc plasmid (containing SMAD3 binding site) was
utilised. Again, Huh7-L1KD cells exhibited significantly lower luciferase signal hence,
reduced SMAD3 activity and reduced TGF-f activity compared to Huh7-WT and Huh7-
NT cells (Figure 3.19). Overall, the data confirms reduction in endogenous TGF-$

signalling in Huh7 cells upon L1 knockdown.
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Figure 3.17 SMAD3, TGFB1, SMAD2, SMAD4 and SMAD?7 transcript expression in Huh7-WT,
Huh7-NT and Huh7-L1KD. SMAD3 (n=9) and TGFB1 (n=7) expression were both downregulated
in Huh7-L1KD. Statistical analysis was performed using One way ANOVA, SMAD3: Huh7-WT
vs Huh7-L1KD p= 0.0001; Huh7-NT vs Huh7-L1KD p=0.0096. TGFp1: Huh7-WT vs Huh7-
L1KD p=0.0023; Huh7-WT vs Huh7-NT p=0.0435; Huh7-NT vs Hu h7-L1KD p=0.0365. SMAD?2,
SMAD4 and SMAD?Y transcript expression were unaltered (n=1).
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Figure 3.18 SMAD3 and SMAD4 protein expression in Huh7-WT, Huh7-NT and Huh7-L1KD.

GAPDH was used as a loading control.
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Figure 3.19 SMAD 3 luciferase assay in Huh7-WT, Huh7-NT and Huh7-L1KD: Huh7-WT vs Huh-
7-L1KD= p=0.0012; Huh-7-NT vs Huh7-L1KD=0.054, Independent t-test (n=3).
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3.4.5 Effect of L1 knockdown on the response of cells to TGF- treatment

The effect of TGF-B induction was investigated at transcript and protein levels in Huh7-
WT, Huh7-NT and Huh7-L1KD (Figure 3.20 and Figure 3.21).

Transcript analyses were performed with the following TGF-B inductions: Untreated,
Ing/ml and 10ng/ml, 72 hrs after treatment. SMAD3, TGFB1 and vimentin transcript
expression were analysed to measure TGF-f signalling. All the three cell lines exhibited
dose-dependent increase in SMAD3, TGFB1 and vimentin transcripts. At 10ng/ml TGF-
induction, at least 7-fold increase in TGFB1 and a 12-fold increase in SMAD3 transcript
level expression were observed in all three cell lines. Similarly vimentin expression

increased by 4-fold compared to untreated.

There was no significant difference between the cell lines in terms of cell cycle regulators
(p15 and p21) at basal level however, an induction in p15 and p21 levels was observed in
all the 3 cell lines upon TGF-B stimulation. Hence, overall the cell lines show similar
response to activation of TGF-B targets upon treatment with TGF-f treatment

implementing that L1 knockdown only reduced basal TGF-f signalling in the cells.
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Figure 3.20 RT-gPCR analysis of WT, Huh7-NT and Huh7-L1KD. Cells were induced with TGF-
B for 72 hours and analysed for SMAD3, TGFf1, vimentin, P15 and P21 transcript expression.
Error bars represent standard error from three technical repeat. TBP was used as a housekeeping
gene.

Furthermore, we measured SMAD3 protein level in Huh7-WT, Huh7-NT and Huh7-L1KD
72 hours after induction with 1ng/ml TGF-p . Similar to transcript expression, SMAD3
protein expression increased in all the three cell lines upon TGF-B induction however,
SMAD3 expression remained lower in Huh7-L1KD cells compared to Huh7-WT and
Huh7-NT cells as was the case for the cells at basal level (Figure 3.21). Also, Llorflp
expression remained unaffected by TGF-p treatment.
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Figure 3.21 SMAD3 and L1orflp expression in Huh7-WT, Huh7-NT and Huh7-L1KD in absence
and present of TGF-f3 induction for 72 hours. Protein expression was measured by western blotting.
(Huh7-NT 1, Huh7-L1KD 1) and (Huh7-NT 2, Huh7-L1KD 2) were from independent lentiviral
transduction in Huh7-WT. GAPDH was used as a loading control.

3.4.6 Effect of L1 knockdown on TGF-p mediated cell growth inhibition

Further studies were performed to investigate TGF-B sensitivity in Huh7-WT, Huh7-NT
and Huh7-L1KD in terms of cell proliferation. Cells were seeded onto a 96 well plate and
treated with TGF-B the next day: Untreated, 0.01ng/ml, 0.05ng/ml and 0.1ng/ml. Cell
proliferation was then measured using Incucyte imaging. In absence of TGF-§ induction,
Huh7-NT and Huh7-L1KD had a similar proliferation rate however, Huh7-WT had a
significant lower proliferation rate (Figure 3.22). 0.01 and 0.05ng/ml TGF-B induction
reduced proliferation in all three cell lines. At 0.01ng/ml, Huh7-WT and Huh7-L1KD had
significant lower proliferation than Huh7-NT: WT (47.7% decrease), Huh7-NT (16.4%
decrease) and Huh7-L1KD (46.2% decrease), compared to corresponding untreated (at 150
hours). At 0.05ng/ml, Huh7-L1KD had reduced proliferation compared to WT and Huh7-
NT: WT (48.7% decrease), Huh7-NT (32.0% decrease) and Huh7-L1KD (59.5% decrease),
compared to corresponding untreated (150 hours). At 0.1ng/ml, complete growth inhibition
was observed in all three cell lines. Hence, Huh7-L1KD cells show increased susceptibility
to TGF- treatment at lower doses when compared to Huh7-NT cells in terms of percentage
of growth inhibition but the response is equivalent to Huh7-WT cells. All the three cell
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lines show complete growth inhibition at 0.1ng/ml TGF- treatment, hence susceptibility

of Huh7 cells remained unchanged upon L1 knockdown.
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Figure 3.22 Growth proliferation curves of Huh7-WT, Huh7-NT and Huh7-L1KD with TGF-$
induction. Cells were seeded onto a 96well plate and treated once with TGF-B: untreated,
0.01ng/ml, 0.05ng/ml and 0.1ng/ml. Cell proliferation was then measured by Incucyte imaging.
Untreated= Huh7-WT vs Huh7-NT: From 102 to 228 hours. Huh7-WT vs Huh7-L1KD: 150 to
228 hours, p<0.05. 0.01ng/ml=Huh7-WT vs Huh7-NT: From 66 to 228 hours. Huh7-WT vs Huh7-
L1KD: From 126 to 228 hours. Huh7-NT vs Huh7-L1KD: From 78 to 228 hours, p<0.05.
0.05ng/ml= Huh7-WT vs Huh7-NT: From 84 to 228hours. Huh7-WT vs Huh7-L1KD: From 144
to 228 hours. Huh7-NT vs Huh7-L1KD: From 96 hours to 228 hours, p<0.05. Two Way ANOVA.

Error bars represent standard error from three independent replicates.

3.4.7 Effect of L1 knockdown on doxorubicin sensitivity of Huh7 cells

TGF-B signalling can mediate drug resistance particularly doxorubicin resistance
(Bhagyaraj et al., 2009, Akhurst 2017). Doxorubicin is a common drug used to treat HCC
but its potency is reduced due to emergence of drug resistance. As L1 inhibition reduced
TGF-B signalling, the effect of L1 inhibition on doxorubicin sensitivity was investigated.
Huh7-WT, Huh7-NT and Huh7-L1KD were treated with 50nM doxorubicin for 48 hours

and cells were then fixed and analysed for cell cycle distribution of the population (Figure
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3.23). G2 cell cycle arrest was observed in all cell lines but was significantly elevated in
Huh7-L1KD cells indicating higher doxorubicin sensitivity (WT=45.2%; Huh7-
NT=48.1%, and Huh7-L1KD=60.2%).

