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Abstract

Cervical cancer is the leading cause of cancer related deaths and the second most common
cancer amongst South African women. The key cause for cervical cancer development is
sexual transmission and persistent infection with high-risk Human Papillomavirus (HPV).
However, it takes several years from infection to cervical cancer development, suggesting
that other factors contribute to the disease. Exposure of neoplastic epithelial cells to Seminal
Fluid (SF) has been shown to promote cell proliferation in culture and growth of explants in
mice injected with Hela cervical adenocarcinoma cells. Since the majority of cervical cancer
cases are squamous cell carcinoma, in this study, we examined the effect of SF on cancer cell
proliferation, EMT, motility and gene expression using two squamous cell carcinoma cell line
model systems, SiHa and Me180. This study shows that SF significantly enhanced cell
proliferation in both cell lines. Using confocal microscopy and phalloidin staining, it was
further shown that SF caused morphological changes and induced stress fibre formation. SF
upregulated the expression of EMT transcription factors Snail, Twist and ZEB1. EMT induction
was confirmed by the increase of N-cadherin and a decrease in E-cadherin protein expression.
Additionally, results showed that the induction of EMT transcription factors Snail, Twist and
ZEB1 by SF occurs via EP4 receptor, ERK1/2 and COX signaling pathways. To investigate the
effect of SF on migration and invasion, transwell migration assays were used. SF significantly
enhanced directional cell migration and invasion of SiHa and Me180 cells. Cell invasion was
associated with an increase in MMP-2 and MMP-9. SF also induced proinflammatory and
angiogenic gene expression in cervical squamous carcinoma cells. SF mediated induction of
inflammatory and angiogenic genes was shown to be associated with AP-1 and NF-kB
transcription factors. A small molecule inhibitor of nuclear import, INI-43 inhibited the nuclear

localization and activity of SF activated NF-kB as well as the expression of SF induced



inflammatory and angiogenic genes. Employing ectocervical tissue biopsies, SF caused the
upregulation of EMT transcription factors, MMPs, inflammatory and angiogenic genes. Taken
together, these results suggest that SF may play a role in promoting EMT and enhances the
migratory and invasive potential of cervical squamous cell carcinoma. These findings together

implicate SF as a possible factor that may promote cervical cancer progression.
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CHAPTER 1 : LITERATURE REVIEW

1.1 Cervical cancer

Cervical cancer is the fourth most common cancer in women world-wide. According to the
Globacon estimates, a total of 604 000 new cervical cancer cases and 342 000 deaths were
recorded in 2020. The highest regional incidence and mortalities reported are seen in Africa,
where rates are estimated to be 7-10 times higher than observed in the western world?.
Cervical cancer is a preventable disease and curable if detected and treated early3. However,
cervical cancer is unfortunately a disease that highlights global inequalities. According to the
World Health Organization, cervical cancer affects low- and middle- income countries (LMICs)
more, which is evident in the incidences of death being three times higher in LMICs as
compared to high income countries®. Of the new cases recorded, the majority of the cases
(85%) and deaths (90%) occurred in LMICs, highlighting cervical cancer as a major public

health problem in LMICs®.

In South Africa, cervical cancer is the second most common cancer amongst women after
breast cancer. Cervical cancer also shows the highest age incidence amongst women aged
between 15-44 and is the leading cause of death in South Africa®. Despite cervical cancer
being preventable many women in sub-Saharan Africa present with the disease late making
it more challenging to treat’. The main aetiology of cervical cancer is persistent infection with
High-Risk Human Papilloma virus (hr-HPV)&. Other cofactors of cervical cancer include low
socioeconomic class, HIV infection, multiple sexual partners, and smoking. These cofactors

either influence the risk of HPV infection or the progression to cervical cancer®.



1.2 The Anatomy of the cervix

The cervix is the lowermost part of the uterus. It consists of two parts namely the ectocervix
and the endocervix. The ectocervix, which is the outermost part of the cervix, is lined by
multiple layers of squamous epithelial cells which protects the cervix against infection!® and
the endocervix is lined by columnar epithelial cells (Figure 1.1)°. The region where the endo-
and ectocervix meet is known as the transformation zone (TZ) and is the area where more
than 90% of cervical cancers develop!. It has been shown that infection with Human
Papillomavirus (HPV) in the cervix is greatest at the TZ. Though it is still unclear why the TZ is
more prone to malignant transformation, it has been hypothesized that the basal cells at the

transformation zone are more susceptible and accessible to HPV infection??.
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Figure 1.1: Anatomy of the cervix showing the endocervix, ectocervix and transformation zone. The endocervix
is lined with columnar epithelium and the ectocervix with squamous epithelium. The transformation zone is
the junction where the endo- and ectocervical cells meet®3.



1.3 Human Papilloma Viruses (HPV) and cervical cancer

HPVs are small non-enveloped viruses with a double stranded DNA genome of approximately
8KB*. There are multiple HPV types of which some are classified as low-risk and others high-
risk. High-risk HPVs (hr-HPV), also known as oncogenic HPVs, have been established as
carcinogens in the cervix and are the key aetiological agent of cervical cancer. World-wide,
99% of cervical cancers contain HPV®. Most HPV infections can be cleared naturally within 1-
2 years however, a subset of women experience persistent infection®. Persistent infection
with hr-HPV is the main factor driving cervical dysplasia and increases the risk of cervical
cancer development®. Currently there are more than 200 HPV types that have been
identified'’. The HPV types within the beta-species are usually benign and infect the skin'®,
These infections cause cutaneous warts that usually clear over time. The alpha-species
consists of approximately 40 HPV types that are sexually transmitted and develop in the
genital mucosa®®. Of the 40 HPV types, 12 are classified as hr-HPV types which are HPV- 16,
18, 31, 33, 35, 39, 45, 51, 52, 56 and 59%°. HPV-16 is the most common hr-HPV found in
cervical cancers, accounting for 70% of cases while HPV-18 accounts for approximately 20%%°.
HPV infection occurs at a site of epithelial abrasions (micro wounds) that are caused by
friction during coitus?’. The transformation zone is especially more susceptible to
transformation by hr-HPV?2, The virus infects the basal keratinocytes and spreads to other

cells through the HPV life cycle?.

HPV genome integration into the hosts genome has been associated with persistent HPV
infection which has been proven to play a role in cervical carcinogenesis?*?>. Though
persistent infection with hr-HPV is necessary in cervical malignancy it is not sufficient for the

progression to cancer. Mutations and genomic instabilities caused by chromosomal



rearrangement are important contributors in malignant transformation?®. There is evidence
that viral integration results in genetic alterations that initiate tumorigenesis, proposing
genome integration as a driver in cervical carcinogenesis?’. The consequences of HPV genome
integration includes loss of function of tumour suppressor genes, increase in oncogene
expression and inter and intra-chromosomal rearrangement?®. Integration of HPV into
tumour suppressor genes has been shown to inactivate host tumour suppressor genes
resulting in uncontrolled cell growth?® and deregulation of key oncogenes®. Integration of
HPV genome into the host’s genome has been accepted as a key event in cervical malignant
transformation?. In addition, the role of oncogenic HPV proteins E5, E6 and E7 has been

identified as crucial in cervical malignant transformation3°,

HPV E6 and E7 are primary oncoproteins that cooperatively mediate progression to
malignancy through various mechanisms including interrupting the function of
retinoblastoma (Rb) and p53, therefore driving aberrant cell proliferation?®; inducing
immortalization through the activation of telomerase®® and inducing DNA damage and
genomic instability3l. The role of E7 in malignant transformation has been shown to occur
through its ability to inhibit Rb. Inhibition of Rb results in the release of E2F, an important
transcription factor that regulates DNA synthesis, Cyclin function and promotes progression
into S-phase of the cell cycle. The release of E2F results in the activation of Cyclin A which
drives cell turnover. Consequence to the inhibition of pRb by the E7 oncoproteinis anincrease
in the tumour suppressor p5332. The p53 protein is a master tumour suppressor that induces
G1-S cell cycle arrest, induces DNA repair and activates apoptosis as mechanisms to inhibit
tumour progression. However, in the case of HPV, oncoprotein E6 plays a role in blocking p53

activity by degrading p53. Absence of p53 activity results in unrestricted cell cycle



progression, inhibition of apoptosis and the accumulation of chromosomal mutations due to
a lack of DNA repair33. In addition, the E6 protein plays a role in cell immortalization and
invasive cancer development through its telomerase activity. The E6 oncoprotein activates
the transcription of human telomerase reverse transcriptase (TERT), an enzyme that plays an
essential role in replicating DNA sequences (telomerase) that are required for
immortalization?®. Although E6 and E7 provide the major transforming activities of hr-HPV
viruses, the E5 oncoprotein has been shown to augment their function therefore enhancing
their transforming ability®*. Together, these HPV oncoproteins disrupt signaling pathways in
the host cells to maintain continuous proliferation which allows for viral replication but also

causes an accumulation in mutations and genetic instability2®.

Currently there are three HPV vaccines available namely; the bivalent vaccine (Cervarix),the
quadrivalent HPV vaccine (Gardasil) and its later version, 9-valent vaccine (Gardasil-9) 3>36, All
of these vaccines protect against HPV 16 and 18 which are linked to majority of cervical cancer
cases world- wide®. These HPV vaccines are readily available and are effective at preventing
certain HPV infections however, they may not provide protection against hr-HPV infection in
sexually active women already exposed to hr-HPV. Therefore, cervical cancer prevention
strategies for sexually active women are dependent on effective screening methods and early

detection.



1.4 Cervical Cancer Diagnosis and Histology Subtypes

Cervical cancer is one of the few gynaecological cancers that can be diagnosed through
screening methods. Since persistent infection with hr-HPV has been identified as the main
risk factor for cervical cancer development, it has been accepted that HPV status is important
for cervical cancer screening®’. The two types of diagnostic tests used for cervical cancer
screening are the Papanikolaou test (Pap Smear) and the HPV diagnostic test. The pap smear
is a well-established screening test for identification of precancerous lesions3® and allows for

analysis of cellular abnormalities using cytological methods®.

Cervical cancer presents as three primary histological subtypes; Squamous cell carcinoma
(SCC), Adenocarcinoma (ADC) and Adenosquamous carcinoma (ASC)*. Differences in
biological behaviour, tumour growth, immune escape, sensitivity to chemotherapy and
metastasis among SCC, ADC and ASC have been shown?**2, Other uncommon types of cervical
cancer include small cell, adenoid cystic and lymphoma, to name a few, which also affect the
cervix*3, However, these cervical cancer types are rare. SCC is a cervical carcinoma that
develops in the flat cells of the ectocervix and compromises the majority of cervical cancers
accounting for more than 70% of cervical malignancies 4. Adenocarcinoma (ADC),
develops in the glandular cells found in the endocervix and is the second most common
cervical cancer type, accounting for about 15% of cases. Unlike SCC, ADC is more difficult to
diagnose by cervicovaginal cytology because this screening method is highly sensitive and
specific for squamous lesions but poor sensitivity has been reported for ADC*.
Adenosquamous carcinomas (ASCs) are tumours that contain a mixture of squamous and
glandular malignant cells*2. Similar to ADC, increasing incidences of ASC specifically in young

women have been observed?®.



Though cervical cancer screening methods have been proven to be beneficial in managing the
burden of cervical cancer, LMICs still have the highest burden of cervical cancer due to limited
access to public health facilities and poor implementation of screening and treatment
methods. Therefore, the majority of women present with the disease in the late stages®. As
with other carcinomas, cervical cancer presents with all the classic hallmarks of cancer as

described by Hanahan and Weinberg (2011)%’.

1.5 The Hallmarks of cancer

In the early 2000s, Hanahan and Weinberg proposed the notion that normal cells evolve
progressively into neoplastic cells through the acquisition of key capabilities termed the
hallmarks of cancer (Figure 1.2). The Hallmarks of cancer rationalize the need of cancer cells
to acquire these capabilities to undergo the complex multistep process of human
tumorigenesis. Initially, six hallmarks which include sustained proliferative signaling, evading
growth suppressors, enabling replicative immortality, resisting cell death, inducing
angiogenesis and activation of invasion and metastasis; were described*®. In 2011, after a
decade of novel research, the hallmarks of cancer were revised where two additional
hallmarks were added namely: Deregulating cellular energetics and avoiding immune
distraction. In addition, two enabling characteristics were added which include; genetic

instability & mutation and tumour promoting inflammation®’.
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Figure 1.2 The Hallmarks of cancer as described by Hanahan and Weinberg®.

Three of the hallmarks of cancer; sustained proliferative signaling, activation of invasion &
metastasis and tumour promoting inflammation will be discussed further as it relates to the

research in this thesis.

i Sustained proliferative signaling as a requirement for cancer progression

One of the main characteristic of neoplastic cells is their ability to proliferate uncontrollably.
In normal cells, cell proliferation is controlled by growth signals that instruct cells to enter and
progress through cell growth and cell division*®. However, in cancer cells this control is
deregulated resulting in sustained proliferation. Cancer cells use various mechanisms to
sustain their proliferative signaling. One mechanism occurs via the release of their own
growth factors to stimulate their own cell growth via autocrine signaling*>°. Cancer cells can
also release bioactive molecules that instruct surrounding cells to release growth factors that

signal proliferation in cancer cells through paracrine signaling®!. Cancer cells also achieve



sustained cell proliferation by deregulation of the expression of growth receptors. In many
cancers, growth factor receptors are often overexpressed leading to the hyperresponsiveness
of cancer cells to ambient levels of growth factors*’>2. As an example, overexpression of the
epidermal growth factor receptor (EGFR) has been observed in several carcinomas such as

colon, breast, lung, ovarian, cervical and pancreatic carcinomas®3.

Self-sufficient cell proliferation is also driven by oncogenic growth signaling pathways such as
the phosphoinositol-3 kinase (PI3K), mitogen-activated protein kinase (MAPK)/ERK and mTOR
signaling transduction pathways®*>°>. One of the major genes shown to be mutated in many
cancer types is the Ras gene which is upstream of the (MAPK)/ERK signaling pathway. Due to
signaling cross talk many signaling pathways in cancer are interconnected*®. For example,
research has shown that Ras interacts directly with the survival promoting PI3 Kinase causing
growth factors to not only evoke growth signals but also concurrently evoke survival signals>®.
These mechanisms and mutations highlight the ability of cancer cells to sustain their

proliferative trait.

ii. Tumour promoting inflammation

The role of inflammation as cancer promoting has been established®’. Inflammation was
identified as an enabling characteristic because in addition to being a hallmark of cancer,
inflammation can contribute to other hallmarks of cancer by supplying factors to the tumour
microenvironment?’. These bioactive molecules include growth factors that sustain
proliferation, survival factors that inhibit cell death, proangiogenic factors that induce
angiogenesis and extracellular matrix-modelling enzymes that play a role in angiogenesis,

invasion and metastasis®0.



In the tumour microenvironment, cancer cells release signals that operate to hijack the host
immune cells to drive tumour survival. Major inflammatory mechanisms shown to be
corrupted by tumour cells include the NF-kB signaling pathway, immune checkpoints and
proinflammatory signaling in the form of cytokine and chemokine release®’.

iiii. Tumour invasion and metastasis

Metastasis is a biological process which involves the dissociation of tumour cells from the
primary tumour and migrating to nearby or distant organs to subsequently colonize the site
to form a secondary tumour®l. Metastasis has been shown to be the primary cause of cancer
deaths in more than 90% of carcinomas®?. The metastatic process is a well-organized process
known as the invasion-metastatic cascade. This process requires extensive changes in cell-cell
interactions and cell-matrix interactions to allow cancer cells to migrate and invade*’. The
well documented epithelial-mesenchymal transition (EMT) program has been implicated in
tumour migration and invasion. EMT has been described as a program whereby epithelial cells
can acquire abilities to facilitate their migration and invasion®. In addition, tumour cells have
the ability to induce the rearrangement and degradation of the extracellular matrix to pave a

path for their invasion*®47,

1.6 The process of Epithelial-mesenchymal transition (EMT)

EMT has increasingly been recognized as an important process during cancer progression and
metastasis®*. EMT is a highly regulated process that occurs during embryogenesis, chronic
inflammation and fibrosis®>. However, when this process becomes deregulated as seen in
cancer, EMT can drive tumorigenesis. EMT is a reversible biochemical process which is
characterized by the loss of epithelial markers and the subsequent gain of mesenchymal gene

expression®. This transition leads to a loss of adherent junctions therefore freeing
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mesenchymal cells to migrate and invade. EMT has been shown to be induced by numerous
factors including integrins, epidermal growth factor (EGF), hepatocyte growth factor (HGF),
vascular endothelial growth factor (VEGF), cytokines, hepatocyte growth factor (HGF) and
transforming growth factor (TGF)-B®. These factors then activate downstream signaling
pathways such as RhoA and Racl, Ras, phosphoinositol-3 kinase (PI3K), MAPK and Notch all
of which are well known EMT inducing pathways®®. A major characteristic of the EMT process
is the loss or downregulation of E-cadherin and subsequent upregulation of N-cadherin®’. A
set of transcription factors including Snail, Twist, Slug and ZEB1/2 have been shown to orchestrate

the EMT process by inhibiting E-cadherin®,

1.6.1 EMT inducing transcription factors

The EMT programme is activated by various EMT inducing transcription factors (EMT-TFs).
These pleiotropic transcription factors interact with regulators that control proteins involved
in cell-cell contact, cell polarity, cytoskeleton structure and extracellular matrix degradation®®,
The major EMT-TFs that play a role in orchestrating EMT are the Snail, Twist1/2 and ZEB1/2
transcription factors. These transcription factors activate EMT by repressing E-cadherin and
activating the transcription of genes associated with the mesenchymal state (e.g., N-
cadherin)®®7°, Snail represses E-cadherin by binding the E-boxes in the E-cadherin gene
promoter’?, Similarly, ZEB1 represses E-cadherin directly and induces gene expression of N-
cadherin and vimentin which is another EMT marker’?. Twist on the other hand, represses E-
cadherin transcription indirectly®®. In addition to controlling genes that activate EMT, EMT-

TFs also control genes that are involved in cell polarity. Snail and ZEB1 have been reported to
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repress genes such as crumbs, PALS1-associated tight junction protein (PATJ) and lethal giant

larvae (LGL) (a cytoskeleton protein) all of which play a role in controlling cell polarity’2.

EMT-TFs have also been implicated in cell invasion. Snail and ZEB2 have been shown to
activate the expression of MMPs which facilitate basement membrane degradation’. In
addition, Twist expression has been associated with increased migration and invasion in
hepatocellular carcinoma’®. EMT-TFs have also been implicated in cancer stemness. Various
studies have shown that the induction of EMT also enhances self-renewal and stemness in
neoplastic cells’”>”7. As major inducers of EMT, EMT-TFs progressively drive the conversion of
epithelial cells to motile mesenchymal cells. The morphological changes that occur during

EMT also associate with the rearrangement of the cell cytoskeleton.

1.6.2 Cytoskeleton rearrangement during EMT signaling

A key feature of EMT is the reorganization of the cytoskeleton. The cytoskeleton plays an
important role in cell shape, migration and intracellular cargo transport’®. During EMT
induction a dramatic rearrangement of the cytoskeleton occurs where cortical actin’®, found
in epithelial cells, is reorganized into actin stress fibers®® in the mesenchymal state (Figure
1.3). The formation of stress fibers has been shown to play a role in elasticity and migration
of mesenchymal cells®l. Actin cytoskeleton rearrangement is mainly regulated by Rho family
GTPases which consist of RhoA, Rac and Cdc42. RhoA GTPase regulates stress fiber formation
while Rac and Cdc42 mediate lamellipodia and filipodia formation®®. All these elements play
an essential role in cell motility and invasion that is observed in tumour cells in the

mesenchymal state.
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Figure 1.3. EMT program. Epithelial cells are tightly held together by tight junctions and characterized by the
expression of epithelial markers. When EMT is activated by EMT-TFs, mesenchymal markers are upregulated
and cytoskeleton rearrangement is induced resulting in stress fiber formation®°.

1.7 Migration and invasion in cancer

Metastasis is a biological process which involves the dissociation of tumour cells from the
primary tumour and migrating to a nearby or distant organ to subsequently colonize the site
to form a secondary tumour®l. Metastasis has been shown to be the primary cause of cancer
deaths in more than 90% of carcinomas®2. The biggest danger of metastasis is the dissemination
of tumour cells from the primary site. The process of dissemination can occur through two
processes namely localized invasion of tumour cells into surrounding tissue or metastatic
dissemination where tumour cells migrate to a secondary distant site®2. In order for tumour
cells to invade, tumour cells need to undergo various changes and alteration such as i)
enabling properties that allow them to detach from the primary site, ii) reorganization of the
extracellular matrix (ECM) matrices to allow for invasion and iii) activation of migration for

movement through the matrices®3. During the process of metastasis, tumour cells disseminate
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and migrate to a secondary site through a complex multistep process known as the metastatic

cascade®.

Interestingly, both processes of invasion and metastasis utilize two common strategies to
achieve cell migration. The first process is the EMT program, where EMT plays an important
role in mesenchymal cell migration as it loosens cancer cells from the primary tumour and
infers motile capabilities in these newly transformed mesenchymal cells®. The second
strategy is the activation of cell migration through stimuli. Research has shown that cancer
cells can move under two stimuli namely, basal motility from signaling via adhesion receptors
and a faster migration known as growth factor receptor- mediated migration®2. Solid tumours
are able to produce autocrine and paracrine factors that activate signaling networks that
actuate motility®®. In growth factor mediated motility, several studies have shown classic
growth factors such as EGF and HGF playing a role in inducing cell migration of carcinoma
cells®%0, Interestingly, a study using breast cancer cells showed that EGF secreted by
macrophages acted as a chemoattractant for tumour cells to migrate to the blood vessel®?,
highlighting the role of EGF in cell migration. Another class of soluble molecules shown to play
a role in driving cell motility in cancer are chemokines. It has been shown that chemokines
that signal via the chemokine receptor 4 (CXCR4) can drive metastasis by increasing cell
motility via autocrine and paracrine signaling®?=*. Another receptor, the CXCR3 receptor,
known to act as a chemoattractant for immune cells has similarly been shown to enhance

9.9 and metastasis in vivo®%® through chemokine receptor signaling.

motility in vitro
Together these observations show that factors such as growth factors and chemokines can

enhance cell migration in cancer.
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Growth factors have also been shown to play a role in the process of invasion. The invasion
of tumour cells into the surrounding tissue requires tumour cells to breach the extracellular
matrix (ECM) of the surrounding tissue. The basement membrane (BM), is a specialized ECM
which organizes the epithelial cells in the surrounding tissue. The BM also contains various
growth factors embedded in it*°. The architecture of the BM acts as an intrinsic barrier for
invading tumour cells which needs to be overcome for invasion to continue®. In order to
overcome the physical barrier of the BM, tumour cells secrete matrix metalloproteases
(MMPs). MMPs have been shown to be upregulated in carcinomas!®. The MMPs degrade the
BM and other ECM which opens up the path for invading tumour cells. Degradation of the BM
also leads to the liberation of pro-motility signals (growth factors) of which tumour cells use

to facilitate their migration1®!