Huh7-WT Huh7-NT Huh7-L1KD

64.5% 65.1% 72.3%

Untreated

50nM Dox
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Figure 3.23 Cell cycle analysis of WT, Huh7-NT and Huh7-L1KD after 48 hours doxorubicin
induction. G2 arrest is observed in all three cell lines but was significantly higher in Huh7-L1KD
compared to WT and Huh7-NT. Values represents mean of three independent replicates. After
doxorubicin treatment: Pre G2: Huh7-WT vs Huh7-NT p=0.8844, Huh7-WT vs Huh7-L1KD p=
0.7668, Huh7-NT vs Huh7-L1KD p=0.9648. Post G2: Huh7-WT vs Huh7-NT p=0.2473, Huh7-
WT vs Huh7-L1KD p=0.0051, Huh7-NT vs Huh7-L1KD p=0.0514, (n=3) Two Way ANOVA
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3.5 Discussion

L1 expression was elevated in HCC patients and highly expressed in poorly differentiated
tumours. However, the role of L1 and its interactions with cellular pathways remains
largely unexplored. Here, the effect of L1 inhibition in HCC was investigated, specifically
its interaction with TGF-f signalling pathway.

3.5.1 L1 expression in HCC cell lines

L1 expression has been measured in different liver cancer cell lines both at transcript and
protein level. Transcript analysis was performed for L1 5’UTR, ORF1 and ORF2 using
RT-qPCR. All three primers correlated with each other. Highest L1 expression was
observed in Huh7 and Hep3B, medium expression was observed in Huhl, HepG2, SK-
Hepl, SNU182 and SNU475, and lowest expression was observed in HHL5 (immortalised
human hepatocytes) and PLC/PRF5 (Figure 3.4).

Protein expression was analysed by measuring Llorflp, due to its higher expression
relative to Llorf2p (Taylor et al., 2013). Similar to transcript, L1orflp expression also
varied in different liver cancer cell lines. Highest expression was observed in Huh7, SK-
Hepl, SNU182, SNU475; moderately expressed in SNU182 and Huh-1, and low
expression was observed in HHL5 and none in HepG2 (Figure 3.5). Previous studies have
shown high L1 expression in HepG2 (Reyes-Reyes et al., 2016). However we observed
very low expression of Llorflp in HepG2 cells. Moreover, there were discrepancies
between L1 transcript and protein expression in some cell lines for example, Huh-1,
PLC/PRF5, SNU182 and SK-Hepl have similar L1lorfl transcript expression however,
Llorflp expression varied significantly in these cell lines. Huh-1 and PLC/PRF5 have
lower Llorflp expression compared to SNU182 and SK-Hepl. This could be due to L1
posttranscriptional modifications and translational repression differences between the cell
lines. Posttranscriptional modification can degrade transcripts either by sSIRNA, microRNA
and piRNA. In particular, microRNA mir128 can inhibit retrotransposition in Hela cells by
inducing L1 RNA transcripts degradation (Hamdorf et al., 2015). Furthermore, restriction
factors can also affect and inhibit L1 retrotransposons such as APOBEC proteins. APOBEC
proteins have several sub proteins but particularly A3A and A3B are effective inhibiting
retrotransposition (Niewiadomska et al., 2007). The regulation of these pathways may

affect L1 translation and thus its expression level in HCC cell lines.
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3.5.2 Influence of L1 knockdown on Huh7 cells

As Huh-7 had high transcript and protein expression, a L1 knockdown transgenic cell line
(Huh7-L1KD) was generated from these using ShRNA targeting L1-orfl. The knockdown
was successful and had reduced L1 transcript and protein expression (Figure 3.7).
Functional studies were performed to investigate the effect of L1 inhibition on proliferation,
colony formation, migration and invasion abilities of the cells. Overall, L1 inhibition had
no effect on proliferation, but reduced cell migration and invasion were observed (Figure
3.12 and 3.13). In vivo experiments demonstrated delayed tumour growth in Huh7-L1KD
cells in mice compared to WT and Huh7-NT control cell lines (Figure 3.14). Similar
findings are reported for other cancer cell lines (Li et al., 2014, Yang et al., 2013b).

RNAseq analysis followed by gene set enrichment analysis revealed downregulation of
EMT, angiogenesis, focal adhesion and ECM in Huh7-L1KD cell compared to Huh7-NT
cells (Table 3.8). Several pathways have been shown to interact with L1. For example in
adult brain tissues, L1 were able to increase transiently and mobilise in neuronal progenitor
cells. The increase was associated with a switch of the Sox2/HDAC1 repressor complex to
the TCF/LEF) activator complex. TCF/LEF activator complex is an important pathway in
Whnt signalling and its expression can impact gene expression and function, and potentially

increase L1 expression (Muotri et al., 2010).

Overall, all these processes are known to be regulated by TGF-f signalling pathways which
was also found to be significantly downregulated in Huh7-L1KD cells. Hence, RNAseq
analysis revealed a causal link between L1 expression and TGF-f signalling. The TGF-3
pathway has an important role in HCC and can act either as a tumour suppressor or as a
tumour promoter. In normal and early stages of HCC, TGF-f acts as a tumour suppressor
and inhibits cell proliferation and induces apoptosis. However in late stages, tumour cells
can inhibit TGF-B tumour suppressive functions by several mechanisms. For example,
several downstream targets such as SMAD4 and TGF- EMT markers can be affected.
Hence, we characterised the TGF-pB pathway components in Huh-7, Huh-7-NT control and
Huh-7 L1-KD at both transcript and protein levels. In particular, downregulation of
SMAD3 was observed in Huh7-L1KD cells compared to control cell lines (Figure 3.17
and 3.18). Furthermore, Pail-luciferase reporter assay revealed reduced SMAD3 activity
in Huh7-L1KD compared to WT and Huh7-NT cells (Figure 3.19). Hence, L1 knockdown
reduced basal TGF-p signalling in Huh7 cells.
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To evaluate if L1 knockdown affects response of cells upon stimulation with exogenous
TGF-p treatment, Huh-7, Huh-7 NT-control and Huh-7 L1-KD were then induced with
TGF-B. TGF-B induction increased SMAD3 and TGF1 transcript expression (Figure
3.20). Furthermore, increased SMAD3 protein expression was observed in all the 3 cell
lines, indicating increased TGF-p signalling (Figure 3.21). Moreover, key TGF-p targets
such as P15 and P21 were also upregulated in all the 3 cell lines upon TGF-f induction
(Figure 3.20). P15 and P21 are both cyclin-dependent kinase inhibitors which can interact
with TGF-B and affect EMT. P15 inhibits cyclin D-dependent kinase 4/6 mediated
phosphorylation of pRB and G1/S progression (Gonzalez et al., 2006). P21 inhibits CDK2
activity, RB phosphorylation and DNA synthesis (Zhu et al., 2005). A recent study has
shown that P15 and P21 upregulation can downregulate EMT marker and induce cellular
senescence (Senturk et al., 2010b). In line with these results, inhibition of cell proliferation
was observed in all the 3 cell lines upon stimulation with TGF- (Figure 3.22). Hence, L1
knockdown reduced basal TGF-p signalling in Huh7 cells but the response to exogenous
TGF-B stimulus was maintained in the cells probably due to upregulation of SMAD3
expression once the cells were stimulated with TGF-p.

3.5.3 Huh7-L1KD and doxorubicin sensitivity

TGF-p pathway can induce drug resistance including doxorubicin resistance (Bhagyaraj et
al., 2009, Akhurst 2017). Doxorubicin is a chemotherapeutic agent used to treat HCC
during TACE therapy. It inhibits DNA repair mechanisms by inhibiting topoisomerase 11.
Topoisomerase Il inhibition blocks DNA and RNA synthesis leading to DNA
fragmentation (Tewey et al., 1984). However, it has become increasingly less potent due to
the emergence of drug resistance. Several studies have shown that TGF-f3 signalling can
induce doxorubicin resistance. For example, doxorubicin resistant HCT116 cells had higher
levels of EMT, plasma membrane glycoprotein and TGF-B signalling. Furthermore,
SMAD/4 inhibition reduced TGF-p signalling and plasma membrane glycoprotein, reversed
EMT leading to increased doxorubicin sensitivity (Li et al., 2015). Other studies have
observed similar findings. In an MDA-MB-231 orthotopic xenograft, doxorubicin and
TGF-B antagonist treatment reduced EMT and decreased tumour growth. Similarly, in
A549 human lung adenocarcinoma cells, reduced TGF-B signalling led to increased
doxorubicin cytotoxic effects.
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We observed higher G2 arrest in Huh7-L1KD compared to Huh7-WT and Huh7-NT upon
treatment with doxorubicin (Figure 3.23). Hence, L1 knockdown rendered increased
sensitivity to doxorubicin in Huh7 cells probably due to reduced TGF-f signalling.
Previously, L1 knockdown in HepG2 cells has been reported to increase sensitivity of the
cells to reduced ICso for epirubicin, cisplatin and paclitaxel and demonstrated a reduced
IC50 by up to 9 fold. The decrease was likely due to decreased BCL-2 (anti-apoptotic)
expression in L1 knockdown (Feng et al., 2013). Likewise, decrease in BCL-2 expression
(FC -0.55, adj p-value 0.00099) was observed in Huh7 cells upon L1 knockdown hence the

increased sensitivity could be because of reduced BCL-2 levels.

The observation is in line with our human data, where patients with higher L1 expression
have poor prognosis when treated with TACE (Chapter 1, Figure 3.10C). Further studies
are needed to confirm the findings and understand the mechanism of increase in

doxorubicin sensitivity upon L1 knockdown.
3.6 Summary

L1 expression has been characterised in different liver cancer cell lines. Highest expression
was observed in Huh-7, and stable knockdown of L1 was performed on this cell line using
lentivirus based Huh-7 L1-KD construct. RNAseq analysis demonstrated reduced TGF-3
signalling in Huh7-L1KD and was verified at transcript, protein and functional (Pail
luciferase reporter assay) levels. TGF-B functional properties such as migration, invasion
and doxorubicin resistance were also reduced in Huh7-L1KD. However, TGF-f induction
increased SMAD3 and TGFp1 expression in Huh7-L1KD cells leading to similar response
in terms of TGF-B targets activation and inhibition in cell proliferation to what was
observed in Huh7-WT and Huh7-NT control cells upon TGF-f induction. Hence, TGF-3
signalling is reduced in Huh7-L1KD but the pathway is not impaired.
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Chapter 4: Effect of L1 overexpression on liver cancer cell lines

4.1 Introduction

L1 promoter is activated in several cancers and can increase the expression of L1 proteins
- Llorflp and Llorf2p. Both proteins are transcribed from an internal sense-promoter
within the 5’ untranslated region and are essential for retrotransposition. L1orf1p has RNA
binding and nucleic acid chaperone activity, while L1orf2p has reverse transcriptase and
endonuclease activities. Several studies have demonstrated increased Llorflp expression
in cancers (Barchitta et al., 2014). Furthermore, a correlation between L1 insertion and

L1orflp expression was also observed (Rodic et al., 2015).

Llorflp is a 40kDA protein and has 338 amino acids (Figure 4.1). Atomic force
microscopy analysis demonstrated a dumbbell structure (Martin et al. 2003). The N-
terminal consist of a highly variable N-terminal domain and a conserved coiled coil (CC)
domain. The C-terminal has an RNA recognition motif (RRM) and a C-terminal domain.
The C-terminal domain also contains residues which have a high affinity for RNA binding
and nucleic acid chaperone activity (Martin, 2010). Upon translation, ORF1 proteins form
a coiled trimer complex along the variable coiled coil domain. (Martin, 2006, Hohjoh and
Singer, 1996). Llorflp trimer complex has a cis preference and binds with its own
transcript and ORF2p to form a L1 RNA particle (Wei et al., 2001). Both RRM and CC
domains are important for the RNA binding function of Llorflp (Khazina et al., 2011,
Martin et al., 2005).
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Figure 4.1 Crystal structure of L1orflp (blue spheres= positive N-terminal) Khazina et al.,
2018)

L1orflp does not contain any enzymatic domain but has several phosphorylation sites that
can regulate its function. These sites are predominantly serine and threonine
phosphorylation sites. Some of these sites are docking motifs for proline-directed protein
kinases (PDPK) such as cyclin-dependent kinases, mitogen-activated protein kinases and
glycogen synthase 3. PDPK can interact with several cellular pathways including cell
differentiation, cell division, inflammation and cancer, and specifically phosphorylate
serine or threonine residues with a proline residue at position +1 (S/T-P motifs). L1lorflp
contains four S/T-P motifs: S18P19, S27P28, T203P204, and T213P214. Moreover, it has
several PDPK docking motifs as well such as T241 and T250. These two sites are protein
kinase A sites. All 6 sites are highly conserved and are essential for retrotransposition, as
substitution mutation of a non-phosphorylated residue can reduce L1 retrotransposition to
0-40% (Cook et al., 2015). In addition, T203 and T213 flank three conserved arginines
(R206, 210 and 211) that may mediate RNA binding (Khazina and Weichenrieder, 2009,
Khazina et al., 2011). T203 or T213 phosphorylation can lead to the formation of hydrogen
bonding with the guanidino group of the three arginines, which in turn affect L1orflp RNA
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binding (Mandell et al., 2007). PDPK motifs are also regulated by a number of other factors
such as Pinl. Pinl is a prolyl isomerase and induces proline isomerization in
phosphorylated S/T-P motifs (Lu et al., 2002a, Liou et al., 2011). S18 and S27 are key
binding sites for Pinl and protects the phosphorylation state by inhibiting cis trans prolyl-
sensitive phosphatases. In vitro studies were performed by inducing PDPK mutants and
revealed that phosphorylation by PDPKs were not required for RNA binding and did not
affect the structural configuration of L1orf1p for its function (Cook et al., 2015).

4.12 L1orflp and its interaction with different cellular pathways

Llorflp can interact with several cellular pathways, which may promote carcinogenesis.
For example, Lu et al. 2013 et al have demonstrated an interaction between the coiled-coil
domain of L1lorflp and cytoplasmic androgen receptor in prostate cancer cells leading to
its translocation to the nucleus. Androgen receptor translocation increases the expression
of proliferating and anti-apoptotic genes such as vascular endothelial growth factor (VEGF)
(Luetal., 2013). L1orflp can also increase E26 transformation—specific sequence-1 (ETS-
1) transcriptional activity in colon and breast cancer (Bu et al., 2006). ETS-1 is an important
transcription factor during development and carcinogenesis. It acts downstream of the c-
Met signalling pathway and activates several proliferating and invasive genes such as
MMP-1, MMP-9, c-Met, Cyclin D1 and u-PA (Bu et al., 2006) (Yang et al., 2013).