. Many pro-motility growth factors are either produced as pro-
factors (e.g., EGF) that require proteolytic action for processing or are activated after
liberation from the ECM (e.g., HGF). These proteases liberate growth factors to act in
paracrine signaling to drive cell migration®2. Though further research is required to
understand the exact mechanisms behind invasion and metastasis, it is evident that tumour

cells utilize various mechanisms and signaling pathways to overcome the challenges of

invasion and metastasis.
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1.8 Signal transduction pathways implicated in tumorigenesis

Cancer is a disease driven by genetic and epigenetic alterations that result in abnormal cell
proliferation and hallmarks of cancer'®?103, These oncogenic mutations also result in the
dysregulation of various signal transduction pathways that control cell fate, cell growth and
cell motility. Mutations in cancer can activate oncogenes that cause the hyperactivation of

signaling pathways or the inactivation of tumour suppressor genes!'®

. While signaling
pathways in normal cells are carefully regulated, in tumour cells many signaling pathways are
dysregulated and therefore drive tumorigenesis. Some of the most common oncogenic

signaling pathways shown to be dysregulated in cancer include the EGFR, MAPK/ERK and

COX/PG signaling pathways.

1.8.1 EGFR signaling in cancer progression

EGFR is a member of the ErbB family tyrosine kinase receptors that modulate growth factor-
induced signaling. The EGFR signaling pathway is often dysregulated in cancer due to EGFR
overexpression, mutation or amplification®. Overexpression of EGFR has been reported in
various cancers and this overexpression has been correlated with poor patient prognosis in

105 oesophageal, bladder, cervical and ovarian cancer®®.

patients with head and neck cancer
EGFR signaling has been shown to play a role in cell proliferation, cell growth, migration and
cell differentiation®’. EGFR is activated by growth factor ligand binding which then leads to
the activation of intracellular signaling pathways which regulate cell cycle progression, cell
proliferation, survival and migration'%-119 The two main intracellular pathways activated by

EGFR are the MAPK/ERK and PI3K/Akt pathways!!®. The MAPK/ERK signaling pathway is a
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well-known signaling pathway that controls cell cycle progression and cell proliferation, while
the PI3K/Akt pathway plays an important role in cell survival and inducing antiapoptotic
signals in cancer!!l. Therefore, EGFR can be seen as a master regulator of a network of
signaling pathways that may drive multiple hallmarks of cancer. EGFR signaling has also been

shown to play a role in EMT.

It has been shown that EGF stimulation or EGFR overexpression results in the downregulation
of E-cadherin!!2, Down regulation of E-cadherin was shown to be initiated by the EMT
transcription factor, Snail, following chronic exposure (days) to EGF, implicating EGFR in EMT
induction!3, The EGF/EGFR axis was also shown to induce EMT by activating Zeb and Slug

EMT transcription factors, in cholangiocarcinoma cells!!*

. In a study using human oral
squamous carcinoma cells, EGF was shown to induce EMT and cancer stem cell like properties

through EGFR/PI3K/Akt signaling!!®. Since EMT has been shown to enhance cell migration and

invasion, the role of EGFR in invasion has also been investigated.

In order for tumour cells to invade the surrounding tissue, the ECM is degraded through a
process known as proteolysis!!®. This process is heavily controlled by MMPs. Interestingly,
EGFR activation has been shown to upregulate many MMPs including MMP-1, MMP-7,
MMP-9, MMP-10, MMP-13 and MMP-14 in various tumours types such as glioma, pancreatic
and bladder cancer!!’~121, The inhibition of EGFR and the subsequent inhibition of MMPs has
been shown to reduce invasion in vitro'*”:18, |n addition, inhibition of MMPs has been shown
to inhibit EGF-mediated invasion in carcinoma cells!?2. These findings demonstrate that EGFR
signalling can drive ECM degradation through MMP upregulation. In addition to driving

invasion, EGF has been shown to increase motility of tumour cells. In a breast cancer model,
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metastatic cells showed directional migration towards endogenous and exogenous sources
of EGF1123, As a master regulator of various intracellular signaling pathways, EGFR activation
also promotes cell migration and invasion via downstream activation of PI3K, MAPK/ERK and
Rho GTPase 18, Due to the fact that EGFR is overexpressed in various cancers and that EGFR
ligand binding stimulates a network of intracellular signaling pathways , targeting EGFR has

been described as an anticancer therapy!?*.

1.8.2 The role of MAPK/ERK in cancer progression

The MAPK kinase pathway is one of the most well studied signaling pathways that is
associated with tumorigenesis. It is a conserved pathway known to play a role in cell
proliferation, survival and differentiation!?®>. The MAPK signaling pathway is activated by
binding of a ligand/growth factors to membrane receptors which leads to the activation of
Ras which activates MAPKs. The MAPK cascade consists of a group of signaling pathways that
include the extracellular signal-regulated kinase (ERK)1/2, JNK1/2/3 and p38 MAPK
pathwys!?6127 The ERK, JNK and p38 differ in their structure, stimuli and function. The ERK
pathway is activated by growth factors, hormones or proinflammatory stimuli while the
JNK1/2/3 and p38 pathways are activated by stress and proinflammatory stimuli?®12%, The
Ras-dependent ERK1/2 pathway is the most well characterized MAPKs pathway.
Dysregulation of the ERK1/2 pathway has been shown to drive cell proliferation and tumour
cell survival’?®. Accumulating evidence has also implicated the ERK1/2 pathway in cell motility

and invasion.
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1.8.2.1 Role of ERK1/2 signaling in sustained cell proliferation

The ERK1/2 signaling pathway is a well-known pathway that controls cell proliferation and
cell growth. This signaling pathway is carefully regulated in normal cells however, in tumour
cells the ERK1/2 pathway is often dysregulated!®°. During resting state, ERK1/2 is associated
with the MEK protein kinase and localized in the cytoplasm in its inactive state!3!. Upon
activation, ERK1/2 becomes phosphorylated which results in the dissociation of ERK1/2 from
MEK. Within 15 minutes of activation, ERK1/2 is rapidly translocated into the nucleus where
it activates cell cycle regulatory transcription factors that activate the cell cycle and drives cell
proliferation!32. Research has shown that the nuclear localization of ERK1/2 is mainly required
for the induction of cell proliferation, while negative feedback loops can be activated by
cytoplasmic ERK1/2133, Therefore, studies have targeted ERK1/2 as a strategy to inhibit cancer

cell proliferation.

A study by Plotnikov et al. (2015), showed that blocking ERK1/2 nuclear entry significantly
inhibited cell proliferation in a range of cancer cell lines'34. Though ERK1/2 mutations are rare
in cancers'3®, hyperphosphorylation of ERK1/2 is observed in over 85% of cancers which plays
a role in the enhanced uncontrolled proliferation of tumour cells'*3. ERK1/2 hyperphosphorylation
is often induced by upstream ontogenetic mutations (e.g., Ras gene mutation)3¢, Therefore,
unlike normal cells, tumour cells have the ability to activate and sustain their own uncontrolled

cell proliferation by dysregulating the ERK1/2 signaling pathway.
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1.8.2.2 The role of ERK1/2 signaling in EMT

ERK1/2 signaling has been reported to induce EMT371%8_ |t has been shown that hyperactivation
of ERK1/2 signaling cooperates with TGF-3 signaling to induce EMT in carcinoma cells. Further
evidence demonstrated that carcinoma cells treated with an ERK1/2 inhibitor (PD98059)
blocked EMT induction and reversed EMT3°, ERK1/2 signaling has also been shown to induce
the expression of Snail family transcriptional repressors. In MDCK cells, treatment with PD98059,
significantly reduced Snail promoter activity and blocked Snail induced EMT induction in
response to TGF-B stimulation®. In a colon cancer model, ERK1/2 activation was shown to

activate Slug and subsequently repress E-cadherin expression!4®

. In a study using lung
carcinoma cells, EMT was induced by the ERK-ZEB1 signaling pathway which resulted in
enhanced migration and invasion!!. A study using a 3D melanoma model showed the
induction of EMT which was mediated via the ERK-Twist1-MMP1 signaling pathway and was

associated with enhanced invasion.'#? Together this evidence highlights the role of ERK1/2

signaling in EMT induction.

1.8.2.3 Role of ERK1/2 signaling in invasion and migration.

Malignant cells are mostly characterized through their ability to invade surrounding tissue
which has been shown during the process of metastasis'*?. As previously mentioned, in order
for tumour cells to invade they firstly degrade the ECM®*°. Biochemical studies as well as
transcriptional profiling has shown that ERK1/2 regulates the expression of various MMPs
such as MMP-1,-2,-3,-7,-9 and 14120143144 that play a role in ECM degradation during invasion.
In addition ERK1/2 signaling has been implicated in invasion. Sung et al (2017), showed a

reduction in the migration and invasion of ovarian cancer cells after treatment with a ERK1/2
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inhibitor'*>, The natural product, Sulforaphane, was shown to block invasion via ERK1/2

signaling in glioblastoma cells!4.

For malignant cells to successfully invade they also have to migrate. Studies have implicated
ERK1/2 in mesenchymal motility of epithelial cells'*’. The mechanism of ERK1/2 associated
enhanced motility occurs via the Rho GTPase signaling which regulates the formation of
protrusions (filipodia and lamellipodia) required for cell migration!?>. In colon cancer cells
activation of ERK1/2 signaling was shown to induce Rho and Rac expression leading to
protrusion formation 148, Another target of ERK1/2 is the myosin light chain kinase (MLCK).
MLCK together with ROCK regulate migration through actin cytoskeleton rearrangement.
Research has shown that ERK1/2 governs cell migration through the phosphorylation of MLCK

which activates membrane protrusions that drive cell motility4°.

1.8.3 Cyclooxygenase (COX)/PGE signaling and cancer

Cyclooxygenases (COX) are enzymes that convert arachidonic acid to prostaglandins(PG).
There are two isoforms of COX enzymes namely COX-1 and COX-21%°. COX-1, is described as
constitutively expressed in most tissues and is known to be responsible for homeostatic PG
synthesis!®1. COX-2 is known to be induced by inflammatory stimuli'>2. The role of COX-2 and
PGs in cancer related inflammation has been investigated'>3>~*>7, In contrast, COX-1 is not well
described as yet, however, both isoforms have been shown to be overexpressed in several
cancers®8. The COX pathway is a well-known inflammatory pathway that has been described
in tumorigenesis!®. One of the prostaglandins produced in the COX pathway is prostaglandin

E2 (PGE2). Secreted PGE2 acts in an autocrine or paracrine manner by binding PGE2 receptors
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1,2,3 and 4 (EP1-4)°, EP receptors then activate a range of downstream signaling pathways

that mediate cell proliferation, EMT, stem cell phenotypes and angiogenesis (Figure 1.4)0,

AUTOCRINE AND PARACRINE EFFECTS
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Figure 1.4: Autocrine and paracrine effects of PGE2. Secreted PGE2 from tumours or produced by
COX-1/2 binds the various EP receptors to activate signalling pathways that drive proliferation, invasion, EMT,
stemness and angiogenesis'®.

The link between COX enzymes and tumorigenesis was discovered in the early 90s. In a study
by Thun et al. (1991), evidence from an epidemiological study revealed that regular intake of
aspirin reduced the risk of colorectal cancer, suggesting a link between COX signaling and
tumorigenesis!®l. Since then, elevated expression of COX enzymes have been reported in
various cancers!®2163, Additionally, COX signaling has been implicated in various hallmarks of

cancer.

As previously described, the two major pathways shown to play a role in cell proliferation and

survival are the Ras-MAPK-ERK and PI3K/Akt pathways. These pathways are activated by

various stimuli. Interestingly, PGE2 has been reported to activate pro-survival and proliferative
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pathways such as PI3K/Akt, ERK and EGFR in cancer®4. It has also been shown that PGE2
promotes survival in murine intestinal adenomas by transactivating the nuclear peroxisome
proliferator-activated receptor (PPAR)-delta via the PI3K/Akt signaling pathway'®. In another
study, PGE2 was shown to activate the MAPK-ERK signaling pathway and enhance cell
proliferation in non-small cell lung cancer cells'®®. Therefore, highlighting the role of the
COX/PGE2 signaling pathway in proliferation and survival. In addition to proliferation and

survival, PGE2 has also been implicated in invasion and metastasis.

The first evidence of the involvement of PGE2 in metastasis was in human oesophageal cancer
cells where invasive and metastatic potential in nude mice was found to be linked to elevated
PGE2 expression'®’. Among the EP receptors, EP2 and EP4 have been shown to play a role in
breast cancer metastasis!®®1%° PGE2 signaling via the EP2 receptor was shown to increase
tumour proliferation and angiogenesis!’®. Another study showed that silencing of EP2 resulted
in reduced cell invasion which was caused by a decrease in MMP-2 and MMP-9 expression
where overexpression of EP2 resulted in increased tumour volume and metastasis'’. Research
has further shown that signaling via EP4 results in enhanced cell proliferation, migration and

invasion in breast cancer cells*’2173,

The role of COX enzymes in metastasis has been previously reported. Overexpression of
COX-2 was shown in colorectal cancer cells and was correlated to metastatic potential via
MMP-1 and MMP-2 expression’. In non-small lung cancer cell lines COX-2 was shown to
increase invasion by upregulating CD447>. In a endometrial cancer study showing the invasive
properties of cancer cells after oxytocin stimulation, results showed that cell invasion was

activated via the PI3K/AKT pathway which in turn activated COX-1 and COX-2 and upregulated
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PGE; production. Both enzymes were shown to be necessary as COX-1 upregulated MMP-14
expression while COX-2 upregulated MMP-27%, What should be noted is signaling in the
tumour microenvironment (TME) does not occur in isolation. Many of these oncogenic
signaling pathways are pleiotropic, therefore play a role in other hallmarks of cancer that
drive tumorigenesis. One hallmark that has been identified as an enabler and shown to

influence core hallmarks of cancer is tumour promoting inflammation.

1.9 The role of inflammation in tumorigenesis
In the 19'" century Rudolf Virchow discovered the link between inflammation and cancer
based on observations of most cancers developing in a site of chronic inflammation and the
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presence of immune cells in tumour biopsies'’’. It is now accepted that cancer related

inflammation is an important characteristic of cancer!’®

, with tumour promoting inflammation
being identified as one of the hall marks of cancer!’®. In fact, it has been shown that chronic

inflammation or unresolved inflammation is associated with increased risk of cancer

development and progression in most cancer types!’7180,181,

In normal physiology, upon injury or infection, the immune system is activated as a protective
response required to eliminate harmful stimuli such as irritants, pathogens and sterile
lesions®. This immune response is characterized by the activation of innate immunity and
the adaptive immunity. This immune response is a fast self-contained response (acute) where
immune activation and signaling is terminated after healing!®2. Unlike the acute inflammatory
response which stops after healing, the inflammatory response in cancer has been described
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as persistent and non-resolving As described by Dvork, inflammation during cancer

development can be seen as a “wound that never heals”84, therefore better known as chronic
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or persistent infection. Persistent exposure to carcinogens, viral or bacterial infection have
been identified as risk factors of cancer development8>. Some cancer risk factors include
Helicobacter pylori infection in gastric cancer, Hepatitis B or C in Hepatocellular carcinoma
and HPV in cervical cancer®-18, Chronic inflammation and persistent tissue injury lead to
transformation in the epithelial architecture and surrounding stroma, which enhance abnormal
genetic mutation and epigenetic changes in epithelial cells'®2. Chronic inflammation is also
known to drive immunosuppression therefore creating an ideal environment for tumour

development?®d,

1.9.1 Inflammatory cytokines and chemokines associated with cancer

Cytokines and chemokines are signaling molecules secreted by inflammatory cells and tumour
cells. Cytokines play an important role in autocrine and paracrine signaling in the tumour
microenvironment (TME) which drives chronic inflammation, promotes transformation of

malignant epithelial cells, blocks tumour immune surveillance and drives metastasis!

. Many
different proinflammatory cytokines are associated with cancer. Some examples of important

inflammatory cytokines include tumour necrosis factor-alpha (TNF-a), IL-1 and IL-6°7.

TNF-o.
One of the main cytokines produced by macrophages is TNF-a.. TNF-a is known as the main

mediator of cancer related inflammation and a key factor in chronic inflammation®?, TNF-a
has been shown to exert its effects by activating proinflammatory signaling pathways such as
NF-kB and c-Jun N-terminal kinase (JNK). Interestingly, TNF-a is described as a double edged

sword due to its ability to be both anti- and pro-tumorigenic. As a tumour suppressor TNF-a
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can initiate cancer cell death®2. In contrast, as a tumour promoter TNF-o. drives cell proliferation,

invasion and metastasis as well as angiogenesis!®3,

IL-1
IL-1 is a key inflammatory cytokine that exists as two isoforms namely IL-1a and IL-13. Both

isoforms have been shown to be equally potent in activating the inflammatory process!®*. IL-
1o and IL-1f are secreted by macrophages and induce inflammation by activating a cascade

of pro-inflammatory cytokines!®>

. IL-1 has been shown to be upregulated in several carcinomas
including breast, colon, lung, pancreatic and cervical carcinomas. As an inflammatory cytokine
IL-1ae has been implicated in tumorigenesis. IL-1a. has been shown to be a driver of colon
cancer which is associated with chronic inflammation. Tumour cells, tumour-infiltrating
immune cells and stromal cells have been shown to secrete IL-lo. in the tumour
microenvironment (TME). IL-1 signaling has been shown to activate COX-2 and IL-6 which in
turn drives tumour survival'®®. Furthermore, the IL-1a. promotor contains binding sites for
AP-1 and NF-kB transcription factors, both of which upregulate the expression of IL-1a during
inflammation°61%, |n addition to cancer related inflammation, IL-1a has been shown to be
associated with metastasis and poor survival in patients with gastric and head and neck

carcinomas!92200,

Similarly, the IL-1 cytokine has also been implicated in various tumour progressive cell

processes including cell proliferation, differentiation and apoptosis2®!

. IL-1pB also interacts
with cells in the TME to drive metastasis. IL-13 can promote stromal cells in the TME to
produce angiogenic factors that drive tumour angiogenesis, endothelial activation and
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immunosuppression®®?. IL-1f3 is also an important activator of various proinflammatory

signaling pathways e.g. NF-kB*%°. In a study using cervical cancer adenocarcinoma cells, IL-13
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was shown to enhance cell proliferation, migration and invasion through the induction of C-

C motif ligand 2 (CCL2) and the activation of NF-kB signaling?°3,

IL-6
Similar to other proinflammatory cytokines, IL-6 plays an important role in immune response

and inflammation. IL-6 is a multifunctional cytokine that has been shown to be associated
with signaling transducer activator of transcription-3 (STAT3) signaling. The IL-6/JAK transduction
and STAT3 signaling have been shown to play an important role in various cancers such as
lung, breast, colon, ovarian and prostate cancer?°#2% In a study using patient derived cancer
associated fibroblasts (CAFs) from lung cancer, IL-6 secreted by CAFs activated JAK2 and
STAT3 thereby driving tumour metastasis?°®. Interestingly, IL-6 has also been implicated in
cervical cancer growth. A study by Wei et al. (2003), showed that IL-6 promoted in vivo
tumour growth of C33A human cervical cancer cells and this was associated with upregulation

of VEGF via the STAT3 signaling pathway??’.

1.9.2 The role of chemokines in cancer progression

Chemokines are also key players in cancer related inflammation2%. Many chemokines have
been detected in neoplastic tissues as products of stromal cells and tumour cells. Chemokines
are molecules that play a role of regulating directional movement of immune or other cells to
the tumour which plays an important role in tumorigenesis2®. Chemokines are mainly known

for leukocyte recruitment in tumours>’.
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Chemokines can be divided into two groups CXC or CC chemokines. CXC chemokines are
known to activate neutrophils and lymphocytes while CC chemokines act on monocytes,
dendritic cells, natural killer cells and eosinophils?l°. In addition to leukocyte recruitment,
chemokines have been shown to play a role in neo-angiogenesis, tumour cell proliferation,
invasion and metastasis?®®. A common chemokine secreted by human tumours is CXC8 (IL-8).
IL-8 and Growth-related oncogene (Gro)-a (CXCL1) chemokines have been shown to drive
proliferation, angiogenesis and migration of melanoma cells®’. Previous research has shown
that solid tumours such as prostate, breast and ovarian cancers constitutively express IL-
8211212 A study by Jia et al. (2018) showed that IL-8 expression in cervical cancer tissue was

213 |t was further shown that

significantly higher in comparison to normal cervical tissue
exogenous IL-8 upregulated the expression of IL-8 receptors (IL-8A and IL-8B) and ERKs which

lead to enhanced cell proliferation and migration in Hela cells?3. This highlights that chemokines

are pleiotropic as they play multiple roles in tumorigenesis.

1.9.3 Key orchestrators of cancer related inflammation

Key players of cancer related inflammation also include inflammatory transcription factors.
Though there are various transcription factors implicated in cancer related inflammation, in
this review we will focus on NF-kB, STAT3 and Activator protein-1 (AP-1). These transcription
factors are activated in the TME and are involved in the process of cancer related

inflammation?214-216,
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1.9.3.1 NF-kB as a mediator of inflammation

NF-kB is an important orchestrator of innate immunity and inflammation?!’. NF-kB has been
identified as a molecular bridge between tumour cells, TNF-a and inflammatory cells?!8,
NF-kB transcription can be activated by various stimuli, such as cytokines (TNF-a and IL-1[3),
growth factors (EGF), bacterial and viral products (lipopolysaccharides), reactive oxygen
species (ROS) and angiogenic stress factors inside the cell?*°. Activation of the NF-kB signaling
pathway results in the expression of key target genes including proinflammatory cytokines,
adhesion molecules, enzymes in prostaglandin synthesis (COX-2) and angiogenic factors??°,

all of which play a role in driving cancer related inflammation. NF-kB activity promotes cell

proliferation, inhibits apoptosis, drives angiogenesis and induces EMT?%°,

1.9.3.2 STAT3 signaling in cancer related inflammation

STAT3 is another important mediator of cancer related immunity. Along with NF-kB, STAT3 is
a point of convergence for multiple oncogenic signaling pathways?!°. Persistent activation of
STAT3 promotes cell proliferation, survival and invasion while blocking anti-tumour immunity
in tumour cells??°. Interestingly, STAT3 plays a dual role in tumour inflammation by either
promoting proinflammatory signaling pathways such as NF-kB and IL-6/JAK pathways or by
opposing NF-kB mediated T-helper 1 anti-tumour immunity??1. A cross- talk between STAT3
and NF-kB has been identified in tumours. In tumours, STAT3 directly interacts with NF-kB
member RELA, trapping it in the nucleus therefore contributing to constitutive NF-kB
activation??2, Target genes of NF-kB (e.g. IL-6) have also been shown to activate STAT3
transcription??3. Together these transcription factors have been shown to be crucial for

cancer related inflammation and pro-inflammatory cytokine production. It should be noted,
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that transcription of NF-kB and STAT3 can only occur within the nucleus where transcription

leads to the production of key proinflammatory cytokines and mediators.