L1lorflp can also induce drug resistance through several pathways. For example, L1orflp
overexpression in HepG2 cells leads to development of resistance to epirubicin and
cisplatin compared with empty vector control cells. In the same study, HepG2 Llorflp
siRNA had reduced ICso for epirubicin, cisplatin and paclitaxel by up to 9 fold (Feng et al.,
2013). The increased drug resistance was likely due to increased BCL-2 (anti-apoptotic)
expression in Llorflp overexpression (Feng et al., 2013). Likewise, an
immunoprecipitation analysis demonstrated an interaction between L1orflp and cisplatin-
resistance associated proteins CROP or LUC7L3 (Slotkin and Martienssen, 2007). L1orflp
can also increase ATP-dependent efflux pump gene expression in esophageal squamous
cell carcinoma, and thus inducing doxorubicin and paclitaxel drug resistance (Zhu et al.,
2015). L1 is also shown to affect TGF-f signalling. An immunoprecipitation analysis has
shown that L1orflp forms a complex with Smad4. The complex inhibits Smad4 nuclear
translocation in HepG2 cells (Zhu et al., 2013). Furthermore, human bronchial epithelial
cells treated with TGF-p had increased ORF1 and ORF2 transcript expression. EMT
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markers such as vimentin was increased, and epithelial marker such as E-cadherin was
reduced. L1lorflp expression was then inhibited using a siRNA transfection but TGF-p
pathway remained unaltered. Thus, L1 may act downstream of the TGF- pathway in these
immortalised cells (Reyes-Reyes et al., 2017). However, we have observed reduction in
TGF-p signalling and several associated targets such as reduced migration, invasion and
reduced drug sensitivity upon L1 knockdown (Chapter 3). The difference could be cell

type specific or difference between transformed and non-transformed cells.
4.2 Aims

Here in this chapter, the influence of L1 overexpression on TGF-f signalling pathway was
investigated, specifically L1-full length and L1lorflp overexpression and its correlation

with the TGF-f signalling pathway.
Specific aims were as follows:

o Full length L1 overexpression in liver cancer cell lines were used to investigate the
effect of L1 on TGF-p signalling pathway
o Llorflp overexpression cell lines were developed to investigate the effect of
Llorflp on the TGF-p signalling pathway
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4.3 Methods

4.3.1 Cell culture

All cells were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS). HHL5 was grown in DMEM-high glucose media
supplemented with 10% FBS, 1% L-glutamine and 1% non-essential Amino Acid Solution.

Cells were incubated at 37°C and 5% CO3, and sub-cultured every 6 days.

4.3.2 L1orflp doxycycline (dox) inducible transfection

HepG2, PLC/PRF5 and HHL5 were seeded in a 6 well plate at 4x10° per well. The next
day, cell media was removed from cells and replaced with new media. The plasmid
transfection mixes were prepared as follows: 200ul serum free media, 1ug PB-dox empty
or PB-dox Llorflp, 0.5ug transposase plasmid and 4.5ul LT1 transfection reagent and
incubated for 30 minutes at room temperature. Cells were transfected with these plasmids
and incubated for 48 hours at 37°C and 5% CO.. After 48 hours, new media with 2ug/ml
puromycin (HHL5: 0.3 pug/ml puromycin) was added to all cell lines. Puromycin and media

were replaced every 3 days.

4.3.3 SMADZ3 luciferase assay

Huh-7 and HepG2 were seeded onto a 24well plate at 1x10° and 0.5x10° per well in
triplicates. The next day, cell media was removed from cells and replaced with new media.
The plasmid transfection mixes were prepared as follows: 200ul serum free media 500ng
pcDNA (control plasmid) or L1 coneo (L1 overexpression plasmid), 400ng Pail-promoter-
luc reporter plasmid (containing SMAD3 binding sites), 40ng Renilla plasmid and 1.5l
LT1 transfection reagent. After 20 minutes incubation at room temperature, plasmid mix
was transfected onto cells and incubated for 48 hours at 37°C. After 48 hours, Dual-
Luciferase Reporter Assay System (Promega) was performed as per manufacturer’s

instructions.
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4.3.4 FACS-dual Llorflp and vimentin staining

Cells were harvested from a 70% confluent T75 flask with trypsin, and then fixed in 1%
formalin (diluted in PBS) overnight. Following fixation, cells were washed with wash-perm
buffer (BD bioscience) twice at 300g for 7 minutes, and stained with L1orflp clone 4H1 1:
4000 (Merckmillipore) for 1 hour at room temperature. Cells were then washed twice with
wash-perm buffer and incubated with anti-mouse secondary antibody Alexfluor 488,
1:8000 (Thermofisher) for 1 hour. After primary incubation, cells were washed with wash
perm buffer and then incubated with Alexfluor647 conjugated vimentin antibody (sc6260,
Santa Cruz Biotechnology) 1 in 50 dilution for 1 hour at room temperature. Cells were then
washed with wash-perm buffer and PBS and then analysed on the FACS Calibur (BD
Biosciences). Gatings were adjusted relative to controls, cells stained with 5ul of isotype

control (Alexfluor 647, Santa Cruz Biotechnology ) only.

4.3.5 Plasmids

o Transient L1 overexpression was performed using a codon-optimised full length L1
plasmid ( pBSKS-L1-CO, gift from Dr Jose Luis Garcia-Perez, Edinburgh University, UK)
o L1lorfl conditional overexpression plasmid was developed by subcloning L1lorfl
from pBSKS-L1-CO plasmid under a dox-on promoter into a piggybac vector containing a
puromycin resistance cassette by Dr Ruchi Shukla.

o Reverse transcriptase mutant plasmid L1.3-D702F (mutant for L1 reverse
transcription domain) and L1.3 wildtype (control plasmid) also contained blasticidine-
based retrotransposition reporter cassette and were kind gifts from Dr Jose Luis Garcia-

Perez, Edinburgh University, UK.

4.3.6 Statistics

Statistical analysis was performed using SPSS (Version 24) and GraphPad Prism (Version
8).
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4.4 Results

4.4.1 Full length L1 overexpression activates TGF-p signalling

The effect of L1 overexpression was investigated in HepG2, PLC/PRF5 and Huh-7 cell
lines. All the cell lines were transfected with a control (pcDNA) and full L1 plasmid
(L1coneo).

HepG2 had a 70.5% increase, Huh-7 had a 89.3% increase and PLC/PRF5 had a 56.4%
increase in SMAD3 luciferase signal upon transfection with L1coneo relative to pcDNA
control transfected cells (Figure 4.2). Although, these cell lines have different endogenous
L1 expression - HepG2 and PLC/PRF5 have lower L1orflp expression compared to Huh-
7 (Figure 3.5, Chapter 2) still L1 overexpression increased SMAD3 luciferase activity in

all three cell lines.

L3 -
> 0.15 0.04+ 0.06
z —T—
s 0.034 |
@ 010 ; 0.044
[}
g
& 0.02-
o
=2 0.05 0.024
é 0.01-
=
“ .00 .00 0.00-

T . T
HepG2 pecDNA HepG2 L1 coneo HUH-7 pcDNA HUH-7 L1 coneo PLC/PRF5 pcDNA PLC/PRF5 L1 coneo

Figure 4.2 Effect of L1 overexpression on TGF-§ signalling in Huh-7 (n=4), HepG2 (n=4) and
PLC/PRF5 (n=1). Cells transiently co-transfected with pcDNA (control) or L1 coneo (L1
overexpression), with PAil-promoter-luc and renilla plasmids were used to measure SMAD3
activity. Values represent mean * standard error either from 4 individual experiments (Huh-7 and
HepG2) or 4 technical repeats (PLC/PRF5).* p<0.05, Unpaired student-test.

Further analysis was performed by staining cells with L1lorflp and TGF-f downstream
target vimentin. PLC/PRF5 were transiently transfected with pcDNA and L1 coneo for 48
hours and then stained for L1orf1p and vimentin. The dual staining demonstrated that about
50% of PLC/PRF5 cells transfected with control plasmid were vimentin positive with no
L1orflp positivity while all cells overexpressing L1orflp (within the population transfected
with L1coneo) were also positive for vimentin (Figure 4.3). Likewise, full length L1
overexpression increased vimentin expression in HepG2 cells compared to control

indicating L1 increases TGF-p signalling (Figure 4.4A).
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Figure 4.3 Llorflp and vimentin cell distribution in PLC/PRF5 pcDNA and L1coneo. Cells were

v

dual stained for Llorflp and vimentin and analysed by FACS staining. Gatings were adjusted

relative to controls, 2° (Cells stained with secondary antibody only). (n=1).

Further studies were performed to investigate the importance of Llorf2p reverse

transcriptase activity for the mechanism of L1’s influence on TGF-f signalling. HepG2

were transfected with L1.3 wildtype (wt) or D702F mutant (D702F mutation inhibits

reverse transcriptase activity of L1orf2p thus hinders L1 retrotransposition) (Figure 4.4B).