1.9.3.3 Activator protein-1 (AP-1) signaling in cancer related inflammation

AP-1 is a heterodimeric transcription factor consisting of subunits from the Jun and Fos
subfamilies??*. AP-1 has been identified as a critical transcription factor involved in various
cellular processes such as proliferation, apoptosis, survival and cell migration??°. In particular,
AP-1 has been implicated as a major inflammatory transcription factor in cancer. Evidence
supports the role of AP-1 in the initiation and development of inflammatory diseases such as
cancer. AP-1 activation is regulated by the MAPK/ERK pathway. Similar to NF-kB, AP-1
transcription can be activated by various stimuli. Upon activation, AP-1 activates the
expression of various cytokines such as TNF-q,, IL-1, IL-6, IL-2, IFNy and GM-CSF??°, In addition,
AP-1 also regulates many genes that are regulated by another inflammatory transcription
factor known as the nuclear factor of activated T cells (NFAT)?26, Research has shown that AP-
1 activation drives TNF-o. mediated triple negative breast cancer progression?!®. In another
study, the joint action of AP-1, STAT3 and NF-kB transcription was reported to enhance
expression of cytokine and chemokines in breast cancer cells??’. As a mediator of proinflammatory
cytokines and chemokines, the AP-1 transcription factor has been implicated in cancer related

inflammation.

The link between cancer and inflammation has been established. The inflammatory response
is characterised by the recruitment of inflammatory cells and the secretion of inflammatory
cytokines and chemokines that play a role in driving inflammation??8. Over the years, genetic

research has revealed a new understanding of inflammation by identifying the cell’s nucleus
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as central to the inflammatory response. The transcription of inflammatory genes is dependent
on transcription factors, that activate a range of inflammatory genes through regulatory
networks??°. This knowledge lead to the identification of the transcriptional paradigm of
inflammation. The transcriptional paradigm of inflammation was first described by Hawiger
et al (2019), where they hypothesized that denying transcription factors entry into the

223 |nitial evidence

nucleus could be an approach to control the inflammatory response
showed that IL-2 expression in T-cells could be controlled by inhibiting three transcription
factors’ (NFAT, NF-kB and AP-1) nuclear entry through the use of cell permeable peptides that
disrupt nuclear import?°. Another study supported this notion, showing that the inhibition of
TNF-o. expression in a murine mice model challenged with LPS through peptide-directed
inhibition of nuclear import of NF-kB, NFAT and Jun?3, It is now understood that a host of
inflammatory transcription factors (NF-kB, STAT, AP-1, NFAT) assemble in the nucleus in order
to activate the expression of inflammation-associated genes. The nuclear import of these

transcription factors is thus hypothesized to be critical for their role in cancer associated

inflammation and biology??°.

1.9.4 Nuclear import of transcription factors associated with inflammation

The nuclear entry of most transcription factors is controlled by the nuclear import pathway.
Specialized transport proteins known as Karyopherins play a role in shuttling transcription
factors into the nucleus?32. Karyopherin Beta 1 (KpnB1) is a transport protein that is part of
the Karyopherin B superfamily. The Karyopherin B family consists of various Karyopherin B
proteins that play a role in nuclear-cytoplasmic shuttling?33. KpnB1, also known as Importin

B, is a nuclear import protein that imports proteins or transcription factors into the nucleus
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via the nuclear pore complex?34. KpnB1 can import proteins directly (non-classical) or by the
assistance of an adaptor protein, known as Karyopherin alpha (Kpna), in the classical
pathway?3>236, Cargoes are recognized by KpnB1 through signals known as nuclear localization
signals (NLS). After recognition, cargoes are bound and transported into the nucleus®’.
Therefore, transcription factors with specific NLSs are dependent on KpnB1 for nuclear

import. Interestingly, KpnB1 has been implicated in cancer related inflammation?3,

Research has shown that the inhibition of KpnB1 affects various cellular pathways. This is
because a host of proteins or transcriptions factors are dependent on KpnB1 shuttling for
correct cellular localization for gene transcription?34. This is indeed the case for certain
proinflammatory transcription factors. KpnB1 has been reported to have a role in the nuclear
import of NF-kB23%, STAT3%%° and AP-12%1, A study done in prostate cancer cells showed that
the inhibition of KpnB1 by siRNA or using an inhibitor of KpnB1 (Importazole) blocked nuclear
entry of p50 NF-kB%%2, Another study demonstrated that the inhibition of KpnB1 using siRNA
or a small molecular inhibitor of KpnB1 (INI-43) blocked the nuclear entry of NF-kB and AP-1
which in turn inhibited the expression of their target genes in cervical cancer cell lines?32. This

evidence demonstrates the role of nuclear import in regulating inflammation in cancer.

1.10 Cervical cancer and inflammation

For many years the relationship between chronic inflammation, High-grade intraepithelial
lesions (HSIL) and invasive cervical cancer has been described?*3244, Persistent infection with
hr-HPV has been identified as the main causative factor for cervical cancer®. Through

assessment of cervical tumour tissue compared to healthy tissue, it was shown that increased
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macrophage count in cervical epithelium may aggravate HPV induced wounds and infection?*,

Therefore, highlighting the role of inflammation in HPV- associated cancers.
Proinflammatory signaling pathways are responsible for the induction of inflammation?4®.
These signaling pathways could also be drivers of HPV-induced chronic inflammation and
cytokine production in cervical cancer. A major pathway that has been implicated in cervical
cancer is the COX-PG inflammation pathway?*’. It has been shown that HPV oncoproteins (E5,
E6 and E7) activate the COX-PG pathway by driving COX-2 and PGE upregulation?4®24%, HPV
E6 and E7 have also been shown to activate the EGFR-Ras-MAPK pathway to drive COX-2
expression therefore inducing inflammation?>°, HPV E5 has also been shown to upregulate
COX-2 expression where it acts via NF-kB and AP-1 signaling?®!. In addition to COX-2
overexpression, PGE2 has also been shown to be elevated in cervical carcinoma. PGE2 and its
receptors have been implicated in cervical cancer??. Previous research has shown the
upregulation of COX-1 in cervical adenocarcinoma cell lines 2°3. A study by Sales et al. (2001)
showed the upregulation of COX-2 and increased PGE2 production occurring via the EP2/EP4
receptors in cervical adenocarcinoma cells?*®, Together, this evidence shows the crucial role
played by the COX-PG inflammatory pathway in driving inflammation in cervical cancer.
Signaling pathways implicated in chronic inflammation also produce inflammatory cytokines.
Following HPV integration in the host genome, it has been shown that NF-kB is activated.
Activation of NF-kB by E6 and E7 has been reported to play a role in cellular transformation
in cervical cancer®*. As a potent producer of proinflammatory cytokines, it is no surprise that
NF-kB activation and elevated inflammatory cytokines are observed in cervical cancer. A study
showed the upregulation of proinflammatory cytokines TGF-p3, IL-10, IL-6, IL-23 and IL-17 with

a downregulation IFN-y in patients with invasive cervical cancer?¥’. Proinflammatory cytokines
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and chemokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-8,
IL-6, IL-o. and IL-1p have been shown to be significantly elevated in the plasma of patients
with invasive cervical cancer®>. Though persistent HPV infection and chronic inflammation
have been identified as major mediators of cervical cancer, other factors may play a role in
the transformation from HPV infection to invasive cervical cancer. Interestingly, one such

factor, that has been implicated in cervical cancer progression is seminal fluid.

1.11 Seminal fluid and the female reproduction

Seminal fluid (SF) is a complex biological fluid which has, for many years, been assumed to
have a single function of sperm delivery?>®. However, it has now been shown that SF plays a
crucial role in transmitting signaling agents that interact with the female reproductive tract
to facilitate conception and embryo development?*’. SF contains a range of bioactive signaling
molecules including cytokines, growth factors, prostaglandins, glycans, nucleic acids and
other small molecules?>®2°°, Research has shown that when SF enters the female reproductive
tract (FMRT) an active female response is elicited. SF agents interact directly with epithelial
and immune cells in the mucous lining of the reproductive tissue. The binding of bioactive
molecules present in SF to target receptors on target cells, activates signal transduction
pathways that exert direct effects on cell function or induce gene expression programs2>°. SF
interaction with the epithelial lining of the female reproductive tract stimulates the synthesis
of proinflammatory cytokines such as IL-1, IL-8, IL-6, Colony-stimulating factor 2 (CSF-2),
GM-CSF and other cytokines, leading to recruitment of dendritic cells, monocytes and lymphocytes
to the cervix?%%261 During this phase, T-cell generation also occurs and together this response

allows maternal tolerance for embryo implantation?®2, This inflammatory-like response drives
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various reproductive processes which together ensure successful conception and immune

modulation in the female reproductive tract.

In humans, the inflammatory-like response characterized by the upregulation of cytokines
and leukocyte recruitment is not just seen in the lumen but extends through the epithelium
and into the stromal layer of the FMIRT?%, Studies using donor semen showed that immediately
after administration of seminal fluid, an influx of neutrophils into the cervix was observed?®3.
In a study using human cervical biopsies before and 12hrs after unprotected vaginal sex,
induction of various cytokines including CSF2, IL-6, IL-8 and IL-1o. was observed?®?. It should
be noted that direct contact of SF with the cervix is required to elicit this inflammatory
response as this effect was not seen in biopsies of women who had coitus using a condom?%?,
In addition to epithelial cells, bioactive molecules present in SF can interact directly with

immune cells in the reproductive tract to promote immune regulation and tolerance®°®,

Various agents in SF are responsible for the active response seen in the female reproductive
tract. SF contains a wide range of cytokines including CSF1, IL-6, IL-8, IL-1 and TNF-2°8264.265,
Other potent mediators found in abundance in SF include TGF-B3 and PGE,. There are three
TGF-B isoforms; TGF-B1, TGF-B2 and TGF-B3 that exist at varying concentrations in SF?%¢. TGF-
[ present in SF is synthesized in the male seminal vesicle and prostate in its latent form. After
coitus, activation of TGF-f is facilitated by the acidic pH of the vaginal environment, proteases
(Plasmin) and MMP produced in the female reproductive tract?®’. Once activated TGF-3
interacts with cervical epithelial cells via its receptor to elicit the cervical immune response.
Evidence of TGF-B activity has been shown in an in vivo mouse model?®®. Research showed

that administration of TGF-f elicited the expression of cytokines such as IL-1, CSF2 and TNF-
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o in the murine uterus. Following administration, leukocyte influx was observed similar to the
inflammatory response caused by SF?%°. In SF, TGF- has been identified as a key mediator
that plays a role in establishing a favourable immune environment to support implantation

and foetal development?°®.

Compared to other body fluids, human SF contains high concentrations of prostaglandins,
especially PGE. The highest reported prostaglandins in SF include PGE,, 19-hydroxyprostaglandin
E1 and 19-hydrocyprostaglandin E2 (19-OH-PGE)?’°. PGE; is an important mediator of immune
function. Addition of 19-OH-PGE to human cervical explants was shown to induce IL-8 and
COX-2 expression?’1272_Consistent with these observations, Sharkey et al showed that SF also
induced the expression of COX-2 in human vaginal and cervical epithelial cells?°. SF incubated
with human cervical adenocarcinoma cells was shown to upregulate fibroblast growth factor
2, COX-2, VEGF, EP2 and EP4 as well as induce EGFR and ERK1/2 signaling?’®>?’#. In normal
conditions the inflammatory response elicited by SF in the female reproductive tract is crucial
for successful reproduction however, in pathological conditions, such as cancer, this inflammatory

response may be exaggerated or dysregulated leading to exacerbated effects.

1.12 The role of SF in cervical cancer

The link between inflammation and cervical tumorigenesis has been accepted and shown to
promote the process of carcinogenesis!’®. In HPV-associated malignancies such as cervical
cancer, the COX-PGE2-PTGERs inflammatory signaling pathway together with the cAMP/CREB
cascade play a role in the carcinogenic nature of HPV. This highlights inflammation as a co-
factor for HPV-dependent carcinogenesis. Therefore, chronic inflammation initiated by HPV

oncoproteins E5, E6 and E7 together with additional inflammatory signaling characterized by
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an upregulation of PGE2 and Prostagladin receptors can drive cervical tumorigenesis?’.
Interestingly, emerging research has implicated SF in cervical cancer progression. With SF
containing a significant amount of bioactive molecules that have been shown to interact

directly with the epithelial cells in the cervix?>®

, it was hypothesized that SF may have an effect
on cervical cancer cells. Since cervical cancer is exacerbated by chronic inflammation, factors
that activate inflammation may worsen the disease. In the context of women with neoplastic
lesions, repeated exposure of cervical epithelial cells to pro-inflammatory mediators present

in SF could initiate an exacerbated inflammatory response and drive pathways which regulate

tumorigenesis.

Indeed, it has been shown that SF has multiple effects on cervical cancer cells. SF has been
shown to upregulate proinflammatory enzymes COX-1 and COX-2 with a subsequent
upregulation of PGE2 in cervical adenocarcinoma cells?’®. Research by Muller (2006) and
Sutherland (2012) confirmed that SF upregulates COX-1 and COX-2 as well as VEGF, IL-6 and
IL-11 in cervical adenocarcinoma cell lines?’3277, Studies by Sharkey et al.(2012) showed that
SF upregulates CSF-2, IL-1a, IL-6 and IL-8 in cervical explants exposed to SF?°!. Research has
further shown that SF drives tumour growth and blood vessel size in xenograft mouse
models?’’. In addition, SF has been shown to upregulate angiogenic chemokines and regulate
vasculature through the activation of COX and NF-kB signaling pathways in Hela cells?’8. A
study by Adefuye et al (2016) showed that SF upregulated IL-1a. in cervical cancer cells and
tissue?’. Together this evidence highlights that bioactive molecules present in SF elicit a
proinflammatory response in cervical adenocarcinoma cells. It is therefore likely that SF can
regulate other tumorigenic pathways in the cervix to further drive hallmarks of cancer. The

majority of the research to date has primarily focused on SF mediated inflammation and
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cervical cancer. Since many tumorigenic pathways are pleiotropic and overlap in cervical
cancer progression we hypothesize that in sexually active women with neoplastic lesions,
repeated exposure of cervical epithelial cells to factors in SF may enhance inflammation and
other hallmarks such as EMT, migration and invasion of which to our knowledge have not
been investigated as yet. Since some oncogenic pathways that have been implicated in cancer
related inflammation have also been shown to play a role in migration and metastasis, it is
likely that SF mediated inflammation may enhance other cervical cancer phenotypes.
Therefore, understanding the mechanism of SF mediated signaling in cervical cancer progression
is important for identifying therapeutic targets and providing information for sexually active

women at risk of cervical cancer.

1.13 Significance

In South Africa, cervical cancer is the second most common cancer amongst women after
breast cancer®. Despite cervical cancer being a preventable disease, this disease affects LMICs
more than HICs with many women presenting with the disease at the late stages’. Persistent
infection with hr-HPV has been established as the main aetiology of cervical cancer®. As
previously mentioned, HPV infection and chronic inflammation have been shown to drive

cervical cancer progression?43

. With SF containing a range of bioactive molecules that have
been shown to activate tumorigenic pathways in cervical cancer, it is likely that SF may drive
other tumorigenic hallmarks. Previous evidence has shown that SF activates oncogenic
pathways such as PI3K/Akt?”°, EGFR/MAPK/ERK?78280 and COX-PG?’® in cervical

adenocarcinoma cells, all of which have been implicated in various hallmarks of cancer. In

addition, SF has been shown to enhance cell proliferation in cervical adenocarcinoma cells.
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Therefore, this study aims to further investigate the effect of SF on cervical cancer phenotypes
such as EMT, migration and invasion using cervical squamous carcinoma cells because
squamous carcinomas make up majority of cervical cancer cases. This will provide a better

understanding of the role and mechanism of SF in cervical squamous carcinoma progression.

SF has been shown to upregulate proinflammatory cytokines and activate proinflammatory
signalling in cervical epithelial cells?*°. Previous work in our laboratory has shown that SF
exacerbates cervical cancer by driving inflammation. Hence, elucidating mechanisms for
inhibiting SF mediated inflammation in cervical cancer may be a favourable approach to
prevent cervical cancer related inflammation. A target that has been shown to have anti-
inflammatory effects in cervical cancer is the nuclear import pathway via KpnB123%281, Here,
we investigate whether inhibition of nuclear import via KpnB1 can abrogate SF mediated
proinflammatory and angiogenic gene expression. This study will provide deeper
understanding of the role and mechanism by which SF regulates proliferation, EMT, migration
and the expression of inflammatory and angiogenic genes to augment cervical cancer
progression in sexually active women and will serve as a lead in developing novel treatments

for cervical cancer.
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1.14 Project Aim

The aim of this study is to investigate the effects of SF on cervical cancer proliferation, EMT,
migration and invasion as well as elucidate the signaling pathways involved. The study will
also investigate whether inhibition of nuclear import pathways can abrogate SF induced
inflammation and angiogenesis in cervical squamous carcinoma cells. As a proof of concept
approach the effects of SF on EMT, MMPs and inflammation was also investigated using

cervical tissue biopsies.

Objectives:

i) To investigating the effects of seminal fluid on proliferation, EMT, migration & invasion in
squamous carcinoma cell lines

ii) To investigate the signaling pathways required in SF mediated proliferation, EMT,
migration and invasion in cervical squamous carcinoma cells.

iii) To investigate the effect of nuclear import inhibition via Karyopherin Beta 1 on SF
regulated proinflammatory and angiogenic genes in cervical squamous carcinoma cell lines.

iv) To investigate the effect of SF on EMT and inflammation in cervical tissue explants.
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Chapter 2:

Materials and Methods

2.1 Human Ethics statement

Ethics approval for the collection of seminal fluid and cervical tissue biopsies was obtained
from the University of Cape Town Ethics Committee (HREC/REF: 567/2018). The study was
explained to all participants and written consent was obtained from all subjects before

sample collection.

2.2 Inhibitors and ligands

The chemical inhibitors: SC560, Cyclooxygenase-1 (COX-1) inhibitor; NS398, Cyclooxygenase-
2(COX-2) inhibitor; AG1478, epidermal growth factor receptor (EGFR) kinase inhibitor and
PD98059 extracellular signal-regulated kinases % kinase (ERK1/2) inhibitor were purchased
from Calbiochem (Merk, Darmstadt, Germany). Inhibitor of nuclear import 43 (INI-43)
chemically known as 3-(1H-benzimidazol-2-yl)-1-(3-dimethylaminopropyl) pyrrolo[5,4-
b]quinoxaline-2-amine)) was purchased from Molport Chemicals (MolPort-000-492-602, Riga,
Latvia). Prostaglandin E2, EP2 receptor antagonist (AH9809), and EP4 receptor antagonist (L-
161,982) were purchased from Sigma Chemical Company (Cape Town, South Africa).

Inhibitors and ligands were prepared and stored according to the manufacturer’s instructions.

2.3 Cell lines

Human squamous cervical carcinoma cell lines, SiHa and Me180 were obtained from the

American Type Culture Collection (Rockville, MD, USA).

41



2.4 Plasmids

The NF-kB/p65 reporter construct in a pGL4 vector which contains five p65 binding sites that
drives transcription of luciferase reported gene (luc2P) was purchased from Promega
(Madison, WI, USA). The 4X-AP-1 promoter-reporter construct, which contains four AP-1 Luc
binding sites upstream of a minimal promoter sequence from the albumin gene and firefly

282

luciferase®* was used for the Dual-Luciferase assay, was gifted by Professor M. Birrer

(Harvard Medical School, MA, USA).

2.5 Antibodies

The following antibodies were used for immunofluorescence or western blotting: anti-NFkB/
p65 (ser536), sc-101752; anti-Ki67 (M-19), sc7846; E-cadherin (H-108), sc-7870 and anti-c-
Jun(H79), sc1694 were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). The
Phospho-c-Jun (Ser63) #9261 antibody was purchased from Cell Signaling Technology. N-
cadherin (CH-19) antibody was purchased from Invitrogen and anti-KpnB1 (ab45938)
antibody was purchased from Abcam. Anti-GAPDH (G9545) rabbit antibody was purchased

from Sigma-Aldrich.

2.6 METHODS

2.6.1 Cell culture

SiHa and Me180 cells were grown and maintained in Dulbecco’s Modified Eagles Medium
(DMEM, Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% Fetal Calf
Serum (FCS, Gibco, Life Technologies, CA, USA), 100U/mL penicillin and 100ug/mL streptomycin.

For serum-free medium, Dulbecco’s Modified Eagles Medium supplemented with 100U/mL
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penicillin and 100ug/mL streptomycin was used. Cells were cultured at 37 °C in a humidified

incubator with 5% CO».

2.6.1.1 Cell passaging

When cells reached 80% confluency they were passaged. To passage, cells were removed
from the incubator and media was aspirated. Cells were washed with 1XPBS and dissociated
from the plate by trypsinisation using 4mL trypsin-EDTA at 37°C. Cell culture plates were
incubated at 37°C for 5 minutes to aid cell detachment. Once cells were detached, the trypsin
-EDTA cell suspension was neutralized using 4mL fresh culture media. The cell suspension was
centrifuged at 500x g for 3 minutes to pellet cells. The supernatant was aspirated off and cell
pellet was resuspended in fresh culture media before seeding cells in a new 100mm cell

culture plate at a ratio of 1 in 10.

2.6.1.2 Cryopreservation

For long time storage of cells, cells were grown to 80-90% confluency before trypsinisation
and centrifugation as described in section 2.6.1.1. After centrifuge, the supernatant was
aspirated off and the cell pellet was resuspended in cold freezing media at a concentration of
10 x 10° cells/mL. The cell suspension was then transferred to cryovials and stored at -80°C
for 2 days before transferring cells to liquid nitrogen. To reconstitute cells from liquid
nitrogen, a single cryovial containing cell suspension was rapidly thawed in the water bath

(37°C) before being added to 9mL fresh culture media in a 100mm culture dish'!

"Solutions and Buffers found in Appendix |
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2.6.1.2 Mycoplasma Testing

Cells were checked regularly for mycoplasma infection. Cells were cultured in penicillin-
streptomycin free medium for 3 days after which they were harvested and plated on
coverslips. Cells were then fixed with cold methanol and stained with Hoechst nuclear
fluorescent stain. Coverslips were mounted on microscope slides using mowiol. Cells were

visualized using a fluorescent microscope (Zeiss Axiovert, Carl Zeiss, Jena, Germany).

2.6.2 Cervical Tissue Explants

Normal cervical tissues were collected from women undergoing vaginal or total abdominal
hysterectomies for non-malignant conditions at the Urogynaecology unit at Groote Schuur
Hospital, Cape Town, South Africa. Cervical biopsies were immediately transported in 1XPBS
on ice to the laboratory where they were cut into pieces and divided into experiment and

control before being serum-starved overnight prior to SF stimulation.

2.6.3 Semen collection and preparation

Semen samples were collected from healthy male volunteers attending the Andrology
laboratory of the Reproductive Medicine unit at Groote Schuur hospital, Cape Town. Sexual
abstinence of at least 72 hours was maintained by all donors prior to ejaculation. Ejaculates
were collected in sterile specimen jars following voluntary self-masturbation. Samples
collected for this study complied with the 2010 WHO reference parameters for human semen
characteristics?®3. Samples with parameters outside of the range were excluded from the
study. The individual ejaculates were collected and transported to the laboratory where they
were processed. Seminal fluid (SF; sperm-free supernatant of the ejaculate) was separated

from the ejaculate by centrifuge at 15 000x g at 4°C for 20 minutes. Seminal fluid from 10
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healthy individual volunteers was pooled and aliquoted (500p.L) and stored at -80°C. Prior to
experimental use, seminal fluid was thawed and diluted in serum-free medium to a final
dilution of 1:50. Seminal fluid has been shown to exert no toxic effect on cell viability at this

dilution%279,

2.6.4 Seminal fluid treatment

SiHa and Me180 cells were seeded in complete DMEM media and allowed to attach
overnight. The following day, the complete DMEM was removed, and cells were serum-
starved by adding serum-free DMEM media for 24hrs. Cells were then treated with SF diluted
in serum free media at a final dilution of 1:50 or serum-free media with Phosphate buffered

saline (PBS) (control) for 4, 8, 16 and 24hrs.

2.6.5 Treatment with chemical inhibitors/antagonists

SiHa and Me180 cells were seeded at a density of 4 x 10° cells in 60mm tissue culture dishes
and allowed to attach overnight in a humidified incubator (37°C and 5% CO; (v/v)). The
following day, the complete DMEM media was removed, and cells were serum starved as
described in section 2.6.4. After 24hrs, serum-free media was removed, and cells were
treated with the chemical inhibitors (Table 1) in the absence or presence of SF (1:50 dilution)

or vehicle (DMSO) in serum-free media.
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Table 1. Chemical inhibitors and concentrations used 278285-288

Compound Target Final Concentration
SC-560 COX-1 10uM

NS398 COX-2 8-10uM

AG1478 EGFR 100-200nM
PD98059 ERK1/2 50uM

AH6809 (Antagonist) EP2 receptor 20uM

L-161,982 (Antagonist) 2% EP4 receptor 20uM

2.6.6 RNA extraction

RNA was extracted from cells using TRIzol (Invitrogen Life Technologies) reagent following the
manufacturers protocol. Briefly, 4 x 10° cells /60mm plate were seeded and allowed to adhere
overnight. Cells were then serum-starved for 24hrs and treated with SF or chemical inhibitors
following methods in section 2.6.4 and 2.6.5. After treatment, cells were lysed with 600uL
Trizol/ 60mm tissue culture dish and cell lysate collected in Eppendorf test tubes. 120uL
Chloroform was added to each sample and shaken vigorously for 10 seconds. Samples were
allowed to stand for 5 minutes after which phase separation was achieved by centrifugation
of samples at 12,000x g for 15 minutes at 4°C. The aqueous layer of each sample was
transferred to a fresh tube and 300 pL Isopropanol was added to each sample. Samples were
incubated at room temperature for 5min and centrifuged at 12 000x g for 10 minutes at 4°C
to pellet the RNA. After centrifugation, the supernatant was removed and the RNA pellet was
washed by adding 600uL 75% Ethanol, vortexing and then centrifuge at 12 000x g for 5

minutes at 4°C. Supernatant was removed, and RNA pellet was air dried for 10 minutes before
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resuspending pellet in 30uL nuclease free water. RNA concentration and purity was
determined (A260/A280>1.80) using the Nanodrop 2000 Spectrophotometer (Thermo Fisher

Scientific, Waltham, MA, USA).

2.6.6.1 Cervical tissue RNA extraction

Collected cervical tissue samples were cut into pieces and treated with SF (1:50) in serum-
free DMEM for 24hrs followed by RNA extraction the following day. Cervical tissue (50-
100mg) was homogenized in 1mL TRIzol using a bead homogenizer for 5 minutes per sample.
Samples were allowed to stand on ice for a further 5 minutes to ensure complete dissociation
of nucleoprotein complexes. 200uL of chloroform per 1mL of TRIzol was added to each
sample, and tubes were inverted 10 times to ensure mixing. Samples were centrifuged at
12 000x g for 15 minutes at 4°C. Aqueous layer was transferred to fresh tubes on ice and
500uL of ice -cold isopropanol per mL TRIzol was added to each sample. Sample were gently
inverted and allowed to stand on ice for 5 minutes followed by centrifugated at 12 000x g for
10 minutes at 4°C. RNA pellet was washed with ice cold 75% ethanol and centrifuged at
12 000x g for 5 minutes at 4°C. RNA pellet was air dried, and steps followed as described in

section 2.6.6.

2.6.7 Reverse transcription (cDNA synthesis)

Diluted RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), following the manufacturers instruction. A 2x Reverse transcription mix
was prepared as seen in Table 2. For each reaction, 1ug RNA was made up to a total volume
of 10uL using nuclease free water into individual polymerase chain reaction (PCR) tubes. 10uL

of the 2x reverse transcription mix was added to RNA prepared reaction on ice. PCR tubes
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were sealed and briefly centrifuged in a desktop centrifuge. Reverse transcription was
performed using the Applied Biosystems 2700 Gene Amp PCR system thermal cycler set at
25°C for 10 minutes (annealing), 37°C for 120 minutes (elongation) and 85°C for 5 minutes
(Denaturation) for a total volume of 20uL. For large experiments the reverse transcription
was scaled up according to manufacturer’s instructions. cDNA samples were stored at -20°C

until further use.

Table 2. 2x Reverse transcription mix (20uL reaction)

Components Volume
10X RT Buffer 2.0uL
25X dNTP Mix (100mM) 0.8uL
10X Random Primers 2.0pL
MultiScribe™ Reverse Transcriptase 1.0uL
RNase Inhibitor 1.0uL
Nuclease-free water 3.2uL
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2.6.8 Quantitative real-time PCR (RT-gPCR)

Quantitative real-time PCR was performed using the StepOne Applied Biosystems Real-time
PCR system (Applied Biosystems, USA). Gene expression was determined using 2uL cDNA,
primers (Table 3) and the Luna® Universal qPCR Master Mix (NEB) according to the
manufacturers protocol. Samples were standardized to the house keeping gene B-
glucuronidase (GusB). All primers were synthesized by Ingaba Biotechnical Industries
(Pretoria, South Africa). A melt curve was performed for each RT-qPCR reaction, and purity of
product was determined by a single peak. Analysis and fold change was calculated using the

comparative threshold cycle (Cr) method.
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Table 3. Primers used for RT-qPCR

Target gene Sequence Product | Tm (°C) | Cycle
size no.

Snaill For %© 5’ CTTCCAGCAGCCCTACGAC 3’

Snaill Rev 5’ CGGTGGGGTTGAGGATCT 3’ 71 bps 55°C 40

Twist1 For 2%© 5" AGCAAGATTCAGACCCTCAAGCT 3’

Twist Rev 5’ CCTGGTAGAGGAAGTCGATGTACCT 3’ 55 bps 55°C 40

ZEB1 For 2! 5’ TCCCCATCACCTCTAAACCTT 3’

ZEB1 Rev 5" CCCTGTTGCTTTGGTAGTGAA 3’ 122 bps | 60°C 40

COX-1 For 277 5" TGTTCGGTGTCCAGTTCCAATA 3’

COX-1 Rev 5" ACCTTGAAGGAGTCAGGCATGAG 3’ 93 bps 55°C 40

COX-2 For 277 5’ CCTTCCTCCTGTGCCTGATG 3’

COX-2 Rev 5" ACAATCTCATTTGAATCAGGAAGCT 3’ 80 bps 57 °C 40

IL-6 For 277 5’ GCCGCCCCACACAGACA 3

IL-6 Rev 5’ CCGTCGAGGATGTACCGAAT 3’ 70 bps 57 °C 40

IL-11 For 2”7 5’ CCCAGTTACCCAAGCATCCA 3

IL-11 Rev 5" AGACAGAGAACAGGGAATTAAATGTGT 3’ 89 bps 58 °C 40

VEGF-A For?”” | 5" TACCTCCACCATGCCAAGTG 3’

VEGF-A Rev 5’ TAGCTGCGCTGATAGACATCCA 3’ 103 bps | 57°C 40

Gro-o For 278 5" GTTTTCAAATGTTCTCCAGTCATTATG 3’

Gro-a Rev 5’ CCGCCAGCCTCTATCACAGT 3’ 80 bps 60 °C 45

IL-1a For 27° 5" TGTATGTGACTGCCCAAGATGAA 3’

IL-1o. Rev 5’ CTACCTGTGATGGTTTTGGGTATC 3’ 79 bps 57 °C 40

IL-8 For 5’ CTGTGTGAAGGTGCAGTT 3’

IL-8 Rev 5’ CACTCTCAATCACTCTCAGTTC 3’ 112 bps 58 °C 40

KPNB1 For 2°2 | 5’ CCAGTGCCGAGTGGAATG 3’

KPNB1 Rev 5" AAATCCCTGACCCTCCTTC 3’ 191 bps 55°C 40

MMP-2 For 5’ TGGCGATGGATACCCCTTT 3’

MMP-2 Rev 38 | 5’ TTCTCCCAAGGTCCATAGCTCAT 3’ 117 bps 55°C 40

MMP-9 For 5’ CCGGACCAAGGATACAGTTT 3’

MMP-9 Rev 5" GCGGTACATAGGGTACATGAG 3’ 108 bps 60 °C 40

GusB For 2%2 5’ CTCATTTGGAATTTTGCCGATT 3’

GusB Rev 5’ CCGAGTGAAGATCCCCTTTTTA 3’ 81 bps 55°C 40

For= Forward primer; Rev= Reverse Primer

50




2.6.9 Esg Determination

The ECso concentration of INI43 in SiHa and Me180 cells was determined using the MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay (Sigma-Aldrich, USA).
5000 cells in 90uL complete DMEM media were seeded in triplicate and allowed to adhere
overnight. Cells were treated with varying concentrations of INI43 ranging from 1-50uM.
Incubation with INI-43 was done for a period of 48hrs before the addition of 10uL MTT
reagent, followed by 100uL solubilization reagent 4hrs later. The following day, absorbance
was read at OD595nm using a microplate reader (BioTeK, Winooski,VT, USA). Absorbance
readings were used to plot a dose-response curve and ECso values were calculated using

GraphPad Prism V5.0 software.

2.6.10 Cell Proliferation

Cell proliferation was investigated using the MTT assay. 1500 cells were plated in a 96-well
plate in triplicates and allowed to adhere overnight. The following day, media was aspirated,
and cells were serum starved for 24hrs. The following day, serum-free media was removed
and replaced with 0.1% FBS containing media in the absence or presence of SF (1:50 dilution).
Cell growth was measured over five days using the MTT reagent whereby each day 10uL MTT
was added to the appropriate wells followed by 100puL of solubilization reagent 4hrs later.
Absorbance was measured the following day at OD595nm.For proliferation assay using
chemical inhibitors, cells were plated in a 96-well plate then serum starved before treatment
with the chemical inhibitors in the absence or presence of SF (1:50), with vehicle control

(DMSO) included in 0.1% DMEM media. MTT reagent was then added after three days and

51



followed by solubilization solution 4hrs after. Absorbance was measured and chemical

inhibitors in the present of SF were normalized to chemical inhibitor only readings.

2.6.11 Cell morphology imaging

For cell morphology analysis, 5 x 10* cells were seeded in 6-well tissue culture plates and
allowed to adhere overnight. The following day cells were serum starved for 24hrs. The next
day, cells were treated with SF (1:50) or vehicle control (PBS). Live cell images were taken at

4, 8, 16 and 24hrs using a phase contrast light microscope.

2.6.12 Actin staining

To visualize F-actin arrangement phalloidin staining was performed. 5 x 10* cells were seeded
on a coverslip in 6-well plates. The following day cells were serum starved for 24 hours after
which cells were treated with SF(1:50) for 4, 8, 16 and 24hrs or vehicle (PBS). After treatment,
cells were washed with 1XPBS before fixation with 4% paraformaldehyde. Cells were then
washed with 0.04% PBS-Tween and blocked in 1% BSA for 30 minutes. F-actin was labelled
with 50ug/ml Phalloidin-Tetramethylrodaine B isothiocyanate (Sigma-Aldrich) in 1% BSA for
30 minutes. Cells were washed twice with 1XPBS, followed by nuclei staining with Hoechst
stain diluted to 1:5000 in PBS. Coverslips were mounted on glass slides using mowial and
allowed to dry overnight in the dark. Fluorescent images were captured at 63X oil immersion
objective using the Zeiss LSM880 Airyscan Confocal microscope with AxioVision Zeiss
software. For F-actin visualization in the presence of chemical inhibitors, cells were seeded
on coverslips and serum starved. The following day, cells were treated with chemical
inhibitors in the absence or presence of SF (1:50) for 24hrs, with vehicle control (DMSO)

included. After treatment, cells were fixed, stained and visualized as described above.
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2.6.13 Immunofluorescence microscopy

Cells were seeded on coverslips in 6-well plates. Following serum starvation and treatment,
the cells were fixed with cold 4% paraformaldehyde for 15 minutes at room temperature.
Fixative was removed and cells were washed twice with 1XPBS. Cells were permeabilized by
adding 0.25% Triton X-100 in PBS for 10 minutes. Following permeabilization, cells were
washed thrice with 1XPBS (5 minutes/wash). Cells were then blocked using 1% BSA in PBST
and 0,3M glycine for 30 minutes. Cells were subsequently incubated with primary antibody,
either NF-kB p65 primary antibody or anti-Ki67 antibody was used at a dilution of 1:100 in 1%
BSA in PBST and incubated overnight at 4 °C. Cells were then washed with 1x PBS thrice at 5
minute intervals. Secondary antibody, GaR-Cy3 for NF-kB p65 and DaG Alexa488 for Ki-67,
was diluted at a concentration of 1:300 in 1% BSA in PBST and placed on cells for 1hr in the
dark at room temperature. Secondary antibody was removed and cells were washed with PBS
before adding nuclei staining Hoechst at a dilution of 1:5000 in PBS for 5 minutes. Hoechst
staining was removed and coverslip was mounted on microscope slides using mowial.
Immunofluorescent imaging was done at 40X water immersion using the Zeiss LSM880

Airyscan Confocal microscope with AxioVision Zeiss software (Carl Zeiss, Jena, Germany).
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2.6.14 Western blot analysis

2.6.14.1 Whole cell lysate collection

After relevant treatment of cells in 60mm tissue culture plates, protein was harvested by
lysing cells with complete RIPA buffer containing a cocktail of protease inhibitors (Roche,
Basel, Switzerland) and 0.1M Sodium Orthovanadate to inhibit phosphatase activity. Cells
were removed using a cell scraper and transferred to a fresh tube on ice. Cell lysates were
sonicated for 12 seconds before centrifugation at 10 000x g for 10 minutes at 4 °C to remove
cell debris. The protein supernatants were transferred to fresh tubes and stored at -80 °C

until further use.

2.6.14.2 BCA Protein quantification

Protein samples were thawed and quantified in 96-well plates using the BCA Protein Assay Kit
(Pierce, Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s instructions.
Absorbance readings for protein samples and BSA protein standards were read at OD595nm,
after which a standard curve was plotted to calculate protein concentration. Using the BSA

results, equal amounts of protein were made up with RIPA and 4X Loading dye.

2.7.14.3 SDS-Polyacrylamide gel electrophoresis

Ready prepared protein samples containing 4x loading dye were heated at 90°C for 5 minutes
on a heating block to denature the samples. Equal amounts of protein (25ug) in 30uL total
volume were loaded into 10% SDS-polyacrylamide gels, with a molecular weight marker
included in lane one, and electrophoresis was run at 170V for 1hr. Proteins were then
transferred to a Hybond ECL nitrocellulose membrane (Amersham Biosciences, UK) using a

wet transfer system for 1hr at 100V.
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2.6.14.4 Immunoblotting and chemiluminescent detection

Following transfer, membranes were blocked in 5% non-fat skim milk in TBST (Appendix 1) for
1hr on a desktop shaker at room temperature. After blocking, the membrane was incubated
with primary antibody (Table 4) overnight at 4°C. The following day, the membrane was
washed three times at 5-minute intervals with TBST before adding secondary antibody for 1hr
on a desktop shaker at room temperature. Membranes were washed three times for 5
minutes each and protein bands were detected using Lumiglo (KPL, Inc., Gaithersburg, MD,
USA) or Lumiglo Reserve chemiluminescent substrate (KPL, Gaithersburg, MD, USA). The
protein bands were detected and captured using the chemiluminescent setting on the iBright

imaging system (Invitogen™, ThermoFisher).

Table 4: Western blot antibody concentrations and conditions

Primary Primary Secondary Secondary Chemiluminescent
antibody antibody antibody antibody substrate
condition conditions
E-cadherin 1:1000 5% Milk | GaR 1:5000 5% Milk | Lumiglo Reserve
N-cadherin 1:500 5% Milk | GaM 1:5000 5% Milk | Lumiglo Reserve
Anti-KPNB1 1:1000 TBST GoR 1:5000 TBST Lumiglo
Anti-p-c-Jun 1:500 5% BSA | GaR 1:3000 TBST Lumiglo Reserve
Anti-c-Jun 1:500 5% BSA GaR 1:5000 5% Milk | Lumiglo Reserve
Anti-GAPDH 1:5000 5% Milk | GaR 1:5000 5% Milk | Lumiglo

2.6.14.4 Stripping and re-probing

In order to re-probe on membranes, membranes were stripped of bound antibody by washing
the membrane in stripping buffer (Appendix 1) for 7 minutes on each side. The buffer was

neutralized by washing the membrane in 1M Tris-EDTA for 3 minutes followed by washing
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with TBST for 1 minute. After stripping, membrane was blocked and probed with a new

primary antibody.

2.6.15 Migration Assay

In order to investigate the effect of SF on cell motility, Polyethylene Terephthalate hanging
cell culture inserts (8um) for 24-well plates were used for the migration assay (Merk,
Millipore, Darmstadt, Germany). This assay is an in vitro technique that investigates the
motility of cells through a membrane. 100 x 10* cells were plated in a 6-well plate and allowed
to adhere for 24hrs. The following day, cells were trypsinized and resuspended in 0,1% FBS
containing DMEM. Cells were seeded at equal amounts (3x 10* cells/insert) into the upper
chamber of the 24-well migration inserts. Migration inserts were placed into lower chambers
containing 0,1% FBS DMEM Each condition was plated in triplicate. Cells were allowed to
migrate overnight (16hrs). The following day, cells were fixed using 100% Methanol and cells
that did not migrate were removed by cotton swob. Inserts were then stained with 0,5%
crystal violet solution for 10 minutes after which excess crystal violet was removed by rinsing
inserts with water. Migration inserts were allowed to dry overnight. Stained cells were imaged
using the Zeiss Primovert inverted phase contrast microscope (Carl Zaiss, Jena, Germany) and
migrated cells were counted. Migration was normalized to MTT cell viability absorbance
readings to normalize for cell death. For chemical inhibitor treatment, cells were plated and
allowed to adhere. The following day cells were treated for 8hrs before trypsinization and
plating cells into the top chamber and placing the insert into the bottom chamber containing

SF (1:50) in 0,1% FBS DMEM media.
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2.6.16. Invasion Assay

Transwell invasion chambers were prepared by coating 24-well migration hanging inserts with
0,2% Gelatin?3. Briefly, 2% gelatin solution (Type B, Merk) was used to prepare a 0,2% gelatin
solution using sterile water. Migration hanging inserts were coated with 0,2% gelatin solution
by adding 100ul solution per insert in a 24-well plate. Inserts were incubated at 37C for 15
minutes to allow gelatin solution to polymerize. Excess gelatin was gently aspirated off, and
inserts were allowed to dry at room temperature in a tissue culture hood for 2hrs before
introducing medium and cells. 8 x 10° cells were plated in the top chamber of the invasion
insert containing 0,1% FBS in the absence or presence of SF (1:50). The inserts were placed in
a lower chamber with 0,1% FBS DMEM media in the absence or presence of SF. Other
conditions included SF (1:50) at the top & SF at the top and bottom to investigate the effect
of SF. More cells had to be seeded to allow invasive cells to pass through the extracellular
matrix (gelatin). Cells were allowed to invade overnight, and the following day cells were fixed

and stained following the protocol in section 2.

2.6.17 Dual Luciferase Assay

To assay for NF-kB/p65 and AP-1 transcriptional activity a Dual Luciferase assay (Promega,
USA) was used. Cells were seeded at a density of 3 x 10* cells/well in a 24-well plate and
allowed to adhere. The following day cells were transfected with 100ng NF-kB/p65 luciferase
reporter plasmid or 100ng AP-1 luciferase reporter and 10ng pRL-TK Renilla using Genecillin™
transfection reagent (Celtic Molecular Diagnostic, South Africa) overnight. Transfection mix
was removed the next day and cells were pre-treated with INI-43 (10uM) for 1hr followed by
SF (1:50) stimulation for 4hrs before cells were lysed using 100uL 1x Passive lysis buffer

(Promega, USA) for 15 minutes on a desk top shaker, with frequent tapping to aid lysis.
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Luciferase firefly readings were taken on the Glomax 96 microplate luminometer (Promega,
USA) using the Dual Luciferase kit. Luciferase firefly readings were normalized to Renilla

luciferase reporter readings in the same lysate.

2.6.18 Statistical Analysis

Experiments were performed in triplicates or quadruplicates, unless specified otherwise.
Results expressed as mean+SEM (Standard error of mean) and repeated at least 3
independent times. For data comparisons, Student t-test was performed using Graph pad
prism V5.0 or V8.0 (GraphPad software, San Diego, USA). A p value < 0,05 was considered

statistically significant.
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Chapter 3:

Investigating the effects of seminal fluid on proliferation, EMT,
migration & invasion in cervical squamous carcinoma cell lines

3.1 INTRODUCTION

Cervical cancer is the fourth most common type of cancer amongst women worldwide®. Of
the various cervical cancer types, squamous carcinoma accounts for 70% of cervical cancer
cases**. The global burden of cervical cancer is unevenly distributed with the majority of
cervical cancer incidences and mortalities occurring in Sub-Saharan Africa (SSA)?°4. In 2018,
21.7% of all cancer deaths were attributed to cervical cancer, making it the most common
cause of cancer mortalities in SSA?%>, The highest age standardized incidence rate (43,1 per
100 000) in the world is in South Africa?®®, highlighting cervical cancer as a major public health
burden in South Africa. Unlike other cancers, cervical cancer is curable when diagnosed and
treated early®. However, in LMICs poor access to prevention, screening and treatment
interventions contributes to majority of cancer deaths?®. In Africa, up to 95% of cervical

cancer cases are diagnosed when women have late-stage disease?®’.