TGF-B signalling was analysed by measuring its downstream target vimentin. Both

plasmids demonstrated an equivalent increase in vimentin expression and thus L1

interaction with TGF-p is not dependent upon L1 reverse transcriptase activity and active

retrotransposition process.
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Figure 4.4 L1 overexpression and TGF-p signalling (A) HepG2 were transfected with a GFP
(control) or L1coneo (L1 overexpression) plasmid and incubated for 48hours. FACS dual staining
was performed for Llorflp and vimentin. (B) HepG2 were transfected with a L1.3 wt (L1
overexpression plasmid) or L1.3 RT-mut (mutant for L1 reverse transcription) for 48 hours. FACS

dual staining was performed for L1orflp and vimentin.

4.4.2 L1 increases TGF-p signalling via L1orflp

As L1orf2p reverse transcriptase activity is not essential for L1 mediated activation of TGF-
B signalling, further studies were performed to investigate the role of L1orflp in modulating
TGF-p signalling. An L1orflp stable cell line was developed using a piggybac system
where Llorflp was expressed under control of an inducible doxycyline promoter. As
HepG2 had the lowest L1lorflp expression amongst the analysed liver cancer cell lines
(HepG2, Hep3B, SK-Hepl, HUH-1, Huh-7, SNU182, SNU475, and PLC/PRF5), HepG2
cells were transfected with a control (HepG2 dox-empty) or L1orflp plasmid (HepG2 dox-
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Llorflp). Puromycin selection was performed for at least 2 weeks before confirming
Llorflp overexpression both at transcript and protein level. Transcript analysis
demonstrated a dose-dependent increase of L1-orfl in HepG2 dox-L1orfl cells with dox
induction for 48 hours (Figure 4.5). Likewise, western blot demonstrated similar findings
(Figure 4.6). No Llorfl transcript and protein expression was observed in HepG2 dox-
control.
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Figure 4.5 Llorflp codon optimised transcript expression in HepG2 dox-Llorfl with dox
induction, mean: untreated, 40, 100 and 400ng/ml for 48 hours. HepG2 dox-control untreated and
400ng/ml had no Llorfl transcript expression. Error bars represent standard error from three
technical repeats.
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Figure 4.6 Llorflp expression in HepG2 dox-control and HepG2 dox-ORF1p with dox induction
for 48 hours. Protein expression was analysed by western blotting. GAPDH was used as a loading
control.

FACS analysis was performed to analyse L1orflp positive cell distribution in HepG2 dox-
control and HepG2 dox-ORF1p. HepG2 dox-control were induced with the following dox
doses: untreated and 400ng/ml; and HepG2 dox-Llorflp: untreated, 40ng/ml, 100ng/ml,
400ng/ml. After 48 hours induction, cells were isolated and stained by FACS (Figure 4.7).
HepG2 dox-Llorflp demonstrated a dose dependent increase of Llorflp positive cells
reaching 65% positive at 400ng/ml, while no induction was observed in HepG2 dox-
control. Furthermore, dual staining was performed for L1lorflp and TGF-B downstream
target vimentin (Figure 4.8). The dual staining demonstrated increased vimentin

expression in cells with positive L1orflp expression indicating increased TGF-f signalling
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Figure 4.7 Llorflp FACS staining in HepG2 dox-control and HepG2 dox-Llorflp with the
following dox inductions: untreated, 40ng/ml, 100ng/ml and 400ng/ml for 48 hours. Gatings were

adjusted relative to controls (Cells stained with secondary antibody only). Percentage of cells and

geometric mean fluorescence intensity were measured (n=1).
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Figure 4.8 Llorflp and vimentin cell distribution in HepG2 dox-control and Llorflp
overexpression. Cells were dual stained for Llorflp and vimentin and then analysed by FACS
staining. Gatings were adjusted relative to controls (Cells stained with secondary antibody only).

Percentage of cells and geometric mean fluorescence intensity were measured.

The finding was further confirmed by developing inducible L1orflp overexpression cell
lines in PLC/PRF5 and HHLS5 cells in a similar manner as HepG2 cells. As expected,
PLC/PRF5 dox-L1orfl exhibited dox-inducible L1orflp expression with no basal L1orflp
expression in control cells however, PLC/PRF5 dox-Llorfl cells exhibit basal L1lorflp
expression (Figure 4.9A). This could be due to leaky expression of the promoter in these
cells. The leaky expression of Llorflp was also confirmed by FACS (Figure 4.9B).
SMAD3 protein expression was also measured in both the cell lines by western blotting. In

PLC/PRF5 dox-control untreated and induced, SMAD3 protein expression were similar.
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However, SMAD3 protein expression was significantly higher in PLC/PRF5 dox-L1orflp

compared to control cells, which increased further upon dox induction (Figure 4.9A).
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Figure 4.9 SMAD3 and L1orflp protein expression in PLC/PRF5 dox-control and Llorflp with
dox induction for 48 hours. (A) Protein expression was analysed by western blotting. GAPDH was
used as a loading control. (B) Llorflp FACS staining in PLC/PRF5 dox-control and Llorflp
without dox induction. Black lines represent secondary staining only and red line represent primary
and secondary antibody staining. L1orflp expression was determined by setting the gate at 0.5% of

secondary only cells (n=1).

As PLC/PRF5 dox-Llorflp had increased SMAD3 protein expression, the TGF-§
downstream target vimentin was measured by FACS staining (Figure 4.10). However, no

significant increase in Vimentin intensity was observed in either PLC/PRF5 dox-control or
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PLC/PRF5 dox-L1-ORF1p cells between vimentin only positive versus Llorflp and
vimentin double positive populations (PLC/PRF5 dox-Llorflp: vimentin only=36.7;
L1lorflp and vimentin: 45.0; PLC/PRF5 dox-L1orflp: vimentin only= 32.9; L1lorflp and
vimentin=35.6). This indicates that the leaky levels of Llorflp is not sufficient to

upregulate vimentin expression in the cells.

Even HHL5 dox-L1lorflp demonstrated leaky Llorflp expression in about 30% of cells
(Figure 4.11). Interestingly, vimentin geometric mean intensity demonstrated an increase
in vimentin expression in L1orflp and vimentin double positive population compared to
vimentin only positive cells. Control: vimentin only=76.8, L1orflp and vimentin: 119.1,
Llorflp: vimentin only= 80.4, L1orflp and vimentin=103.3. Thus, L1orflp upregulates
vimentin expression in HHL5 cell line (derived from normal human hepatocytes and has
been immortalised with moloney’s mouse leukaemia virus (MMLV) expressing E6E7

oncoproteins (Clayton et al., 2005)).
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Figure 4.10 Llorflp and vimentin cell distribution in PLC/PRF5 dox-control and Llorflp

overexpression. Cells were dual stained for L1lorflp and vimentin and then analysed by FACS
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staining. Gating were adjusted relative to controls (Cells stained with secondary antibody only).

Percentage of cells and geometric mean fluorescence intensity were measured.
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Figure 4.11 Llorflp and vimentin cell distribution in HHL5 dox-control and LZlorflp
overexpression. Cells were dual stained for Llorflp and vimentin and then analysed by FACS
staining. Gatings were adjusted relative to controls, 2° (Cells stained with secondary antibody only).

Percentage of cells and geometric mean fluorescence intensity were measured (n=1).

Subsequent studies were performed to investigate the effect of L1orflp overexpression on
cell morphology and proliferation. Morphology was assessed by Incucyte imaging (Figure
4.12A). HepG2 dox-control and HepG2 dox-ORF1p have both similar cell morphology in

absence and presence of dox.