A major cause of cancer-related death is metastasis®2. As a key hallmark of cancer, metastasis
is a multistep process whereby tumor cells migrate and invade a secondary site®2. A critical
process that has been shown to be associated with metastasis is the EMT process. EMT is
characterized by the transformation of epithelial cells towards the motile mesenchymal
phenotype?®, This transformation results in a loss of cell-cell adhesion, change in cell polarity,
an upregulation of mesenchymal markers and a subsequent downregulation of epithelial

markers?®®. EMT occurs by various signaling pathways that lead to the activation of EMT-
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inducing transcription factors namely Snail, Twist, Slug and ZEB. These transcription factors
drive EMT by inhibiting epithelial markers (e.g., E-cadherin, B-catenin) and upregulating
mesenchymal markers (e.g., N-cadherin, Vimentin, MMPs)3%. EMT has been shown to drive
migration and invasion in cancer cells®>. A prerequisite for the mesenchymal morphology,
migration and invasion of cancer cells is the dynamic reorganization of the actin
cytoskeleton3%t, During the EMT process, cancer cells undergo a remodeling of the cell
cytoskeleton, which includes changes in cell shape, the formation of actin protrusions and
stress fibers. The actin cytoskeleton plays a critical role in cell shape and cell motility3°2.
Research has shown that the rearrangement of the actin cytoskeleton into F-actin stress fibers
during EMT aids the formation of protrusions (lamellipodia) therefore promoting motility®®.

Due to the link between EMT and metastasis, the EMT process has become a key area of

research in cancer therapy3®.

Like other cancers, cervical cancer is also prone to metastasis to distant sites such as the
lungs3%*. Another key factor that has been shown to promote cancer progression is
inflammation. It has been established that hr-HPV plays a role in driving cancer related
inflammation in cervical cancer?3?44, This inflammation is characterized by proinflammatory
factors such as cytokines and chemokines that activate various oncogenic pathways and drive
cervical cancer progression208246305 Therefore, factors that initiate inflammation in the cervix
may play a role in cervical cancer progression. Interestingly, seminal fluid (SF) has been
implicated in the progression of cervical cancer. This is due to the inflammatory response
elicited by SF in the female reproductive tract following coitus in the absence of condom

261

barrier Previous research in our laboratory has shown that SF drives cervical

adenocarcinoma cell proliferation in vitro and in vivo?’’. Additionally, SF has been shown to
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upregulate proinflammatory cytokines?61:271,273,278279 gnd activates oncogenic signaling
pathways such as COX-PG, PI3K, EGFR and ERK1/2 in adenocarcinoma cervical cancer
cells?73:276.279,280 Since SF is a biological fluid rich in a host of bioactive molecules?®8, its direct
interaction with epithelial cells of the cervix is thought to associate with cervical cancer
progression. While there is evidence that SF promotes inflammation and proliferation of
adenocarcinoma cervical cancer cells, little is known about the role of SF in the progression

of other cancer phenotypes such as EMT and migration in cervical squamous carcinoma cells.

This chapter aims to investigate the role of SF in cervical cancer cell biology using squamous
carcinoma cell lines as a model system. Here, we investigated the effects of SF on cervical
cancer cell proliferation, morphology, actin cytoskeleton arrangement, EMT, migration and

invasion.

3.2 RESULTS

3.2.1 Investigating the effect of SF on the proliferation of cervical squamous
carcinoma cell lines

One of the hallmarks of cancer cells is their ability to sustain proliferative signaling. In normal
cells, cell proliferation is regulated while in cancer cells this regulation is lost leading to
enhanced cell proliferation3°®. In addition to inherent mutations in tumor cells that drive the
ability to sustain uncontrolled proliferation, growth factors have also been shown to play a
role in tumor cell proliferation3’. In this study we investigated whether SF, which is rich in a
host of growth factors and signaling molecules, has a role in the cell proliferation of cervical

squamous carcinoma cell lines.
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3.2.1.1 SF enhances the proliferation of cervical squamous carcinoma cell
lines

In order to investigate whether SF had an effect on cervical cancer cell proliferation, a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay was used. The SF used in all
experiments was pooled from 10 individual SF samples to remove patient-patient variation.
The concentration of SF used was 1:50 which has been used in previous research in our
laboratory and has been shown to exert no toxic effects on cell viability?®*27°, SiHa and Me180
squamous epithelial cells were treated with SF over a period of 5 days and proliferation was
monitored using the MTT assay. Our results show a significant increase in cell proliferation
within 2 days post SF treatment in both SiHa and Me180 cells indicating that SF stimulates

cell proliferation in cervical squamous carcinoma cells (Figure 3.1A, B).
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Figure 3.1 SF enhances cell proliferation in cervical squamous carcinoma derived cell lines. A) SiHa and B)
Me180 cells were incubated with SF at a dilution of 1:50 over 5 days. MTT viability assay was used to measure
cell proliferation. Result shown is the mean + SEM of experiments performed in triplicate and repeated at least
three independent times. (*P<0,05).
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3.2.1.2 SF enhances Ki-67 positive cells in cervical squamous carcinoma cells

Having observed that SF treatment significantly enhanced the cell proliferation of SiHa and
Mel80 cells, we investigated the expression of Ki-67, a proliferation marker, using
immunocytochemistry. Ki-67 positive cells were quantified following 24, 48 and 72hrs of SF
treatment in SiHa and Me180 cells. In SiHa cells, representative immunofluorescent images
that show Ki-67 positive cells were captured and quantified (Figure 3.2A). Quantification of
Ki-67 showed no significant enhancement of Ki-67 positive cells between control and SF after
24hrs for SiHa cells. However, quantification showed a significant increase in the percentage
of Ki-67 positive cells for SF treatment in comparison to control after 48hrs (73,4 vs 62.4 %)

and 72hrs (84,2 vs 64,3%) respectively (Figure 3.2B).

In Me180 cells similar results were observed where an increase in Ki-67 positive cells was
observed in immunofluorescent images after 48hrs (Figure 3.3A). Quantified results showed
no significant difference in the percentage of Ki-67 positive cells at 24hrs. Results showed a
significant increase in Ki-67 positive cells in Me180 cells treated with SF in comparison to
control at 48hrs (73,5 vs 63,5%) and 72hrs (85,7 vs 67,6 %), respectively (Figure 3.3B). These
results show that SF treatment increases the percentage of Ki-67 positive cells in SiHa and
Me180 cells. Taken together this data confirms that SF enhances cell proliferation in cervical

squamous carcinoma cell lines.
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Figure 3.2 SF enhances the percentage of Ki-67 positive SiHa cells A) SiHa cervical cancer cells were plated on
glass coverslips and treated with control (PBS) or SF (1:50) for 24, 48 and 72hrs. anti-Ki-67 was Alexa488 labelled
(green) while nuclei were stained with Hoechst (blue). B) Quantification of Ki-67 positive cells per treatment
condition covering 300 cells in difference fields of view. Scale bar=20um, Magnification x400. Results shown are
the mean * SEM of experiments performed three independent times. (*P<0,05),(**P<0,01).
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Figure 3.3. SF enhances the percentage of Ki-67 positive Me180 cells A) Me180 cervical cancer cells were plated
on glass coverslips and treated with control (PBS) or SF (1:50) for 24, 48 and 72hrs. anti-Ki-67 was Alexa488
labelled (green) while nuclei were stained with Hoechst (blue). B) Quantification of Ki-67 positive cells per
treatment condition covering 300 cells in difference fields of view. Scale bar=20um, Magnification x400. Results
shown are the mean + SEM of experiments performed three independent times. (*P<0,05),(**P<0,01).
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3.2.2 Investigating the effect of SF on cervical squamous carcinoma cell
morphology and cytoskeleton arrangement

While performing cell proliferation assays observations using phase contrast microscopy
showed changes in cell morphology in response to SF exposure. In order to confirm these
observations, phase contrast images of cells treated with control or SF were taken. Since cell
morphology is linked to the cytoskeletal arrangement in a cell, we also investigated the effect

of SF on filamentous actin (F-actin) using phalloidin staining.

3.2.2.1 SF induces cell morphological changes in cervical squamous
carcinoma cells

In order to investigate the effect of SF on cervical cancer cell morphology, SiHa and Me180
cells were plated and treated with SF. Phase contrast microscopy was used to observe cell
morphology. Images of cells treated with SF were taken at 4, 8, 16 and 24hrs. Phase contrast
images of SiHa and Mel180 cells showed a morphological change from a tightly packed
“cobblestone” morphology typical of epithelial cells to a more spindle-like morphology which
was prominent at 24hrs of SF treatment (Figure 3.4). Phase contrast images also showed that

Me180 cells appeared more sensitive to the morphological change induced by SF treatment.
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Figure 3.4. SF causes morphological changes in cervical squamous carcinoma cells. Visible morphological
changes from “cobblestone”- like to “spindle”- like cells were observed in SiHa and Me180 cells after SF (1:50)
treatment compared to control using phase contrast microscopy. Representative images captured using

magnification 100x are shown.
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3.2.2.2 SF induces actin cytoskeleton rearrangement and stress fibers
formation in cervical squamous carcinoma derived cell lines

The actin cytoskeleton plays a fundamental role in various cellular processes including
migration, morphogenesis and cytokinesis3®. Having observed a morphological change from
a more “cobblestone” to a more spindle-like morphology after SF treatment, we postulated
that SF may cause changes to the cytoskeleton of squamous carcinoma cells. In order to
investigate the effect of SF on the cytoskeleton, SiHa and Me180 cells were stained with
Phalloidin which binds filamentous actin (F-actin) allowing for the visualization of the
cytoskeleton using fluorescent microscopy. Fluorescent images confirmed changes in cell
morphology in response to SF treatment in SiHa cells (Figure 3.5A). Quantified results further
showed a significantly higher percentage of cells containing F-actin stress fibers in SF treated
cells at 4, 8, 16 and 24hrs compared to control in SiHa cells (Figure 3.5B). Similarly,
immunofluorescent images confirmed morphological changes in cell morphology and the
presence of stress fibers in Me180 cells (Figure 3.6A). Me180 cells also showed a higher
percentage of cells containing F-actin stress fibers at 4, 8, 16 and 24hrs of SF treatment
compared to control cells (Figure 3.6B). Together, these results show that SF induces F-actin

cytoskeletal rearrangement and stress fiber formation in cervical squamous carcinoma cells.
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Figure 3.5. Analysis of F-actin rearrangement in SiHa cells following SF treatment using confocal microscopy
A) Representative immunofluorescent images of SiHa cells stained with Phalloidin (cy3) for F-actin and Hoechst
(blue) for the nuclei following treatment with vehicle (PBS) or SF for 4, 8, 16, 24hrs. Scale bar= 20um,
Magnification= 630X. B) Bar graph shows percentage of cells with stress fibers (200 cells were scored per
condition in three independent experiments). Results shown are the mean + SE of experiments performed three
independent times. (*P<0,05). MONO=monochromatic
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Figure 3.6. Analysis of F-actin rearrangement in Me180 cells following SF treatment using confocal microscopy
A) Representative immunofluorescent images of Mel80 cells stained with Phalloidin (cy3) for F-actin and
Hoechst (blue) for the nuclei following treatment with vehicle or SF for 4, 8, 16, 24hrs. Scale bar= 20um,
Magnification= 630X. B) Bar graph shows percentage of cells with stress fibers in each condition (200 cells were
scored per treatment across three independent experiments). Results shown are the mean * SE of experiments
performed three independent times. (*P<0,05). MONO= monochromatic
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3.2.3 Investigating the effect of SF on Epithelial mesenchymal transition
(EMT) induction in cervical squamous carcinoma cells

Actin stress fibers have been shown to play a role in maintaining cell shape, aiding cell
migration and intracellular cargo transport. Interestingly, actin stress fiber formation has
been shown to accompany epithelial mesenchymal transition (EMT)’® where epithelial cells
undergo a phenotypic change to a more mesenchymal phenotype with altered elasticity and
migration. This altered elasticity is required for movement through tightly constricted
spaces3%. Having observed a change in cell morphology and the induction of stress fiber
formation in SiHa and Me180 cells treated with SF, we hypothesized that SF could be inducing
EMT. The EMT process is activated by various signaling pathways which activate EMT inducing
transcription factors such as Snail, Twist and ZEB1. These transcription factors play a role in
inhibiting epithelial markers (e.g., E-cadherin) and upregulating mesenchymal markers (e.g.,

N-cadherin) which drive cells to acquire a mesenchymal migratory phenotype3.

3.2.3.1 SF upregulates EMT inducing transcription factors Snail, Twist and
ZEB1

To investigate the potential role of SF on EMT induction, SiHa and Me180 cells were treated
with vehicle or SF for 4, 8, 16 and 24hrs and mRNA expression of Snail, Twist and ZEB1 was
measured by RT-qPCR. In SiHa cells, SF significantly induced Snail, Twist and ZEB1 mRNA
expression. For Snail, SF induced expression was observed at 4, 8 and 16hrs with peak
induction seen at 8hrs while Twist mRNA upregulation was observed at 8, 16 and 24hrs SF
treatment. For ZEB1, SF induced mRNA expression was observed at 4, 8 and 24hrs with peak

induction occurring at 4hrs (Figure 3.7A).
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RT-gPCR results of Snail, Twist and ZEB1 mRNA expression in Me180 cells also showed the
induction of these EMT transcription factors by SF treatment. For Snail, SF induced expression
was observed at 4, 8, 16hrs and 24hrs SF treatment, with peak induction occurring at 4hrs
while Twist mRNA expression was induced at 8 and 16hrs SF treatment, where peak induction
was observed at 16hrs. In addition, ZEB1 mRNA expression was upregulated at 4 and 8hrs SF
treatment, with peak induction occurring at 8hrs (Figure 3.7B). Together this data suggests

that SF activates the expression of EMT inducing transcription factors Snail, Twist and ZEB1.
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Figure 3.7. SF upregulates the EMT inducing transcription factors Snail, Twist and ZEB1 mRNA expression.
Relative Snail, Twist and ZEB1 mRNA relative expression in A) SiHa and B) Me180 cells treated with SF (1:50) for
4, 8, 16 and 24hrs in comparison to vehicle (PBS) as determined by RT-gPCR. Samples were standardized to the
house keeping gene B-glucuronidase (GusB). Results shown as mean + SEM of experiments performed in
triplicate and repeated three independent times. (*P<0,05).
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3.2.3.2 Investigating the effect of SF on E-cadherin and N-cadherin protein
expression in squamous carcinoma cells.

Having established that SF stimulates the expression of EMT-inducing transcription factors,
we next investigated the effect of SF on the expression of E-cadherin (epithelial marker) and
N-cadherin (mesenchymal marker). As the induction of EMT is characterized by the downregulation
of epithelial markers and the subsequent upregulation of mesenchymal markers, we
investigated whether SF downregulated E-cadherin and upregulated N-cadherin protein
expression in cervical squamous carcinoma cell lines. Western blot analysis was used to
monitor the expression of E-cadherin and N-cadherin in SiHa and Me180 cells treated for 4,
8, 16 and 24hrs with vehicle or SF. In SiHa cells, the results showed that the expression of E-
cadherin was slightly reduced at 4, 8 and 24hrs of SF treatment compared to control cells
(Figure 3.8A). For N-cadherin, expression levels were constant with a subtle upregulation
observed at 24hrs SF treatment. In Mel80 cells, a slight downregulation of E-cadherin
expression was observed at 4, 8 and 24hrs whereas a more rapid increase of N-cadherin

protein expression, starting at 4hrs SF treatment was observed (Figure 3.8B).

Taken together, these results suggest that in response to SF treatment there is an increase in

the expression of the EMT transcription factors (Snail, Twist and ZEB1) which in turn leads to

the altered expression of E-cadherin and N-cadherin in SiHa and Me180 cells.
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Figure 3.8. Western blot analysis of E-cadherin and N-cadherin expression after SF treatment in squamous
carcinoma cells. A) SiHa and B) Me180 cells were treated with vehicle or SF (1:50) for 4,8,16 and 24hrs after
which western blot analysis was used to monitor expression of E-cadherin and N-cadherin. GAPDH was used as

a loading control and densitometry analysis was normalized to GAPDH. Results shown are representative images
of experiments repeated at least three independent times.
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3.2.4 The effect of SF on cancer cell migration and invasion of cervical
squamous carcinoma cell lines.

Having observed the effect of SF on EMT induction, we next investigated the effect of SF on
cancer cell migration and invasion in squamous carcinoma derived cell lines. As EMT has been
linked to increased migration, we hypothesized that SF could enhance migration and invasion

in cervical squamous carcinoma cells.

3.2.4.1 SF induces directional migration in cervical squamous carcinoma cells.

To determine the effect of SF on migration of squamous carcinoma cells a Transwell migration
assay was used. This assay allows migratory cells to move from the upper chamber to the
lower chamber via a 8um pore size filter. Cells that have migrated are then stained and
quantified. Since the effect of SF on migration was unknown, we placed SF (1:50) in different
compartments of the chamber to monitor the effect of SF on cell migration. SiHa and Me180
cells were placed in the top chamber with SF in various compartments (top only, top & bottom
and bottom only) and allowed to migrate for 16hrs. Cells were then fixed and stained after
which images were taken of cells that migrated through (Figure 3.9A). Migrated cells were
quantified. Results were normalized to viable cells as determined by an MTT viability assay.
In SiHa cells, results show a 2-fold increase in migration when SF was placed in the top &
bottom chamber and a 5-fold increase was observed when SF was placed in the bottom
chamber relative to control (Figure 3.9B). Similar results were seen in Me180 cells where a 7-
fold increase in migration was observed when SF was placed in the top & bottom and a 10-

fold increase in migration was observed when SF was placed in the bottom chamber (Figure
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3.9B). These results show that SF significantly enhances cell migration of SiHa and Me180

cells, acting as a chemoattractant towards which the cells moved.
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Figure 3.9. SF induces directional cell migration in cervical squamous carcinoma cells. A) Representative images
from transwell migration chamber showing migrated SiHa and Me180 cells. Migrated cells shown in purple stain.
Scale bar= 0,2um, Magnification 100X. B) Quantification of SiHa and Me180 transwell migration assay relative
to control and normalized to a MTT viability assay. Results shown are the mean+ SEM of experiments performed
in triplicate and repeated three independent times. (P<0.05).
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3.2.4.2 SF stimulates directional invasion in cervical squamous carcinoma
cells.

In order to investigate the effect of SF on cancer cell invasion, transwell migration inserts

293 which acts as the extracellular

(8um pore) were coated with 0.2% collagen-degraded gelatin
basement membrane barrier. SiHa and Me180 cells were plated in the top chamber and SF
placed in various compartments of the transwell migration system. Cells were allowed to
invade over 16hrs after which cells were fixed, stained, and quantified (Figure 3.10A). Results
were normalized to viable cells and quantified relative to control. The results show that SF
enhanced cell invasion in SiHa and Me180 cells. In SiHa cells, a 5-fold increase was observed
when SF was placed in the top & bottom chamber and a 10-fold increase was observed when
SF was placed in the bottom chamber as compared to control (Figure 3.10B). Similarly, Me180
cells showed enhanced invasion of 10-fold (SF top & bottom) and 17-fold (SF bottom) as
compared to control (Figure 3.10B). Interestingly, Me180 cells showed higher migration and

invasion as compared to SiHa cells. Together these results suggest that SF enhances

directional migration and invasion in SiHa and Me180 cells.
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Figure 3.10 SF stimulates directional cell invasion in cervical squamous carcinoma cells. A) Representative
images from transwell migration chamber coated with 0.2% gelatin showing invasion of SiHa and Me180 cells.
Scale bar= 0,2um, Magnification 100X. B) Quantification of transwell invasion assay relative to control and
normalized to a MTT viability assay. Results shown are the mean+ SEM of experiments performed in triplicate
and repeated three independent times. (*P<0,05).
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3.2.5 SF upregulates MMP-2 and MMP-9 mRNA expression in cervical
squamous carcinoma cells.

MMPs are a family of proteolytic enzymes that play a role in extracellular matrix (ECM)
degradation during invasion3'?, In addition to invasion, MMPs have also been implicated in
cell proliferation, migration, angiogenesis and EMT3L,

Having observed the induction of invasion by SF, we next investigated the effect of SF on
MMP-2 and MMP-9 (Gelatinases) mRNA expression. SiHa and Me180 cells were treated with
vehicle or SF for 4, 8, 16 and 24hrs and expression of MMP-2 and MMP-9 was measured.
Results showed that SF treatment significantly upregulated MMP-2 and MMP-9 mRNA
expression in SiHa and Me180 cells. In SiHa cells, results showed that SF significantly induced
MMP-2 mRNA expression at 4, 16 and 24hrs SF treatment in comparison to control, where
peak MMP-2 mRNA expression was observed at 16hrs (Figure 3.11A). Similar to SiHa cells, SF
treatment induced MMP-2 mRNA expression at 4, 16 and 24hrs SF treatment as compared to
control in Me180 cells. Peak induction of MMP-2 mRNA expression was observed at 4hrs in

Me180 cells (Figure 3.11B).

In addition to MMP-2 mRNA expression we investigated the mRNA expression of MMP-9.
Results revealed a more significant induction of MMP-9 mRNA expression in both SiHa and
Me180 cells. In SiHa cells, SF significantly induced MMP-9 mRNA expression at 4, 8, 16 and
24hrs SF treatment relative to control, with peak induction observed at 8hrs. In Me180 cells,
SF induced MMP-9 mRNA expression at 4, 8, 16 and 24hrs, with peak induction observed at
8hrs (Figure 3.11B). Together these results show that SF treatment induces the expression of
gelatinases MMP-2 and MMP-9 mRNA expression with SF treatment showing a stronger

induction of MMP-9 in both SiHa and Me180 cells.
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Figure 3.11 SF induces MMP-2 and MMP-9 mRNA expression in squamous carcinoma cell lines. Relative MMP-
2 and MMP-9 mRNA expression in A) SiHa and B) Me180 cells treated with SF (1:50) for 4, 8,16 and 24hrs relative
to control as determined by RT-gPCR. Samples were standardized to the house keeping gene B-glucuronidase

(GusB). Results shown as mean + SEM of experiments performed in triplicate and repeated three independent
times. (*P<0,05).

80



3.3 DICUSSION

It is now accepted that SF is not simply a medium for sperm transportation but also plays a
role as a key regulator of cellular processes in the female reproductive tract (FMRT). This is
due to signaling molecules present in SF that have been shown to interact with cells in the
female reproductive tract, modulating the female immune response for successful implantation
and embryo development312268 Introduction of SF to the FMRT during coitus elicits strong
molecular and cellular responses in the female tract resulting in an upregulation of proinflammatory
cytokines and leukocyte recruitment?’3261, These responses have been attributed to factors
in SF since these immune responses were not observed in sexually active women using barrier
contraceptive?®l. In addition to the immune response elicited by SF, neoplastic cervical cells
in sexually active women will potentially be under direct stimulation of the bioactive molecules

found in SF which could drive tumorigenic processes.