Cell proliferation was then measured by Incucyte (Figure 4.12B) and MTT assay (Figure
4.12C). Cells were seeded onto a 96well plate and induced with dox: no dox, 250ng/ml and

500ng/ml dox. Incucyte images were taken every 6 hours and analysed using an existing
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cell algorithm. Dox induction reduced proliferation in both cell lines. However, the growth
inhibition effect was higher in HepG2 dox-control compared to HepG2 dox-L1orflp. MTT
assay demonstrated similar findings in which HepG2 dox-control had reduced proliferation
compared to HepG2 dox-Llorflp after dox induction. Thus, Llorflp overexpression
overcomes the toxic effect of doxycycline and supports cell proliferation. Since,
doxycycline treatment was toxic to cells no further functional assays were performed in
HepG2 cells.
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Figure 4.12 HepG2 dox-control and HepG2 dox-ORF1p with dox induction: untreated, 250ng/ml
and 500ng/ml. (A) Cell morphology images were taken by Incucyte imaging. (B) Growth
proliferation curve between HepG2 dox-control and HepG2 dox-Llorflp with dox induction
(ng/ml) using Incucyte image (average) (C) and MTT assay (average). Error bars represent standard
error from five technical repeats (n=1).
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4.5 Discussion

Initial studies were performed to overexpress full length L1 in HepG2, Huh-7 and
PLC/PRF5 by transient transfection and its influence on the TGF-f signalling pathway was
measured using Pail promoter (containing SMAD3 binding sites) luciferase reporter assay.
All three cell lines exhibited an increase in Pail-luciferase signal compared to control
validating the potential of L1 to upregulate TGF-p signalling.

Furthermore, a meta-analysis has shown that TGF-f pathway converges on several pro
EMT inducers such as transcription factors (TWIST1, TWIST2), transcriptional repressors
SNAIL (SNAI 1) and SLUG (SNAI2) and ZEB1 and ZEB2. These inducers are associated
with increased expression of mesenchymal markers such as vimentin and N-cadherin. Here
FACS analysis demonstrated increased L1orflp and vimentin positive cells indicating L1
increases TGF-p signalling leading to increased vimentin expression.

Further studies were performed to investigate the importance of L1 retrotransposition on
TGF-p signalling. Both WT (L1.3 wildtype) and D702F mutant (L1 retrotransposition
mutant) demonstrated an increase in vimentin and thus L1 interaction with TGF-f is L1
retrotransposition independent. The potential of L1orflp for activating TGF-f signalling
was then investigated in several cell lines (HepG2, PLC/PRF5 and HHL5) by developing
conditional (DOX-ON) L1lorfl overexpressing cells. Functional studies demonstrated
PLC/PRF5 and HHLS5 both had leaky L1orflp expression i.e. increased L1orflp expression
was observed in dox-Llorfl cells without dox induction. PLC/PRF5 dox-Llorflp
demonstrated increased SMAD3 expression indicating increased TGF-f signalling
however, no significant shift in vimentin expression was observed in Llorflp
overexpressing cells. However, upregulation of vimentin expression was observed in
HHLS5 dox-L1lorflp cells. Thus, Llorflp can interact with the TGF-f pathway leading to

increased vimentin expression.

The growth inhibition effect was higher in HepG2 dox-control compared to HepG2 dox-
Llorflp, indicating doxycyline toxicity is significantly higher in the dox-control vector.
Several studies have observed similar doxycyline toxicity in HCC cell lines. In one study,
HepG2 and PLC/PRF5 were treated with the following doses of doxycyline: untreated,
1000ng/ml, 5000ng/ml and 10000ng/ml. Cell growth was measured by MTT and
doxycyline mediated growth suppression was observed as early as 3 days (Meng et al.,

2014). Thus, L1overexpression may decrease doxycycline toxicity.
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4.6 Summary

L1 overexpression increased TGF-B signalling in several liver cancer cell lines and
associated with increased SMAD3 and vimentin expression. Furthermore, L1
retrotransposition inhibition using RT-mutant had no effect on the influence of L1 on TGF-
B signalling. Thus, Llorf2p reverse transcriptase activity is not required for the L1-
mediated TGF-f signalling activation. L1orflp overexpression increased SMAD3 and

vimentin expression. Hence, L1 overexpression increased TGF-B signalling, via L1orflp.
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Chapter 5: Discussion

L1 expression is elevated in several epithelial cancers and may have an essential role in
carcinogenesis. L1 can support carcinogenesis by various means such as inhibition of
tumour suppressor genes, and activation of oncogenes. L1 proteins can also interact with
cellular proteins involved in various signalling pathways and support carcinogenesis.
Currently, the role of L1 in HCC is unknown and requires further research. The purpose of
this thesis was to investigate the role of L1 retrotransposons in HCC and to evaluate their

potential as a biomarker and potential therapeutic target.

5.1 L1 transcript and protein expression in HCC and correlations with clinical

parameters and signalling pathways

Whether L1 activation is a random and bystander event of tumourigenesis or whether it is
linked with particular molecular pathways and can be used as a biomarker for tumour
classification is still an open question. To address this, HCC patient samples were analysed
for L1 expression at both transcript and protein levels. As expected, L1 transcript and

protein expression were both upregulated in HCC compared to non-tumour tissues.

Transcript analysis was performed using a publically available RNAseq data of 372 HCC
samples. The data is part of the cancer genome atlas liver hepatocellular carcinoma (TCGA-
LIHC) study. TCGA consortium has further carried out a comprehensive analysis of a core
set of 196 patients combining RNAseq, microRNA expression, DNA methylation, copy
number variations, somatic mutations and reverse phase protein lysate microarray datasets
and HCC samples were grouped into 3 iClusters (Wheeler et al, 2017). Likewise, the
TCGA-LIHC data has been analysed specifically for TGF-p signalling pathway and
identified distinct HCC groups either with activated, inactivated or unaltered TGF-$
pathway (Chen et al., 2017), and immune signatures to classify the samples into immune
subtypes (Sia et al., 2017). However, expression of repeat elements has not been explored.
Hence, we analysed the data to obtain normalised L1Ta 5’UTR promoter (L1 5°UTR)
counts and explored the correlations between L1 expression in HCC and clinical features
of the patients and HCC molecular subclasses. Transcript analysis demonstrated a positive
correlation with tumour pathological stage and vascular invasion. Vascular invasion has
been linked with satellite nodule, intrahepatic metastases and portal vein obstruction
leading to liver damage and failure (Shi et al., 2010). Furthermore, L1 expression correlated

with high tumour recurrence (SNU cluster) and poor prognosis (HB16 cluster). These
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findings suggest that elevated L1 contributes to tumour progression and poor prognosis in
HCC patients. Similar findings were observed in other cancers. For example, in lung and
colorectal cancer, L1 hypomethylation is associated with a poor prognosis (Saito et al.,
2010, Saito et al., 2008). L1 hypomethylation was also associated with a poor prognosis in

HCC and disease recurrence after resection (Gao et al., 2014b).

In terms of molecular subclasses, L1 expression was significantly elevated in iCluster 3
HCC molecular subclass implying higher chromosomal instability and TP53 mutation. L1
5’UTR counts correlated negatively with TP53 gene expression targets indicating reduced
TP53 tumour suppressor function. TP53 is an important tumour suppressor protein and has
a central role in several cellular responses such as cell cycle arrest, DNA repair and
apoptosis. It can also activate other tumour suppressor and apoptosis related genes such as
p21 and BAX. Low or mutated TP53 have been observed in many cancers and its mutations
are linked to large tumour size and poorly differentiated tumours (Madden et al., 2002).
Furthermore, increased L1 expression has been linked with TP53 mutation in other cancer
types as well (Rodic et al., 2014, Jung et al., 2018). Recently, TP53 binding sites were
observed in the L1 promoter and {Tiwari, 2020 #312} demonstrated that P53 binding to
L1 promoter can lead to downregulation of L1 expression. However, (Harris et al., 2009)
demonstrated a positive correlation between P53 and L1 transcription leading to cell
apoptosis. The differences could be due to difference in experimental approaches or cell

types.

Llorfl protein level was analysed by staining HCC diagnostic formalin-fixed,
paraffin-embedded (FFPE) biopsy samples by immunohistochemistry. Staining was mainly
cytoplasmic, although some nuclear staining was also observed. These findings are in
accordance with previous reports evaluating Llorflp such as in vitro studies using
retrotransposition assay and patient FFPE biopsies (Belgnaoui et al., 2006, Rodic et al.,
2014). However, in some cancers Llorflp nucleus observation has been observed. For
example in invasive breast carcinoma, L1orflp and L1orf2p nuclear localisation correlated
with metastasis and poor survival (Chen et al., 2012). Llorflp and Llorf2p nuclear
localisation might be more prevalent in certain cancers and correlate with a worse

prognosis.
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Similar to transcripts data, a significant upregulation of L1orflp expression was observed
in HCC compared to corresponding non-tumour tissues. Previous studies have also
observed elevated L1 staining in several cancers. Rodic et al., 2014 measured Llorflp
expression in several cancers (1027 patients) by tissue microarray staining. Staining was
positive in 47% of the tumours (482 cases) and highly expressed in epithelial cancers such
as breast carcinoma (97%, 66 of 68 were positive), high-grade ovarian carcinomas (93.5%,
29 of 31 were positive) and pancreatic ductal adenocarcinomas (89%, 56 of 63 were
positive). High-grade tumours such as sarcomas, pancreatic carcinomas, lymphoma and
secondary glioblastomas were also highly positive. Other cancers such as oesophagus,
bladder, head and neck, colon, lung, endometrium and biliary tract were 22.6-76.7%
positive for L1orflp. In HCC, L1orflp expression was positive in 24% of cases. In contrast,
corresponding preneoplastic legion had none or low L1 expression (Rodic et al., 2014).
Likewise, Barchitta et al, reported high L1orflp expression in different epithelial cancers

such as liver, renal, ovarian, lung and prostate carcinoma (Barchitta et al., 2014).

Several clinical factors were assessed and compared between L1 _low and L1_high
HCC categories. Higher L1 expression in HCC was significantly associated with poorly
differentiated tumours and poor median survival in patients with TACE therapy. L1lorflp
expression positively correlated with differentiated HCC and elevated alpha fetoprotein
(AFP) levels. AFP is a 70kDa glycoprotein and present at trace levels in adults. In response
to injury, hepatocyte proliferate and release AFP into the circulation (Mizejewski, 2001).
In addition, higher L1orflp was observed in patients with cirrhosis in non-tumour tissues.
Previous studies have shown that several HCC related aetiologies have late diagnosis of
HCC. For example in NAFLD, 22.8% related HCC were detected by surveillance. In
alcohol related HCC, it was 32% and in Hepatitis C it was 46.2% (Mittal et al., 2015).
These data suggest that L1 might be a potential tissue biomarker particularly in early stage
of cancer, but further studies are required to confirm these findings in a larger patient
cohort.

In terms of signalling pathways, L1 transcript expression was significantly higher in HCC
patients with activated TGF-f status compared to normal or inactive TGF-p signalling. The
relationship was investigated in FFPE tissues at protein level, by carrying out IHC for
pSMAD3 (as a surrogate for active TGF-f signalling). L1orflp staining correlated with
pSMAD3 confirming the positive relationship between L1 and TGF-p signalling. TGF-f is
an important pathway in the liver both during normal functioning of the organ and
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hepatocarcinogenesis. The role of TGF-f in HCC is complex and has both tumour
suppressive and promoting functions. However, most carcinomas become refractory to the
tumour-suppressive functions such as reduced growth. Its tumour promoting function can
induce epithelial-mesenchymal transition (EMT). Our data suggest that L1 supports tumour

progression by activating TGF-p signalling in the background of TP53 mutated HCC.

5.2 L1orflp activates TGF-p signalling in liver cancer cell lines

In vitro studies were performed to investigate the role of L1 in liver cancer cell lines. First,
L1 expression (at transcript and protein levels) was measured in 9 cell lines: HepG2,
Hep3B, Huh-1, Huh-7, SNU182, SNU475, PLC/PRF5 (liver cancer cell lines); SK-Hepl
(hepatic adenocarcinoma cell line, endothelial origin) and HHL5 (human immortalised
hepatocyte cell line). Similar to HCC tissues, the cell lines exhibited a range of L1
expression. Overall, cell lines having ‘late TGF-f signature’ had higher L1 expression than
cell lines with ‘early TGF-B signature’. Late TGF-f signature is associated with higher
migration and invasion compared to cell lines with an early TGF-p response (Coulouarn et
al., 2008).

Amongst the epithelial cell lines, highest L1 expression was observed in Huh-7 both at
transcript and protein levels thus this cell line was selected to generate L1 knockdown
transgenic line using lentivirus-based shRNA construct targeting Llorflp. Huh7-WT
(wildtype), Huh7-NT (non-target ShRNA control) and Huh7-L1KD (L1 knockdown) cells
were compared to each other to study the effect of L1 knockdown on the cells. L1 inhibition
had no effect on cell proliferation as such, however Huh7-L1KD cells formed larger
colonies compared to Huh7-WT and Huh7-NT cells in a clonogenic assay thus indicating
increased rate of proliferation during colony formation starting from single cells. Moreover,
reduced cell migration and invasion were observed in Huh7-L1KD cells than control cell
lines. In vivo experiments also demonstrated delayed tumour growth from Huh7-L1KD
cells in mice compared to Huh7-WT and Huh7-NT cells. Several studies have observed
similar findings in other cancers (Bu et al., 2006, Li et al., 2014, Yang et al., 2013b). For
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example, L1 knockdown cells had reduced telomeres length and increased cell apoptosis
(Aschacher et al., 2016).

RNAseq was performed between Huh7-NT and Huh7-L1KD to evaluate influence of L1
knockdown on cellular transcriptome. DeSeq2 analysis revealed 1512 differentially
expressed (DE) genes (950 downregulated and 561 upregulated) at log2FCO0.5, padj < 0.05.
At logoFC1, 334 genes were differentially expressed (242 downregulated and 92
upregulated). Further analysis was performed using GSEA to identify pathway differences.
The analysis were performed in all differentially expressed genes with a log2FCO0.5,
padj<0.05 (1512 genes). GSEA analysis using hallmark pathways and Keggs pathways
both demonstrated reduced TGF-f signalling and downstream features such as EMT, focal
adhesion and ECM were reduced in Huh7-L1KD cells compared to Huh7-NT cells.

The downregulation of TGF-f pathway upon L1 knockdown was further confirmed by
functional assays. Transcript and protein analysis both confirmed TGF-B pathway
downregulation in Huh7-L1KD cells especially downregulation of SMAD3. In addition,
Pail luciferase reporter assay demonstrated downregulation of SMAD3 function in Huh7-
L1KD compared to WT and Huh7-NT cells. In addition, EMT marker like vimentin had
reduced expression in Huh7-L1KD compared to WT and Huh7-NT cells. Hence, basal
TGF-f signalling pathway was reduced in Huh7 cells upon L1 knockdown. TGF-3 pathway
can also induce drug resistance such as doxorubicin resistance (Li et al., 2015). We
observed higher G2 arrest in Huh7-L1KD compared to WT and Huh7-NT upon exposure
to doxorubicin however, no significant difference in the 1C50 dose of the drug was

observed. Hence, the change in drug sensitivity was very subtle in an in vitro setting.

Induction with TGF-B increased SMAD3 transcript and protein expression in Huh7-L1KD
cells, and thus the cells responded to the exogenous TGF- stimulus similar to Huh7-WT
and Huh7-NT cells in terms of upregulation of its targets like P15 and P21. A recent study
has shown that P15 and P21 upregulation can downregulate EMT and induce cellular
senescence (Senturk et al., 2010a). Here, TGF-B induction increased P15 and P21
expression in all three cell lines leading to inhibition of cell proliferation. Hence,
eventhough TGF- signalling pathway was downregulated in Huh7-L1KD cells, the

response to TGF-P treatment remained intact in the cells.