Indeed, previous research in our laboratory has shown that SF upregulates a host of
proinflammatory cytokines and chemokines such as IL-1, IL-6, IL-8 and IL-11 in adenocarcinoma
cervical cancer cells?’3278279 A study by Sharkey et al (2012), showed an upregulation of
cytokines and chemokines in cervical tissue explants after SF stimulation?®!. SF was also
shown to upregulate angiogenic chemokines IL-8 and growth regulated oncogene alpha (Gro-
o) in Hela cells and also regulated vasculature?’®.This evidence highlights that SF may have a

role in the biology of cervical cancer cells.

In this study, the effects of SF on cell proliferation, EMT, migration and invasion were
investigated using two cervical squamous carcinoma epithelial cell lines as a model system.

Our data showed that SF significantly enhances cervical squamous carcinoma cell proliferation.
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This is in agreement with a previous study by Sutherland et al. (2012) where it was reported
that SF enhances cervical adenocarcinoma cell proliferation. This study further showed that
SF enhances proliferation in vivo using a xenograft model?”’. In a study using adenocarcinoma
cells, it was reported that SF treatment significantly enhanced cell proliferation in vitro*®°.
Interestingly, in a study that focused on the effects of SF on endometriosis, it was reported
that SF significantly enhanced cell proliferation of tissue derived endometrial cells in women
with endometriosis 313, These findings suggest that bioactive molecules found in SF can
enhance cell proliferation. Our data, as well as previous studies, provides further evidence

that SF enhances cervical squamous and adenocarcinoma cell proliferation.

As previously discussed, metastasis is responsible for most cancer-related deaths and the
acquisition of mesenchymal migratory cell phenotypes in cancer is the driving factor of
motility3!4. In carcinomas, the induction of EMT has been linked to cells becoming motile and
having increased invasive capability®*. Our study revealed morphological changes of SiHa and
Me180 cells and a significantly higher percentage of cells containing stress fibers in SF treated
cells compared to controls. Traditionally, cell morphogenesis and actin remodeling occurs
down-stream of the EMT program3!>. The Actin cytoskeleton plays a pivotal role in cell shape
and migration and the cells transition from the epithelial phenotype to an elongated
mesenchymal phenotype during EMT, requires actin rearrangement’®. Indeed, this has been
shown in a study by He et al. (2015), where it was reported that stimulation of SiHa cells with
TGF-B induced morphological changes, F-actin stress fiber formation and upregulation of
mesenchymal markers indicative of EMT induction3!®. In another study by Saito et al. (2020),
overexpression of Aldolase A lead to EMT like morphological changes in cervical adenocarcinoma

cells where cell morphology changes and stress fiber formation was also observed3'’.
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Therefore, our study shows that molecules in SF induce actin rearrangement which results in

the formation of stress fibers and a change in cell morphology typical of the EMT program.

The EMT program is activated by various signaling pathways that converge to activate the
transcription of EMT-TFs such as Snail, Twist or ZEB. The Snail and ZEB transcription factors
directly inhibit E-cadherin, therefore suppressing the epithelial phenotype, whilst Twist
indirectly inhibits E-cadherin and is a potent mesenchymal marker inducer3!®, Activation of
any of these transcription factors drives EMT. In our study, data revealed a significant
upregulation of transcription factors associated with EMT including Snail, Twist and ZEB1 after
SF treatment. A study by lbrahim et al (2018) showed some similar findings where 10%
seminal plasma induced the mRNA expression of Snail which was independent of TGF1 in
endometrial tissue and endometrial cells, though statistically insignificant. They showed a
significant upregulation of ZEB2 after 6hrs of 10% seminal plasma stimulation of endometrial
tissue. Interestingly, Twist mRNA expression was persistently down regulated in endometrial
tissue and cells treated by 10% seminal plasma, though insignificant3!°. In a study by Ji et al
(2020), TGFB was shown to induce Snail, Twist and Zeb1 mRNA expression after 24hrs in CaSki
cells. While our study showed no significant upregulation of Snail, Twist and Zeb1 at 24hrs SF
treatment, the induction of Snail and Twist by TGFf in the study by Ji et al (2020) shows a
slightly higher mRNA upregulation while Zeb1 upregulation is in a similar range to our results

with SF320,

In our study, SF treatment slightly reduced E-cadherin protein expression in SiHa and Me180
cells. N-cadherin protein levels were slightly elevated at 24hrs SF treatment for SiHa cells and

a marked time dependent increase in protein expression was observed in Mel180 cells. In
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addition, Me180 untreated cells showed barely any N-cadherin expression as compared to
SiHa untreated cells. This observation could be attributed to cell line specific effects. Similar
observations of differential N-cadherin protein expression in SiHa and Me180 cells has been
shown by Wang et al (2018)3?*and Zhou et al (2020)3?2. In cancers, during the EMT program,
N-cadherin upregulation and E-cadherin repression also known as the “cadherin switch” has
been associated with enhanced migration and invasion that associates with poor patient
survival323732>_ Qur findings demonstrate that SF induces EMT in cervical squamous carcinoma
cells which could attribute to the increased migration and invasion observed for both SiHa

and Me180 cell lines.

Research has shown that tumor cells can acquire the ability to sense and migrate towards
chemokines or growth factors (chemotactic/directional migration)3?¢. Our results showed
that SF induced directional cell migration and invasion in cervical squamous carcinoma cells.
This directional cell migration and invasion has been shown in other models of carcinoma. A
study by Biswenger et al (2018) showed that EGF induced directional migration of MDA-MB-
231 cells??’. In a study using colorectal cancer cells, Lysophosphatidylserine was shown to
stimulate directional migration via the PI3K/Akt pathway3?%. Therefore, in our study, it is likely
that components in SF may cause cervical squamous carcinoma cells to migrate and invade

towards SF.

For cancer cells to invade they need to pass through the dense extracellular matrix (ECM).
Cancer cells require the proteolytic activity of ECM modifying enzymes to invade surrounding
tissue. Our study shows that SF induces MMP-2 and MMP-9 mRNA expression in both SiHa

and Me180 cells. In a study using adenocarcinoma cells, SF (1:50) treatment was shown to
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inhibit MMP-2 but significantly stimulated MMP-9 mRNA expression3%. In a study by Guo et
al (2019), it was reported that SF significantly induced the protein expression of MMP-9 in
Hela cells?®. Though differences in MMP-2 induction by SF have been reported, our result as
well as others show that SF upregulates MMP-9 in adenocarcinoma and squamous carcinoma
cell lines. Our results also showed a rapid induction of MMP-9 at 4-8hrs SF treatment which
subsided at 16hrs. This SF-induced rapid induction followed by a dramatic drop is not
uncommon for SF and has been previously shown in other genes such as IL-8, VEGF and COX-

2 after 8hrs SF treatment in cervical adenocarcinoma cells?73:330,

In summary, this study reports that SF promotes cervical squamous carcinoma cell proliferation,
actin organization, EMT, migration and invasion. Our results show that SF plays a role in
enhancing the migratory and invasive potential of cervical squamous carcinoma cells and that
this associates with the induction of EMT. These findings together implicate SF as a possible
factor that may drive migration and invasion in invasive cervical cancer in sexually active
women. Given the fact that SF is rich in a host of signaling molecules, elucidating the
mechanism of SF induced proliferation, EMT and migration would be beneficial in the

understanding of the effects of SF on tumorigenesis in sexually active women.
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Chapter 4:

Signaling pathways involved in SF mediated proliferation, EMT and
migration in cervical squamous carcinoma cells

4.1 INTRODUCTION

Research in the past few decades identified SF as an important regulatory component needed
to promote reproductive success. The cervix is the first site that interacts with SFin the female
reproductive tract (FMRT) during coitus33!. Evidence has shown that the bioactive molecules
in SF interact with the epithelial cells and immune cells in the mucosal lining of the FMRT. This
occurs when the bioactive molecules of SF bind to receptors of target cells and subsequently
initiate signal transduction pathways that activate direct, immediate effects on the cells or
induce delayed response through gene expression?°. Exposure of cervical cells to SF stimulates
various gene expression that play a role in cytokine signaling, inflammation, antigen
presentation and leukocyte migration331, The signaling transduction induced by SF in cervical
epithelial cells plays a pivotal role in fertilization however, extend beyond fertility because

these agents may also induce signaling pathways in neoplastic cervical cells.

Previous work in our laboratory demonstrated that SF induced the cyclooxygenase (COX)-PG
pathway through the upregulation of both COX-1 and COX-2 as well as the upregulation of
the E-series prostaglandin receptors (EP1, EP3 and EP4)?’%. The role of cyclooxygenases and
prostaglandins in cancer related inflammation has been extensively studied in various cancers
including cervical cancer3*2. The cyclooxygenases exist in two main isoforms namely, COX-1

and COX-2. A number of studies have shown the aberrant expression of COX-2 in several
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cancers33, Unlike, COX-2, the role of COX-1 in cancer is not well described as yet. Known to
be constitutively expressed in various cell types, COX-1 was known to play a role in homeostatic
cell function33*. However, increasing evidence has shown that COX-1 expression is elevated
in cancers including breast 33 and prostate cancer33®. A previous study in our laboratory
showed that both COX-1 and COX-2 expression was elevated in squamous carcinoma and
adenocarcinoma cells of the human cervix?>3. This evidence suggests that both COX isoforms

may have a role in cervical tumorigenesis.

In addition to the COX pathway, SF has been shown to activate other signaling pathways that
have been implicated in tumorigenesis. In a previous study by Muller et al. (2006), it was
shown that SF activates the ERK1/2 pathway via the EGFR and EP4 receptors and that this
activation leads to COX-2 and VEGF expression?’3.ERK1/2 is a kinase that belongs to the
mitogen-activated protein kinases (MAPK) family. In tumorigenesis, the ERK1/2 signaling
pathway is known to play a role in survival and proliferation®*’. In the non-oncogenic state
MAPK is tightly regulated to ensure activation and de-activation of ERK1/2 to meet
requirements of cell growth and morphology338. However, in cancer the dysregulation of the
MAPK cascade results in a chronically activated ERK1/2 that persistently stimulates aberrant
cell growth!%. The role of ERK1/2 in regulating cell growth and differentiation has been
shown; however, a number of studies have also implicated ERK1/2 in cell migration, invasion

and metastasis337339,

With human SF being a complex biological fluid rich in array of bioactive molecules such as
PGE2, EGF, TGF-B and various cytokine and chemokines?3!; it is no surprise that its interaction

with receptors on target cells leads to the activation of various signaling pathways in the

87



FMRT. Extensive research in our laboratory has identified oncogenic signaling pathways
activated by SF in cervical adenocarcinoma cells. In this study we aim to investigate whether
COX-1, COX-2, EGFR, and ERK1/2 signaling pathways play a role in SF mediated cell
proliferation, actin cytoskeletal rearrangement, EMT and migration. This was achieved
through the use of small molecule inhibitors of COX-1 (SC560), COX-2 (NS398), EGFR (AG1478)
and ERK1/2 (PD98059) as well as, E-series prostaglandin receptor antagonists that were used

to monitor SF-induced biological effects.
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4.2 RESULTS

4.2.1 SF induced cell proliferation in cervical squamous carcinoma cell lines is
mediated via COX-1 and ERK pathways

Having established that SF significantly enhances cell proliferation at 72hrs in squamous
carcinoma cell lines, next we investigated the signal transduction pathways required for SF
induced proliferation using a panel of small molecule inhibitors. Briefly, cells were plated in a
96-well plate in triplicate, media was removed after 24hrs and cells were treated with SF or
vehicle in the absence or presence of chemical inhibitors of COX-1 (SC560), COX-2 (NS398),
EGFR (AG1478) and ERK1/2 (PD98059) in 0.1% FBS DMEM media. Cell viability was measured
using the MTT Assay. Absorbance readings for SF in the presence of chemical inhibitors were
normalized to absorbance readings of the chemical inhibitors only and plotted relative to

control.

Our results show that SF significantly induced cell proliferation after 72hrs as compared to
control. The COX-1 inhibitor (SC560) and ERK1/2 inhibitor (PD98059) significantly inhibited SF
induced cell proliferation in both SiHa and Me180 cell lines. Incubation of SF and selective
COX-2 (NS389) and EGFR (AG1478) inhibitors had no inhibitory effect in both SiHa and Me180
cell lines (Figure 4.1.A, B). These results suggest that SF mediated cell proliferation requires

the activation of the COX-1 and ERK1/2 pathways in cervical squamous carcinoma cell lines.
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Figure 4.1. SF induced cell proliferation is mediated via the COX-1 and ERK1/2 signaling pathways in cervical
squamous carcinoma cells. A) SiHa and B) Me180 cells were treated with SF (1:50) or control (DMSO) in the
presence/absence of chemical inhibitors to COX-1 [SC560, 5uM], COX-2 [NS398, 5uM], EGFR [AG1478, 100nM]
or ERK1/2 [PD98059, 25uM]. Proliferation was monitored after 72hrs. Results shown are the mean +SEM of
experiments performed in triplicate and repeated three independent times. (*or*P<0,05). *=Control vs SF and
#= SF compared to SF + inhibitors.
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4.2.2 SF mediated actin cytoskeleton rearrangement is mediated via the
EGFR, ERK1/2 and COX-1 signaling pathways

The actin cytoskeleton is a dynamic structure that is essential in various cellular functions
such as cellular trafficking, EMT, motility and invasion3*°. The rearrangement of the actin
cytoskeleton is evident in the EMT process. Research has shown that the cortical organization
of actin filaments is characteristic of epithelial cells whereas actin stress fibers are found in
more mesenchymal cells3*1. This actin rearrangement in cancer cells can be activated by

various signaling pathways.

In this study we investigated the signaling pathways required for the SF mediated mesenchymal
morphological change and stress fiber formation. SiHa and Me180 cells were seeded on
coverslips and serum starved for 24hrs. The following day, cells were treated with SF or
vehicle in the presence of chemical inhibitors to COX-1 (SC560), COX-2 (NS398), EGFR
(AG1478) and ERK1/2 (PD98059) for 24hrs after which cells were fixed and stained with
Phalloidin to visualize filamentous actin (F-actin) and Hoechst stain to visualize the nucleus.
Immunofluorescent images were captured for SiHa (Figure 4.2A) and Me180 (Figure 4.3A)

cells and scored for stress fibers.

In SiHa cells, the COX-1 inhibitor (SC560) almost completely inhibited SF-induced morphological
changes (Figure 4.2A). Quantification of the percentage of cells with stress fibers showed a
marked reduction of cells with stress fibers in cells treated with the COX-1 inhibitor (SC560,
83% reduction) as compared to SF only (Figure 4.2B). In cells treated with the EGFR inhibitor
(AG1478) or the ERK1/2 inhibitor (PD98059), immunofluorescent images showed a
combination of both cobble- stone and spindle-like (mesenchymal) cells. Quantification of cells

with stress fibers showed a reduction of cells containing stress fibers in cells treated with
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AG1478 (45% reduction) or PD98059 (50% reduction) as compared to SF only. Addition of the
COX-2 inhibitor (NS398) to SF stimulated cells had no effect on SF-induced morphological changes
and stress fiber formation (Figure 4.2B). Similar results were observed in Me180 cells, where
treatment with the COX-1 inhibitor (SC560) blocked SF induced cell morphology changes
(Figure 4.3A) and stress fiber formation (92% reduction) as compared to SF only. A mixed
morphology was observed in cells treated with the EGFR inhibitor (AG1478) or the ERK1/2
inhibitor (PD98059) with a subsequent reduction in the percentage of cells with stress fibers
in AG1478 (34.7% reduction) and PD98059 (35% reduction) treated cells as compared to SF
only. Similarly, treatment with the COX-2 inhibitor (NS398) showed no inhibitory effect on SF
mediated cell morphology and stress fiber formation (Figure 4.3B). No alteration in cell
morphology and stress fiber formation was observed between control cells and cell treated
with the chemical inhibitors in the absence of SF (Appendix Il). These results demonstrate
that SF mediated actin cytoskeleton rearrangement requires the activation of the EGFR,

ERK1/2 and COX-1 signaling pathways but does not require the COX-2 pathway.
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Figure 4.2. SF induced actin cytoskeleton rearrangement is mediated via the EGFR, ERK1/2 and COX-1 signaling
pathways in SiHa cells. A) Representative immunofluorescent images of SiHa cells stained with Phalloidin (cy3)
for F-actin and Hoechst (blue) for the nuclei following treatment with SF (1:50) or control (DMSO) in the presence
of chemical inhibitors to COX-1 [SC560, 10uM]; COX-2 [NS398, 10uM]; EGF receptor [AG1478, 200nM] and
ERK1/2 [PD98059,50pM] for 24hrs. Scale bar= 20pm, Magnification= 630X. B) Quantification of the percentage
of cells with stress fibers per treatment condition (300 cells were scored per condition). Experiments were
performed three independent times.
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Figure 4.3. SF induced actin cytoskeleton rearrangement is mediated via the EGFR, ERK1/2 and COX-1 signaling
pathways in Me180 cells A) Representative immunofluorescent images of Me180 cells stained with Phalloidin
(cy3) for F-actin and Hoechst (blue) for the nuclei following treatment with SF (1:50) or control (DMSO) in the
presence of chemical inhibitors to COX-1 [SC560, 10ptM]; COX-2 [NS398, 10uM]; EGF receptor [AG1478, 200nM]
and ERK1/2 [PD98059,50uM] for 24hrs. Scale bar= 20um, Magnification= 630X. B) Quantification of the
percentage of cells with stress fibers per treatment condition (300 cells were scored per condition). Experiments
were performed three independent times.
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4.2.3 Investigating the signal transduction pathways associated with SF
induced EMT transcription factors Snail, Twist or ZEB1 in squamous
carcinoma cells

The EMT program is orchestrated through the activation of key EMT transcription factors
(EMT-TFs) of the Snail, Twist and ZEB families. The Snail and ZEB transcription factors directly
inhibit E-cadherin whilst the Twist transcription factor indirectly inhibits E-cadherin but is
known as a potent mesenchymal marker inducer3!8, The activation of any one of these
transcription factors drives EMT through the repression of epithelial markers and the
upregulation of mesenchymal markers3*?.Various signaling pathways can activate EMT
including TGF-B, EGFR, Notch, MAPK and Wnt signaling, among others318343344 Earlier results
showed that SFinduced the mRNA expression of the EMT-TFs Snail and ZEB1 at 4hrs and Twist
at 8hrs. Therefore, in this study, we investigate which signaling pathways are involved in SF

mediated Snail, Twist and ZEB1 upregulation.

4.2.3.1 SF induced Snail mRNA expression involves the COX-1 and ERK1/2
signaling pathways

In order to investigate the signaling pathways mediating SF induced Snail mRNA expression,
SiHa and Me180 cells were pre-treated with inhibitors of COX-1 (SC560), COX-2 (NS398), EGFR
(AG1478) or ERK1/2 (PD98059) for 1hr followed by stimulation with SF or vehicle (DMSO) for
4hrs and gene expression analysed by RT-qPCR. In both SiHa and Me180 cells a significant
difference was observed for the inhibitor only control as compared to the control
(Figure 4.4. A, B). To correct for the response of the chemical inhibitors, percentage inhibition
for each chemical inhibitor was calculated by comparing the inhibition by the inhibitor only

with the control(un-treated) and the effect of inhibitor in the presence of SF in comparison
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to SF stimulation (see Equation 1). In SiHa cells, results showed that SF induced Snail
upregulation was inhibited by COX-1 (SC560) and ERK1/2 (PD98059) inhibitors where the
percentage inhibition was 27% and 19%, respectively, which was statistically significant (Table
4.1). Treatment with COX-2 (NS398) or EGFR (AG1478) inhibitors showed no inhibition of SF
mediated Snail upregulation. In Me180 cells, treatment with SC560 blocked SF mediated Snail
upregulation by 79%. In addition, treatment with PD98059 inhibited SF induced Snail
upregulation with an inhibition of 14%, which was statistically significant. Similar to SiHa cells,
treatment with COX-2 (NS398) and EGFR (AG1478) inhibitors had no effect on SF mediated
Snail upregulation in Me180 cells (Table 4.1). In particular, Me180 cells showed a higher
sensitivity to the COX-1 inhibitor in comparison to SiHa cells. Taken together these results
suggest that SF induced Snail upregulation in SiHa and Me180 cells involves the COX-1 and

ERK1/2 signaling pathways and do not involve COX-2 and EGFR pathways.
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Figure 4.4. SF induced Snail upregulation involves the COX-1 and ERK1/2 signaling pathways. A) SiHa and B)
Me180 cells were pre-treated with inhibitors SC560 [10uM], NS398 [10uM], AG1478 [200nM] or PD98059
[50uM] for 1hr followed by stimulation with SF (1:50) or control (DMSOQ) for 4hrs. Chemical inhibitor in the
absence of SF were included as controls. Samples were standardized to the house keeping gene B-glucuronidase

(GusB). Data are represented as mean + SEM from three independent experiments. (*P<0,05).

96



Table 4.1: Percentage inhibition of SF induced Snail mRNA expression by chemical inhibitors
(taking into account the chemical inhibitor only effects)

Chemical inhibitors SiHa Mel180
Percentage Inhibition Percentage inhibition

SC560 27% 79%

NS398 no inhibition no inhibition

AG1478 no inhibition no inhibition

PD98059 19% 14%

Equation1: % Inhibition = [(1 - (W)) x 100] - [(1 - (’"”“’“‘"’) ) x 100]

Control

4.2.3.2 SF induced Twist mRNA expression involves the COX-1 and ERK1/2
signaling pathways

To investigate which signaling pathways are associated with SF induced Twist mRNA
expression, SiHa and Me180 cells were pre-treated with the inhibitors of COX-1 (SC560), COX-
2 (NS398), EGFR (AG1478) or ERK1/2 (PD98059) for 1hr followed by an 8hr stimulation with
SF or vehicle control. Similarly, percentage inhibition was calculated to correct for the
inhibition of the chemical inhibitors on their own (Figure 4.5A, B). In SiHa cells, the results
showed that SF mediated Twist upregulation was significantly inhibited by SC560 and
PD98059 with an inhibition of 40% and 37%, respectively (Table 4.2). Similar to Snail mMRNA
results, SF mediated Twist upregulation was unaffected by treatment with inhibitors of COX-
2 (NS398) or EGFR (AG1478). In Me180 cells, SF mediated Twist upregulation was significantly
inhibited by treatment with the COX-1 inhibitor (SC560) with an inhibition of 50%. In addition,
SF mediated Twist upregulation was inhibited by treatment with PD98059, showing an
inhibition of 15%, which was statistically significant. Treatment with NS398 or AG1478
showed no inhibition of SF mediated Twist induction in Mel180 cells (Table 4.2). Taken

together, our results show that SF induced Twist upregulation in SiHa and Me180 cells is
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mediated via the COX-1 and ERK1/2 signaling pathways and do not involve the COX-2 and

EGFR pathways.
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Figure 4.5. SF induced Twist upregulation is mediated via COX-1 and ERK1/2 signaling pathways. A) SiHa and
B) Me180 cells were pre-treated with inhibitors SC560 [10uM], NS398 [10uM], AG1478 [200nM] or PD98059
[50uM] for 1hr followed by stimulation with SF (1:50) or control (DMSQ) for 8hrs. Chemical inhibitor in the
absence of SF were included as controls. Samples were standardized to the house keeping gene B-glucuronidase

(GusB). Data are represented as mean = SEM from three independent experiments. (*P<0,05).