As L1 inhibition reduced TGF-f signalling in Huh7 cells, the effect of L1 overexpression

on the TGF-p pathway was measured in liver cancer cell lines with low endogenous L1
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expression. Initial studies were performed to overexpress full length L1 in HepG2, Huh-7
and PLC/PRF5. All three cell lines had increased SMAD3 luciferase activity compared to
control. Thus, confirming the causal relationship between L1 overexpression and TGF-
signalling. Since TGF-f can affect several pathways including EMT, which is associated
with increased expression of mesenchymal markers such as vimentin and N-cadherin; we
carried out FACS analysis to evaluate influence of Llorflp expression on vimentin.
Increased vimentin expression was observed on Llorflp positive cells in HepG2
transfected with full-length L1 thus indicating L1 increases TGF-f signalling leading to
increased vimentin expression. Further studies were performed to investigate the
importance of L1 retrotransposition on TGF-f signalling. Since both WT (L1.3 wildtype)
and D702F mutant (L1 retrotransposition mutant) demonstrated an increase in vimentin

thus L1 interaction with TGF-B pathway is L1 retrotransposition independent.

The role of Llorflp on TGF-B signalling was then investigated in several cell lines by
developing conditional (DOX-ON) Llorflp overexpressing transgenic lines. The
overexpression cell line was successful and demonstrated increased L1orflp transcript and
protein expression with doxycycline (dox) induction. Functional studies demonstrated
increased vimentin expression in Llorflp positive population versus Llorflp negative
population in HepG2 dox-L1orflp cells upon doxycycline induction thus confirming the
positive influence of L1orflp on TGF-B signalling. However, reduced cell proliferation in
both HepG2 dox-control and HepG2 dox-Llorflp was observed upon doxycycline
induction. The growth inhibition effect was higher in HepG2 dox-control compared to
HepG2 dox-L1orflp, indicating doxycycline toxicity is significantly higher in the dox-
control vector. Several studies have observed similar doxycycline toxicity in HCC cell lines
(Meng et al., 2014). Reduction in doxycycline toxicity upon L1orflp overexpression could
be due to upregulation of MDR1 (ATP-dependent efflux pump) expression by Llorflp
(Zhu et al., 2015) or by its influence on TGF-B signalling pathway.

However, since doxycycline by itself is toxic to HepG2 cells we explored other liver cancer
cell lines to identify cells with lower sensitivity to doxycycline-induced toxicity.
PLC/PRF5 and HHL5 both demonstrated leaky L1orflp expression i.e. increased Llorflp
expression in the absence of any induction in dox-L1orflp cells compared to dox-control
cells. PLC/PRF5 L1orflp untreated had increased SMAD3 expression indicating increased
TGF-B signalling compared to PLC/PRF5 dox-control untreated. Though, no increased

vimentin expression was observed in dox-Llorfl cells. However, increased vimentin
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expression was observed in HHL5 dox-L1orflp cells. Thus, L1orflp can interact with the

TGF-p pathway leading to increased vimentin expression.
Future studies

Future studies can be performed to improve the experimental design and expand the

research further.

FFPE HCC samples were analysed for L1orflp expression and higher level of expression
was observed in tumour tissues compared to non-tumour tissues. More diverse samples can
be analysed including normal liver, liver fibrosis and cirrhotic tissues to evaluate if L1 can
get activated in preneoplastic liver as well or not ? In addition, a larger cohort of HCC
FFPE samples with different aetiologies can be analysed to investigate whether L1
activation is more prevalent in certain aetiologies. In parallel, the study can be extended by
measuring L1 insertions. L1 insertions can be measured by L1-seq/RC-seq and validated
by PCR and Sanger sequencing. Thus, both L1 insertion and L1orflp expression can be
measured and compared in both pre-HCC and HCCwith different aetiologies. In addition,
HCC blood samples can be analysed for L1 promoter methylation in circulating cell free

DNA to identify L1 potential as an early biomarker.

Hep3B and HepG2 demonstrated a large variation between L1 transcript and protein
expression. Northern blot could be performed to verify transcript findings. Furthermore,
L1 expression was predominantly measured using antibody against L1orflp. Llorf2p is
expressed significantly lower level than Llorflp and antibody detection is usually poor
(Smits et al., 2013, Taylor et al., 2013). Instead, L1orf2 expression can be analysed in cell
lines using L1 element amplification protocol (LEAP). The LEAP assay measures the
ability of L1orf2p to reverse transcribe LLRNA in vitro and thus it gives an representation

of L1orf2p level and L1 activity in the cells (Kopera et al., 2016).

Several possible mechanisms exist to downregulate L1 in cells. Here, a L1-shRNA
transduction was used, as it provides a stable knockdown of L1. However, the experimental
method may have some limitations and can be improved. Huh-7 NT and L1-KD were
obtained from a heterogeneous cell population and experimental variation were observed
between these two cell lines. Further studies can be performed by isolating several

single cell colonies from Huh-7, NT-KD and L1-KD. Once sufficiently expanded, these
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single colonies can be screened for L1 expression. As these cells would be a homogeneous
population, the experimental variation would be less and would provide more reproducible
findings. In addition, L1-KD can also be performed in cell lines with low L1 expression
such as HepG2 and HUH-1. Due to its low endogenous L1 level, these cell lines may have

significantly larger phenotypic changes associated with L1 reduction compared to HUH-7.

TGF-p inhibitiors could be an indirect pathway of inhibiting L1 based upon this study.
Several TGF-B inhibitors exist such as SB525334. SB525334 is a selective inhibitor of
TGF-B Type 1 receptor and has an IC50 of 14.3nM in cell free assay. Previous studies have
demonstrated that SB525334 blocks TGF-B-induced Smad activation and decreased
migration and invasion was observed in oesophageal cancer (Yue et al., 2015) and ovarian
cancer (Wen et al., 2020), and decreased invasion was observed in hepatocellular
carcinoma (Zhuang et al., 2017). Further research can be performed by investigating TGF-

B inhibition and its effect on L1 expression and functional changes.

L1orflp doxycycline system should be investigated further to measure level of toxicity of
doxycycline. Several techniques exist in measuring cell toxicity including membrane
integrity, mitochondrial functionality, oxidative stress and cell death. Annexin V staining
is an apoptotic marker and has a high sensitivity. MTT is another assay which measures
mitochondrial functionality (Tabernilla et al., 2021). Both assays could be used to measure
doxycycline toxicity in HepG2 and determine the maximum doxycycline induction with

minimal toxicity.

Current findings have indicated that L1orf1p may have a key role in upregulating TGF-
pathway, particularly through SMADS3. Further research can be performed using an
immunoprecipitation assay to confirm these findings. In addition, an L1orf2p inducible cell
line can be developed to confirm that L1orf2p has definitely no role in increasing TGF-3

signalling.
5.3 Summary

L1 was elevated both at transcript and protein level in HCC patients. Higher L1 expression
particularly correlated with poorly differentiated advanced stage tumours with vascular
invasion and poorer patient outcome. L1 demonstrated a significant association with TP53
mutation, high AFP and activated TGF-§ signalling. In vitro studies confirmed a causal
link between L1 and TGF-f signalling. As L1 knockdown reduced TGF-f signalling in
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Huh7 cells. TGF-P functional properties such as migration and invasion were also reduced
in Huh7-L1KD. Furthermore, L1 overexpression increased TGF-B signalling. Further
analysis demonstrated that L1orflp by itself is sufficient to upregulate TGF-f signalling
and its downstream EMT marker such as vimentin. Thus, L1orflp may have a direct role
in tumour biology and warrants its possibility as a therapeutic target. Moreover, L1 can

serve as a biomarker to guide use of TGF-p -inhibitors.
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