Table 4.2: Percentage inhibition of SF induced Twist mRNA expression by chemical inhibitors
(taking into account the chemical inhibitor only effects)

Chemical inhibitors SiHa Me180
Percentage Inhibition Percentage inhibition

SC560 40% 50%

NS398 no inhibition no inhibition

AG1478 no inhibition no inhibition

PD98059 37% 15%
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4.2.3.3 SF induced ZEB1 mRNA expression involves the COX-1 or COX-2, EGFR
and ERK1/2 signaling pathways

To identify the signal transduction pathways involved in SF mediated ZEB1 upregulation, SiHa
and Me180 cells were pre-treated with chemical inhibitors for 1hr followed by stimulation
with SF or vehicle for 4hrs and gene expression was analysed by RT-gPCR. Similar to the other
EMT transcription factors, our results show that the chemical inhibitors in the absence of SF
had an inhibitory effect on ZEB1 mRNA expression, therefore percentage inhibition was
calculated to correct for the inhibition of the chemical inhibitors on their own
(Figure 4.6.A, B). In SiHa cells, SF meditated ZEB1 upregulation was inhibited by treatment
with COX-1 (SC560) and EGFR (AG1478) inhibitors at 69% and 49% respectively. In addition,
upregulation of ZEB1 induced by SF was significantly inhibited by inhibitors of COX-2 (NS398)
and ERK1/2 (PD98059). Inhibition quantification showed a marked inhibition of 98% for
NS398 and an inhibition of 11% for PD98059 which was statistically significant (Table 4.3). In
contrast, Me180 cells treated with SC560 showed a minor inhibition of SF mediated ZEB1
upregulation with an inhibition of 5% however, treatment with the COX-2 (NS398) and EGFR
(AG1478) inhibited SF mediated ZEB1 upregulation with inhibitions of 74% and 85%
respectively. Furthermore, SF induced ZEB1 mRNA expression was inhibited by treatment
with PD98059 showing an inhibition of 9%, which was statistically significant (Table 4.3).
Taken together our results suggest that SF induced ZEB1 upregulation is mediated via EGFR,
COX-1 or COX-2 signaling pathways and may involve ERK1/2 signaling to a less extent.
Common amongst all the investigated EMT transcription factors is the involvement of either
COX-1 or COX-2 and ERK1/2 signal transduction pathways. Therefore, we further investigated

the possible role of these signaling pathways in SF-mediated EMT.
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Figure 4.6. SF induced ZEB1 upregulation is mediated via COX-1 and ERK1/2 signaling pathways. A) SiHa and
B) Me180 cells were pre-treated with inhibitors SC560 [10uM], NS398 [10uM], AG1478 [200nM] or PD98059
[50uM] for 1hr followed by stimulation with SF (1:50) or control (DMSQ) for 4hrs. Chemical inhibitor in the
absence of SF were included as controls. Samples were standardized to the house keeping gene B-glucuronidase

(GusB). Data are represented as mean = SEM from three independent experiments. (*P<0,05).

Table 4.3: Percentage inhibition of SF induced ZEB1 mRNA expression by chemical inhibitors
(taking into account the chemical inhibitor only effects)

Control
Inhibitor

SF

SF+ inhibitor

Chemical inhibitors SiHa Me180
Percentage Inhibition Percentage inhibition
SC560 69% 5%
NS398 98% 74%
AG1478 49% 85%
PD98059 11% 9%
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4.2.4 SF induced Snail, Twist and ZEB1 upregulation is mediated via the EP4
receptor

COX enzymes with PG synthase enzymes are known to catalyze the rate limiting step in the
conversion of arachidonic acid to prostaglandins such as PGE23%. PGE2 then initiates its
effects through autocrine/paracrine signaling via the E-series receptors (EP1-EP4)346,
Interestingly, several studies have shown that EP receptors, particularly EP2 and EP4, are
upregulated in cervical and endometrial carcinomas implicating them in carcinogenesis?°3248:347,348
Previous research from our laboratory elucidated a role for PGE2 signaling via EP2 or EP4 by
SF in cervical adenocarcinoma cells?’273, Having observed the inhibition of SF mediated EMT-
TFs upregulation by either COX-1 or COX-2 inhibitors, it was hypothesized that the activation

of Snail, Twist or ZEB1 could be occurring via the EP2 or EP4 receptors.

To determine a role of EP2 or EP4 in SF mediated EMT signaling, SiHa and Me180 cells were
pre-treated with EP2 antagonist (AH9809) or EP4 antagonist (L-161.982) for 1hr followed by
stimulation with SF or vehicle for 4hrs (Snail and ZEB1) or 8hrs (Twist) after which RT-qPCR
was used to investigate Snail, Twist and ZEB1 mRNA expression. In both SiHa and Me180 cells,
no inhibitory effect on SF induced Snail, Twist and ZEB1 induction in the presence of the EP2
receptor antagonist (AH9809) was observed (Figure 4.7A, B). However, in both SiHa and
Me180 cells SF induced Snail, Twist and ZEB1 mRNA expression was significantly blocked by
treatment with the EP4 antagonist (L-161.982) (Figure 4.8A, B). Together these results reveal
that SF induced Snail, Twist and ZEB1 mRNA expression in SiHa and Me180 cells requires the
activation of the EP4 receptor but not EP2 receptor activation. Furthermore, seminal fluid
PGE2 may be one of the possible ligands involved in SF induced Snail, Twist and ZEB1

upregulation.
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Figure 4.7. EP2 antagonist has no inhibitory effect on SF mediated Snail, Twist and ZEB1 upregulation. A) SiHa
and B) Me180 cells were treated for 4hrs (Snail, ZEB1) or 8hrs (Twist) with SF (1:50) or control (DMSO) in the
presence/absence of EP2 antagonist [AH6809; 20uM] and mRNA expression determined by RT-qPCR. Samples
were standardized to the house keeping gene B-glucuronidase (GusB). Data are represented as mean+SEM of
experiment performed in triplicate and repeated three independent times. (**P<0,01).
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Figure 4.8. EMT-TFs mRNA expression is regulated by SF via EP4 receptor in cervical squamous carcinoma cells.
A) SiHa and B) Me180 cells were treated for 4hrs (Snail, ZEB1) or 8hrs (Twist) with SF (1:50) or control (DMSO)
in the presence/absence of EP4 antagonist [L-161.982; 20uM] and mRNA expression determined by RT-qPCR.
Samples were standardized to the house keeping gene B-glucuronidase (GusB). Data are represented as mean+t
SEM of experiment performed in triplicate and repeated three independent times. (**P<0,01).
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4.2.5 PGE2 induces the expression of Snail, Twist and ZEB1 mRNA expression
in cervical squamous carcinoma cells

Having identified the role of the EP4 receptor in SF mediated EMT transcription factor
induction, next we investigated whether PGE2 induced the upregulation of EMT-TFs Snail,
Twist and ZEB1 similar to SF. Since the activation of E-series receptors such as EP4 occurs via
PGE2 binding, it was hypothesized that PGE2 present in SF could be activating the signaling
pathway via the EP4 receptor. With SF containing a host of biological molecules such as
prostaglandins and growth factors, these molecules can bind receptors on target cells such as
cervical carcinoma cells. In addition, PGE2 is abundant in SF with levels that are 10 000 times

higher than that observed in tissue during an acute inflammatory response34°.

To investigate the role of PGE2 on Snail, Twist and ZEB1 mRNA expression; SiHa and Me180
cells were treated with vehicle or PGE2 [300nM] for 4, 8, 16 and 24hrs after which RT-qPCR
was used to analyze gene expression. In SiHa cells, results showed that PGE2 significantly
upregulated Snail, Twist and ZEB1 expression with peak induction observed at 8hrs for Twist
and ZEB1, while peak induction was observed at 8 and 16hrs for Snail (Figure 4.9A). Similarly,
PGE?2 significantly upregulated Snail, Twist and ZEB1 mRNA expression in Me180 cells with
peak induction observed at 8hrs (Figure 4.9B). Together this data suggests that PGE2 induces
the mRNA expression of Snail, Twist and ZEB1 in cervical squamous carcinoma cells. For all
future experiments, 8hr PGE2 treatment was used to further investigate EMT-TFs mRNA

expression.
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Figure 4.9. PGE2 treatment induces Snail, Twist and ZEB1 mRNA expression in cervical squamous carcinoma
cells. Relative Snail, Twist and ZEB1 mRNA expression in A) SiHa and B) Me180 cells treated with PGE2 [300nM]
for 4, 8, 16 and 24hrs compared to vehicle (PBS) as determined by RT-qPCR. Samples were standardized to the

house keeping gene B-glucuronidase (GusB). Results shown as mean + SEM of experiments performed in
triplicate and repeated three independent times. (*P<0,05).
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4.2.6 PGE2-stimulated Snail, Twist and ZEB1 mRNA expression is via the EP4
receptor and mediated via the ERK1/2 signaling pathway

Our earlier results showed that the common signaling pathways involved in SF upregulation
of Snail, Twist or ZEB1 were the COX-1 or COX-2 and ERK1/2 signaling pathways and that this
effect was occurring via the EP4 receptor. It was also shown that PGE2 induces Snail, Twist
and ZEB1 mRNA expression. Previous research in our laboratory showed that treatment of
adenocarcinoma cells with SF or PGE2 activates ERK1/2 signaling via the EP4 receptor?’3. In
this study, we investigated whether the EP4 receptor and ERK1/2 signal transduction

pathways have a role in PGE2 mediated Snail, Twist and ZEB1 upregulation.

SiHa and ME180 cells were treated with PGE2 or vehicle in the absence/presence of an EP4
antagonist (L-161.982) or PD98059 (ERK1/2 inhibitor) for 8hrs and analysed by RT-gPCR. In
both SiHa and Mel80 cells, our results show that treatment with the EP4 antagonist
(L-161.982) completely blocked PGE2 mediated Snail, Twist and ZEB1 upregulation. In
addition, treatment with the inhibitor of ERK1/2 (PD98059) also blocked PGE2 induced Snail,
Twist and ZEB1 upregulation in both SiHa and Me180 cells (Figure 4.10. A, B). This result shows
that PGE2 upregulation of Snail, Twist and ZEB1 is via the EP4 receptor and is mediated by the

ERK1/2 signaling pathway.

In summary, we postulate that SF induced Snail and Twist upregulation involves the EP4
receptor, ERK1/2 and COX-1 signaling pathways while ZEB1 upregulation involves EP4, EGFR,
ERK1/2 and COX-1 or 2 signaling pathways and that endogenous PGE2 synthesized by COX
enzymes and exogenous PGE2 present in SF can regulate Snail, Twist and ZEB1 expression in

cervical squamous carcinoma cells.
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Figure 4.10. PGE2 mediated Snail, Twist and ZEB1 mRNA induction occurs via EP4 receptor and ERK1/2
signaling pathway in cervical squamous carcinoma cells. Relative Snail, Twist and ZEB1 mRNA expression in A)
SiHa and B) Me180 cells treated with control (DMSO) or SF (1:50) in the absence/presence of the chemical
inhibitor of ERK1/2 [PD98059; 50uM] and EP4 antagonist [L-161.982; 20uM] as determined by RT-qPCR. Samples
were standardized to the house keeping gene B-glucuronidase (GusB). Results shown as mean + SEM of
experiments plated in triplicate and repeated three independent times. (*P<0,05).
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4.2.7. SF stimulated migration is mediated via the EGFR, ERK1/2 and COX-1/2
signaling pathways.

Here we investigated the signaling transduction pathways required for SF-stimulated
directional migration by using previously investigated chemical inhibitors of COX-1 (SC560),
COX-2 (NS398), EGFR (AG1478) and ERK1/2 (PD98059) and monitoring migration by transwell
migration assay. The effect of cell death was excluded by exposing cells to chemical inhibitors
for 8hrs and normalizing the quantified results to parallel MTT viability assay readings.
Representative images of migrated cells were captured using phase contrast microscopy
(Figure 4.11A). In SiHa cells, quantified results showed a significant reduction in SF mediated
cell migration in cells treated with inhibitors of COX-1 (SC560), COX-2 (NS398), EGFR (AG1478)
and ERK1/2 (PD98059). Similar results were observed in Me180 cells, where SF mediated
directional migration was significantly inhibited by inhibitors of COX-1, COX-2, EGFR, and
ERK1/2 (Figure 4.11B). No difference in cell migration was observed between control (DMSO)
cells and cells treated with the chemical inhibitors in the absence of SF (Appendix Il). Together
these results suggest that SF mediated directional migration requires the activation of EGFR,

ERK1/2 and COX-1/2 signal transduction pathways.
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Figure 4.11. SF mediated directional migration occurs via the EGFR, ERK1/2 and COX-1/2 pathways. A)
Representative images of transwell migration assay showing SiHa or Me180 cells that migrated through the
membrane towards SF (1:50) following an 8hr pre-treatment with SC560 [10puM], NS398 [10uM], AG1478
[200nM] or PD98059 [50uM]. Magnification=x100, Scale bar=0,2pm. B) Quantification of transwell migration
assay showing SiHa and Me180 cell migration towards SF post treatment with SC560, NS398, AG1478 and
PD98059 treatment, normalized to MTT viability and plotted relative to control. Results shown are mean +SEM
of experiments performed in triplicate and repeated three independent times. (*P<0,05) and (**or*P<0,01).
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4.3 DISCUSSION

Cancer is a disease characterized by genetic and epigenetic mutations that give cells the
ability to proliferate uncontrollably and drive the hallmarks of cancer'®4’. Many of these
mutations result in a dysregulation of various signaling transduction pathways that control
cell division, cell fate and cell motility'®. Signaling pathways that have been shown to be
dysregulated and implicated in cancer progression include the EGFR3>9, COX-PG3343>1 p|3K103
and ERK1/2'2> pathways. In addition to the dysregulated signaling pathways in cancer, cervical
neoplastic cells can be further regulated by exogenous factors found in SF during coitus.
Indeed, previous research in our laboratory showed that SF activated IL-8 and Gro-a
chemokines through the EGFR, ERK1/2, COX-PG and NF-kB signaling pathways in cervical

adenocarcinoma cells?’8

. Muller et al. (2006) demonstrated that SF promoted the expression
of tumorigenic and angiogenic genes in cervical adenocarcinoma cells through the activation
of the EP4 receptor, EGFR and ERK1/2 signaling pathways?’3. Previous research has also
shown that SF induces the EP2 receptor, EGFR and PI3K/AKT signaling pathways leading to
the production of IL-1a in cervical adenocarcinoma cells?’®. Therefore, in our study we
investigated whether signaling via EP receptors, EGFR, COX-1/2 and ERK1/2 shown to be

activated by SF in adenocarcinoma cells, plays a role in SF mediated cell proliferation, actin

rearrangement, EMT and migration in cervical squamous carcinoma cells.

Our study showed that SF induced cell proliferation is mediated via the COX-1 and ERK1/2
signaling pathways in both SiHa and Me180 cells. In contrast, EGFR and COX-2 were shown to
not have a role in SF mediated cell proliferation. Previous work in our laboratory showed that
SF (1:100) enhances adenocarcinoma cell proliferation via the COX-2 pathway where COX-1

inhibition showed marginal inhibition of cell proliferation?’”’. Differences in results may be
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attributed to cell line specific effects. The role of MAPK-ERK1/2 signaling in promoting cell
proliferation and survival in cancer has been well established®>2. In line with our study, a study
by Guo et al (2019) showed that SF significantly enhanced cell proliferation via the ERK1/2
signaling pathway in cervical adenocarcinoma cells?®°. Our study suggests that SF enhances
cell proliferation through the activation of COX-1 and ERK1/2 oncogenic signaling pathways

in cervical squamous carcinoma cells.

We showed that SF mediated actin rearrangement and morphological changes was mediated
via the COX-1, EGFR and ERK1/2 signaling pathways, in both SiHa and Me180 cells. Inhibition
of COX-2 had no inhibitory effect on SF induced morphological changes and stress fiber
formation. In our study inhibition of COX-1 completely blocked the effects of SF on actin
rearrangement while EGFR and ERK1/2 inhibition partially inhibited SF mediated actin
rearrangement in cervical squamous carcinoma cells. This suggests that EGFR and ERK1/2 may
be upstream of COX-1, though further investigation is needed to confirm this. Our study also
suggests that in addition to enhancing cell proliferation, activation of COX-1 and ERK1/2
signaling by SF also leads to actin rearrangement with the additional involvement of EGFR.

This actin cytoskeletal rearrangement is consequent of the activation of EMT.

Our data showed that SF mediated Snail upregulation involved the COX-1 and ERK1/2
signaling pathways. The transcription of Snail is regulated by multiple pathways. Various
pathways such as TGF-/Smad, NF-kB and MAPK/ERK have been shown to stimulate Snail

transcription through direct promoter binding3>3

. In hepatocellular carcinoma cells, the
transcription of Snail was shown to be interrupted by interfering with Smad4 binding to the

Snail promoter3>. In a study that investigated the human Snail promoter region in tumor cells,
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it was shown that Snail promoter activity was dependent on ERK1/2 signaling and that NF-kB
p65 stimulated Snail transcription by binding regions upstream of the Snail promoter3>>,
Previous research in our laboratory has shown the activation of NF-kB, COX1/2 and ERK1/2
signaling pathways by SF in adenocarcinoma cells?’®, Therefore, in the context of our study it
is likely that in addition to COX-1 and ERK1/2 signaling, SF mediated Snail transcriptional

upregulation could be regulated via other signaling pathways e.g., NF-kB.

Similar to Snail, our data showed that SF mediated Twist upregulation involved the COX-1 and
ERK1/2 signaling pathways. In addition to being an EMT inducing transcription factor, Twist
has been implicated in stemness, angiogenesis, invasion and chemo-resistance in a variety of
carcinomas3>®. At a genetic level, the transcription of Twist is modulated by a host of upstream
regulators which include NF-kB3>7, STAT33>%, Smad3*°, hypoxia inducible factor (HIF)-1a3¢°
amongst others, all of which bind the Twist promoter regions. These modulators are activated
by key EMT signaling pathways such as TGF-f3, Wnt, MAPK, PI3K and Notch3®. Similar to what
was observed in SF mediated Snail signaling, it is likely that SF induced Twist upregulation is
mediated via multiple parallel signaling pathways that activate downstream modulators that
bind directly to the Twist promoter. It is also possible that the ERK1/2 signaling pathway could
be activating downstream modulators that activate Snail or Twist transcription. Further
research into alternative pathways and downstream modulators is required to better

understand the mechanism behind SF mediated Snail and Twist upregulation.

We showed that SF mediated ZEB1 was regulated via COX-1 or COX-2, EGFR and ERK1/2
signaling pathways. Complete inhibition was observed with EGFR and COX-1 or COX-2

inhibitors, highlighting a prominent role for EGFR and COX signaling in SF mediated ZEB1

112



upregulation. While a minor effect was observed for ERK1/2 signaling. In line with our
observations, a study by Dohadwala et al (2006), showed the upregulation of ZEB1 mRNA in
COX-2 silenced non-small cell lung carcinoma cells®!. Another study by Bae et al. (2013)
showed the activation of ZEB1 via EGFR-MEK/ERK signaling in lung carcinoma cells*®2. In a
study using prostate carcinoma cells, ZEB1 activation by HGF was shown to be regulated by
the ERK/MAPK signaling pathway3®3. This evidence highlights the role of EGFR, COX and
ERK1/2 signaling pathways in ZEB1 transcriptional regulation. However, similar to other EMT
transcription factors ZEB1 transcription is regulated by several signaling pathways such as
TGF-B, NF-kB, PI3K/AKT, MAPK/ERK and YAP364355 With SF containing an array of bioactive
molecules such as cytokines, TGF- and PGE2, all of which have been implicated as activators
of EMT signaling pathways, our study identifies one possible signaling pathway involved in SF
mediated EMT-TFs induction however it is feasible that SF may be inducing multiple pathways

concurrently to achieve EMT induction.

The inhibition of SF mediated Snail, Twist and ZEB1 by either COX-1 or COX-2 inhibitors in our
study suggested that the effects observed may be mediated via Prostaglandin E-series
receptors (EP), since COX enzymes are responsible for the synthesis of PGE2 which exerts its
effects via EP receptors. Our study confirmed the role of the EP4 receptor in SF mediated
Snail, Twist and ZEB1 upregulation. Treatment with an EP4 antagonist completely abolished
SF mediated Snail, Twist and ZEB1 upregulation in both SiHa and Me180 cells. This marked
inhibition by the EP4 antagonist highlighted a possible role for PGE2 in SF mediated Snail,
Twist and ZEB1 induction. Our study found that treatment with PGE2 significantly upregulated
Snail, Twist and ZEB1 mRNA expression. These findings are in line with a study by Dohadwala

et al (2006) that showed that PGE2 upregulated the expression of Snail and ZEB1 in a dose
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dependent manner in non-small cell lung cancer cell lines3®L. In a study by Jang et al. (2009) it
was shown that exposure of colon cancer cells to PGE2 resulted in an upregulation of Snail
expression and enhanced cell motility 3%. Our data suggests that PGE2 present in SF and
produced endogenously in the FMRT may act as a ligand to the EP4 receptor which in turn
activates downstream signaling pathways that activate the transcription of Snail, Twist and

ZEB1 in squamous carcinoma cells of the cervix.

Research has shown that EP4 receptor activation leads to the activation of downstream
signaling pathways. Unlike the EP2 receptor which signals via the cAMP dependent protein
kinase (PKA) only, EP4 also stimulates non-canonical downstream pathways such as PI3K/Akt
which drives survival and ERK1/2 signaling which drives migration and proliferation3®’.
Activation of the ERK1/2 signaling pathway has been shown to occur via the PI3 protein
kinase®®’. Herein, we showed that PGE2 mediated Snail, Twist and ZEB1 upregulation was
blocked by treatment with the EP4 antagonist and the ERK1/2 inhibitor in cervical squamous
carcinoma cells. In our study, treatment with the ERK1/2 inhibitor completely blocked PGE2
mediated Snail, Twist and ZEB1 while SF mediated Snail, Twist and ZEB1 upregulation was
slightly inhibited by the ERK1/2 inhibitor, highlighting that other factors in SF may be playing
arole in SF mediated EMT-TFs induction. It is therefore likely that the EP4 receptors expressed
on neoplastic cells can be directly activated by PGE2 present in SF and PGE2 produced
endogenously by COX-1/2 enzymes to activate Snail, Twist and ZEB1 transcription via the
ERK1/2 signaling pathway as shown schematically in Figure 4.12, however other signaling

pathways are possibly involved.

114



SEMINAL FLUID

PGE2

)
([ mm o=

[ SC560 ]—1 |cox-‘l|/ ' .
[ NS398 ]—1 |cox-z| ;

v
Transcription

ol Twit (2881
SRR

Figure 4.12. Schematic summary showing the role of SF and its constituent PGE2 in the activation of EMT
transcription factors Snail, Twist and ZEB1 via the EP4, ERK1/2 and COX pathways in cervical squamous
carcinoma cells.

In the present study we further showed that SF mediated directional migration requires the
activation of EGFR, ERK1/2 and COX-1/2 signaling. Besides proliferation and survival, ERK1/2

signaling has been shown to play a role in cell migration and invasion in various cancers

369 370

including breast3%8, gastric®®?, pancreatic3’® and colorectal cancers3’?. Similarly, research has

shown the role of COX-2 signaling in migration and invasion of cancers372374,

In summary, this study found that SF mediated cervical squamous carcinoma cell proliferation
is regulated via COX-1 and ERK1/2 signaling pathways. In addition, SF mediated actin
cytoskeleton rearrangement was shown to be mediated via EGFR, ERK1/2 and COX-1 signaling
pathways. Furthermore, SF mediated Snail and Twist induction was shown to involve COX-1

and ERK1/2 signaling while ZEB1 induction was regulated by EGFR, ERK1/2 and COX-1 or
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COX-2 signaling and that this effect was mediated via the EP4 receptor. We further identified
PGE2 as a ligand involved in SF mediated EMT-TFs induction. Lastly, SF induced directional
migration was shown to be regulated by EGFR, ERK1/2 and COX-1/2 signaling pathways in
cervical squamous carcinoma cells. To our knowledge, our study is a first to identify signaling
pathways involved in SF mediated proliferation, actin rearrangement, EMT and migration in
a cervical squamous carcinoma cell line model. From our data it is evident that SF activates
different pleiotropic signaling pathways at varying extents to mediate proliferation, EMT
induction and migration. With many of these signaling pathways being interconnected,
crosstalk between different pathways is expected. Our study identified the PGE2/EP4/ERK1/2
and COX-1 or COX-2 signaling pathways as playing a role in SF mediated EMT induction. It is
likely that other pathways are also involved since SF contains a plethora of bioactive
molecules that can induce EMT in cervical neoplastic cells. Therefore, future studies using
other inhibitors such as TGF-f, PI3K/AKT or NF-kB inhibitors may identify additional

mechanisms associated with SF mediated EMT in cervical neoplastic cells.

In addition to EMT and motility, SF has also been implicated in cervical cancer inflammation
and angiogenesis. Evidence has shown that the cytokines and chemokines induced by SF in

375 and angiogenesis?’8. Interestingly, mediators

cervical cancer cells may drive inflammation
of inflammation such NF-kB, STAT and AP-1 have been shown to be regulators of cytokine and
chemokine production3’6377, After nuclear import by Karyopherin proteins, these mediators
activate the transcription of various genes that play a role in tumorigenesis?3°. Therefore, the
correct nuclear localization of these mediators is required for the transcription of their target

enes®’8. This localization is controlled by the nuclear-cytoplasmic transport system which has
g

been shown to be dysregulated in cancer and identified as a mediator of inflammation37%:281,
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Chapter 5:

Investigating the effect of a nuclear import inhibitor on seminal
fluid regulated proinflammatory and angiogenic genes in cervical
squamous carcinoma cell lines.

5.1 INTRODUCTION

Inflammation is a normal physiological process used to protect organisms from pathogens
and irritants. Upon activation of the inflammatory process, chemokines and cytokines are
released which activates the innate immune system. This is then followed by a recruitment
of immune cells to the site of injury??®. Once repair or signaling is complete the inflammatory
process is disabled. However, inflammation can be seen as a double edged sword because
the inflammatory response can also drive pathogenesis®’>. When inflammation is persistent
and non-resolving it can become chronic. Indeed, it has been shown that chronic inflammation is
a driving factor in a host of diseases including cardiovascular disease, cancer, diabetes,
arthritis and autoimmune diseases3®. In cancer, inflammation is accepted as a hallmark of
cancer and the inflammatory response is a major feature of carcinogenesis*’. In the tumour
microenvironment (TME), inflammatory cells are present and play a role in releasing
proinflammatory signals. In addition, cancer cells also release large amounts of inflammatory
cytokines and chemokines which activate the recruitment of immune cells therefore further
aggravating inflammation?*’. Key features in cancer related inflammation include the
recruitment of inflammatory cells, the presence of inflammatory messengers such
cytokines and chemokines; the occurrence of tissue remodelling and angiogenesis®®. It is
therefore assumed that the initiation and progression of cancer are promoted by an

inflammatory environment382,
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In 1863, Rudolf Virchow was the first to suggest the link between chronic inflammation and
cancer. Chronic inflammation is characterised by a persistent unresolved immune response
resulting in repeated tissue damage and repair. This unresolved inflammation can lead to DNA
damage and promote carcinogenesis??®38, |n cervical cancer, the major pathogen shown to
drive chronic inflammation is HPV. HPV infects cervical epithelial cells through sexual contact??8.
Though HPV infection can be cleared naturally, a subset of women experience persistent HPV
infection putting them at risk of developing neoplastic lesions or invasive cervical cancer'®,
Chronic inflammation has been shown to drive carcinogenesis by initiating mechanisms which
include an elevated generation of cytokines (IL-1, IL-6 and TNF-a.)®84, chemokines, expression
of oncogenes, cyclooxygenases (COX)?*® and increased expression of proinflammatory
transcription factors- NF-kB38>, STAT33% and AP-13%7. These mechanisms play a role in driving

cell multiplication, angiogenesis, invasiveness, viability and resistance to cancer therapeutics°,

In the FMRT, physiological processes such as menstruation, ovulation and implantation have
been shown to display inflammatory responses3. This inflammatory response is characterized by
an upregulation of cytokines, growth factors and lipids in the FMRT?°6, In normal conditions
this response is tightly regulated, however unresolved inflammation in the FMRT has been
shown to associate with pathologies such as cervical cancer, endometrial cancer and pelvic
inflammatory disease 2%°. In addition to the endogenous inflammatory response, the
inflammatory response in the FMRT can be further regulated by external factors, such as
exposure to seminal fluid (SF) 375269389 SF has been shown to directly interact with cells in
the FMRT. The inflammatory response elicited by SF in the FMRT has been shown to be

256

essential for pregnancy, embryogenesis and implantation®®. In the context of a well-

regulated immune response, the inflammatory response induced by SF may be harmless,
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however, in women with neoplastic lesions repeated exposure to SF during coitus may play a

role in cervical tumorigenesis by creating an inflammatory environment.

Indeed, previous research in our laboratory has shown that SF upregulates proinflammatory
cytokines such as IL-1a, IL-11 and IL-6 in cervical cancer cells and tissue explants?’327°, SF has
also been shown to activate master inflammatory pathways such as PGE2/COX?’® and NF-
kB278 in cervical cancer cells. In addition to proinflammatory factors, SF has been shown to
upregulate angiogenic chemokines (IL-8 and growth regulated oncogene alpha (Gro-a)) and
growth factors (VEGF) in cervical cancer cells?’3. In a study by Sales et al. (2012) it was shown
that SF significantly upregulated IL-8 and Gro-a which occurred via activation of NF-kB
pathway, implicating NF-kB as a possible regulator of angiogenesis?’. In addition NF-kB has
been shown to activate pro-angiogenic genes such as VEGF, CXCL13%, |L-8 and MMP-93%2, In
a study by Xie et al. (2010), blockade of NF-kB activation was shown to suppress angiogenesis
and tumour growth in vivo using human glioblastoma cells. Furthermore, blockade of NF-kB
signaling was shown to inhibit IL-8 and VEGF expression in vitro and in vivo in glioblastoma
cells®®2, In order for NF-kB to activate its target genes it requires nuclear localization3%3.
Similarly, other transcription factors such as STAT33% and AP-13°, that have been associated
with activation of the inflammatory response, also require nuclear localization to initiate their

transcription. This nuclear localization is achieved through nuclear import.

Nuclear-cytoplasmic transport of protein and transcription factors across the nuclear
membrane is a tightly regulated process that is essential for cell function. Nuclear
transportation is mediated by a class of proteins that belong to the Karyopherin family3%. The

Karyopherin beta superfamily is a major class of proteins that transport soluble proteins
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through the nuclear pore complex (NPC)?3. A prominent transport protein which transports
cargoes into the nucleus via the NPC is Karyopherin Beta 1 (KpnB1), also known as Importin
beta. KpnB1 imports specific cargoes into the nucleus independently (Non-classical) or with
the assistance of an adaptor protein, Karyopherin alpha (Kpna)®9773%9 in the classical import
pathway. Interestingly, research has shown that the nuclear-cytoplasmic transport system is
dysregulated in cancer resulting in aberrant localization of various proteins including
oncogenes3’®, KpnB1 expression has been shown to be upregulated in various cancers

242 ovarian, cervical?®®? and gastric cancer?®, Research has also shown that

including prostate
KpnB1 inhibition leads to cell death via apoptosis in cervical cancer cells?®2. KpnB1 is
responsible for the nuclear import of various transcription factors such as NFAT#%1, NF-kB?39,
AP-12%1 cAMP response element binding protein (CREB)?*!, STAT32%° and SOX2%%2. As
previously mentioned, NF-kB and AP-1 are major transcription factors that play a critical role
in proinflammatory signaling. Chemokines and cytokines have been shown to directly activate
NF-kB and AP-1 signaling. Activation of AP-1 has been shown to inflammatory target genes
such as TNF-q, IL-1, IL-6, COX-2 and GM-CSF?2>403, Similarly, the activation of NF-kB initiates
the expression of inflammatory and angiogenic genes such as IL-1, IL-6, TNF-a, COX-2, IL-8,
VEGF and MMPs227:404-406 Therefore, targeting the inhibition of these transcription factors
may be a beneficial approach for inhibiting elevated levels of cytokine and chemokine
production that is associated with cancer. The approach of inhibiting the nuclear entry of
transcription factors as a mode of suppressing inflammatory cytokines has previously been
shown in a study by Liu et al. (2000). In this study a cyclic peptide (cSN50) was used to inhibit

NF-kB nuclear entry which in turn blocked the production of proinflammatory cytokines in

murine mice challenged with lipopolysaccharide (LPS)?3. This highlights the potential of
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targeting nuclear import as an approach for regulating inflammatory and angiogenic cytokine

production.

A novel small molecule inhibitor, INI-43, has been described to inhibit nuclear import
pathways via KpnB1234, Previous work in our laboratory has also shown that INI-43 interferes
with nuclear import of nuclear factor of activated T-cells (NFAT) in cervical cancer cells?®. In
addition, INI-43 has been shown to inhibit cervical cancer cell proliferation in vitro and in vivo,
induce apoptosis, induce a G2/M cell cycle arrest and inhibit inflammatory gene induction?8?,
As NF-kB and AP-1 require KpnB1 for their nuclear import, we hypothesized that INI-43
treatment may abrogate SF induced proinflammatory and angiogenic gene upregulation in
cervical cancer cells. Previous research by Stelma et al. (2017) showed that inhibition of KpnB1
by siRNA and INI-43 inhibits IL-1, IL-6 and TNF-o. expression as well as NF-kB and AP-1
transcriptional activity?38. Therefore, in this study we investigated the effect of INI-43 on SF-
induced proinflammatory and angiogenic gene expression. In addition, we investigated the

effect of SF on NF-kB and AP-1 activity.
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5.2 RESULTS

5.2.1 SF treatment upregulates proinflammatory gene expression in cervical
squamous carcinoma cells

To investigate the effect of proinflammatory and angiogenic gene expression by SF, RT-qPCR
was used to measure mRNA expression after SF treatment in SiHa and Me180 squamous
carcinoma cell lines. Cells were treated with vehicle or SF for 4, 8, 16 and 24hrs after which
the expression of proinflammatory genes including COX-1, COX-2, IL-6, IL-11 and IL-1o was
measured. In SiHa cells, SF significantly upregulated COX-1 and IL-11 mRNA expression at 4hrs
and 8hrs, with peak induction observed at 4hrs for both genes. The gene expression of IL-6
and IL-1a was upregulated at all time points and peak induction was observed at 4hrs SF
treatment. In addition, SF induced COX-2 mRNA expression at 4 and 24hrs with the most

prominent expression observed at 4hrs (Figure 5.1.A).

Similarly, in Me180 cells SF significantly induced expression of COX-1 and IL-6 at all time points
and peak induction was seen at 24hrs and 4hrs respectively. SF significantly upregulated COX-
2 expression at 4hrs and 24hrs with peak induction observed at 24hrs. Furthermore, SF
significantly induced IL-11 and IL-1ac expression with the most prominent upregulation
observed at 4hrs (Figure 5.1.B). Similar to SiHa cells, peak induction of majority of the
proinflammatory genes induced by SF in Me180 occurred at the 4hrs SF treatment timepoint
Together these results suggest that SF significantly induces the expression of
proinflammatory genes. For all future experiments 4hrs SF was used to investigate the effect

of SF on proinflammatory genes.
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Figure 5.1. SF induces proinflammatory gene expression in cervical squamous carcinoma cells. Relative COX-
1, COX-2, IL-6, IL-11, and IL-1ao mRNA expression in A) SiHa and B) Me180 cells treated with SF (1:50) for 4, 8, 16
and 24hrs or vehicle (PBS) as determined by RT-gPCR. Samples were standardized to the house keeping gene B-
glucuronidase (GusB). Data presented as mean + SEM from three independent experiments performed in
triplicate. (*P<0,05).
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5.2.2 SF treatment induces the expression of angiogenic genes in squamous
carcinoma cells

The effect of SF on the expression of angiogenic genes (IL-8, VEGF-A and Gro-a) in SiHa and
Me180 cells treated with vehicle or SF for 4, 8, 16 and 24hrs was monitored by RT-gPCR. In
SiHa cells, results showed a significant induction of IL-8 at 4 and 8hrs SF treatment with peak
induction observed at 4hrs. The gene expression of VEGF-A was significantly induced by SF at
24hrs. In addition, gene expression of Gro-a was significantly upregulated at all time point

with peak induction occurring at 4hrs SF treatment (Figure 5.2.A).

In Me180 cells, similar results were observed where SF induced the gene expression of IL-8 at
4 and 8hrs with the most prominent upregulation occurring at 4hrs. Additionally, SF significantly
induced the expression of VEGF-A at 24hrs. SF mediated Gro-o. gene expression was
upregulation at all time points with the peak induction occurring at 4hrs (Figure 5.2.B).
Together, these results show that SF significantly upregulates the expression of angiogenic
genes. For all future experiments 4hrs SF stimulation was used to investigate IL-8 and Gro-a

while 24hrs was used for VEGF-A.
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Figure 5.2. SF induces angiogenic gene expression in cervical squamous carcinoma cell lines. Relative IL-8,
VEGF-A and Gro-a. mRNA expression in A) SiHa and B) Me180 cells treated with SF (1:50) for 4, 8, 16 and 24hrs
or vehicle (PBS) as determined by RT-gPCR and quantified relative to control. Samples were standardized to the
house keeping gene B-glucuronidase (GusB). Data presented as mean + SEM from four independent
experiments performed in triplicate. (*P<0,05).

125



5.2.3 The effect of SF on KpnB1 expression in cervical squamous carcinoma
cells

Having identified that SF induces the expression of both proinflammatory and angiogenic
genes, and knowing that KpnB1 mediated nuclear import plays a role in the inflammatory
response, we hypothesized that inhibition of KpnB1 by the small molecule inhibitor INI-43
might abrogate the proinflammatory and angiogenic effects induced by SF. Previous research

292 as well as others?42497:400 has shown that KpnB1 expression is elevated in

in our laboratory
various cancers, however the effect of SF on KpnB1 expression has not been determined.

Therefore, experiments were first conducted to determine the effect of SF on KpnB1 mRNA

and protein expression.

5.2.3.1 SF upregulates the expression of KpnB1 expression in cervical
squamous carcinoma cells.

To investigate the effect of SF on KpnB1 mRNA expression, SiHa and Me180 cells were treated
with vehicle or SF for 4, 8, 16 and 24hrs after which gene expression was analysed by RT-
gPCR. Our results revealed a significant upregulation of KpnB1 mRNA expression in SiHa cells
at 4, 8 and 24hrs SF treatment with peak induction observed at 8hrs (Figure 5.3.A). Similar
results were observed in Me180 cells, where results showed a significant upregulation of
KpnB1 mRNA expression after 8, 16 and 24hrs SF treatment, with peak induction occurring at

8hrs SF treatment (Figure 5.3.B).
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Figure 5.3. SF upregulates KpnB1 mRNA expression in cervical squamous carcinoma cells. A) SiHa and B) Me180
cells treated with SF (1:50) for 4, 8, 16 and 24hrs or control (PBS) as determined by RT-qPCR and quantified
relative to control. Samples were standardized to the house keeping gene B-glucuronidase (GusB). Data
presented as mean + SEM from three independent experiments performed in triplicate. (*P<0,05).

Having identified that SF upregulates the mRNA expression of KpnB1, next we investigated
whether this upregulation is also seen in protein expression. Western blot analysis showed
an increased expression of KpnB1l at 8hrs SF treatment for both SiHa and Me180 cells
(Figure 5.4.A, B). This time point correlates with the time point where peak induction was

observed for SF induced KpnB1 mRNA expression.
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Figure 5.4. Western blot analysis of KpnB1 after SF treatment in cervical squamous carcinoma cells. A) SiHa
and B) Me180 cells were treated with vehicle or SF (1:50) for 4,8,16 and 24hrs after which western blot analysis
was used to monitor protein expression of KpnB1l. GAPDH was used as a loading control and densitometry
analysis was normalized to GAPDH. Results shown are representative images of experiments repeated at least

three independent times.
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5.2.4 INI-43 inhibits SF regulated proinflammatory and angiogenic gene
expression in cervical squamous carcinoma cells

Inhibitor of nuclear import-43 (INI-43) is a small molecule inhibitor that inhibits KpnB1-
mediated nuclear transport. This small molecule inhibitor was shown to inhibit nuclear import
of KpnB1-cargoes such as NF-kB, AP-1 and NFAT in cervical cancer cells?®!. In addition, INI-43
was shown to inhibit NF-kB and AP-1 transcriptional activity as well as expression of target
genes including IL-6, TNF-o. and IL-1 in cervical cancer cells?38. Therefore, here we investigated

whether INI-43 could abrogate SF induced proinflammatory and angiogenic gene expression.

5.2.4.1 Determining the ECso of INI-43 in SiHa and Me180 squamous
carcinoma cell lines

Previous research in our laboratory identified INI-43 as an inhibitor of KpnB1 with an ECso of
approximately 10uM. Here we determined the ECso concentration of INI-43 in SiHa and
Me180 cells to be used in subsequent experiments intended to investigate the effect of SF on
the expression of inflammatory and angiogenic genes. SiHa and Me180 cells were treated
with a range of concentrations (0-30uM) of INI-43 and an MTT cell viability assay was used to
analyse absorbance (ODsgsnm). Absorbance values were then used to plot a sigmoidal dose-
response curve (Hill plot) using graph pad prism and the ECso value for INI-43 was determined
(Figure 5.5.). The ECsg value for INI43 in SiHa was 9,77uM and in Me180 the determined INI-

43 ECso was 12,38uM in line with previous studies (Table 5). For all future experiments 5 and

10uM INI-43 as %ECSO and ECso were used to treat cervical cancer cells.
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Figure 5.5. ECso determination of INI-43 in cervical cancer cell line. SiHa and Me180 cells were seeded in
triplicate into 96-well plates. Cells were treated with a range of INI-43 concentration and MTT was added after
48hrs. Absorbance was read at ODsssnm and transformed log[INI-43] graphs were plotted on graph pad prism
where ECso values were determined. Representative sigmoidal dose response curves are shown above. Results
shown are the mean +SEM of experiments performed in triplicate and repeated three independent times.

Table 5.1: ECso values for INI-43

ECso (ULM) | 95% Confidence interval

SiHa 9,77 9,09 -10,49

Me180 12,32 11,61 - 13,08

5.2.4.2. INI-43 abrogates SF regulated proinflammatory and angiogenic gene
expression in cervical squamous carcinoma cells.

Having determined the ECso of INI-43 in SiHa and Me180 cells, next we investigated the effect
of INI-43 on SF induced proinflammatory and angiogenic genes. Previous research in our
laboratory showed that treatment with 10uM INI-43 had a significant inhibitory effect while
lower concentrations such as 5uM had little/no effect on the cell viability of cervical cancer
cell lines?34, Therefore, the INI-43 concentration used to investigate the expression of all
proinflammatory and angiogenic genes, except for VEGF-A, was 10uM. To avoid the effects
of cell toxicity, a concentration of 5uM INI-43 was used to investigate VEGF-A gene expression. To

investigate the effect of INI-43 on SF induced genes, SiHa and Me180 cells were pre-treated
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with 10uM INI-43 for 1hr followed by 4hrs of SF stimulation before gene expression was
analysed by RT-gPCR. For VEGF-A, cells were co-treated with 5uM INI-43 and SF for 24hrs and
gene expression was analysed. In SiHa cells, results showed that INI-43 significantly inhibited
SF mediated induction of COX-1, IL-6 and IL-1a proinflammatory genes by 64%, 66% and 22%
respectively. Treatment with INI-43 completely blocked SF induced COX-2 gene expression.
For angiogenic genes, INI-43 significantly inhibited SF induced IL-8, Gro-a and VEGF-A gene
expression by 64%, 41% and 19% respectively. INI-43 treatment had no inhibitory effect on

SF-induced IL-11 mRNA expression in SiHa cells (Figure 5.6.A).

In Me180 cells, INI-43 treatment completely inhibited SF mediated COX-2, IL-6 and IL-1a
expression. In addition, INI-43 significantly inhibited SF induced COX-1 upregulation with an
inhibition of 60%. For angiogenic genes, INI-43 treatment significantly inhibited SF mediated
VEGF-A expression by 30% and completely blocked IL-8 induction. Interestingly, INI-43
treatment had no inhibitory effect on SF-mediated Gro-o. upregulation in Me180 cells. Similar
to SiHa cells, INI-43 had no inhibitory effect on SF induced IL-11 mRNA expression (Figure 5.6.B).
Together these results show that the KpnB1-associated nuclear import pathways plays a role
in SF mediated induction of proinflammatory (COX-1, COX-2, IL-6 and IL-1a) and angiogenic

(IL-8 and VEGF-A) genes in cervical squamous carcinoma cells.
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5.6. Treatment with INI-43 blocks SF mediated proinflammatory and angiogenic gene expression in cervical
squamous carcinoma cells. A) SiHa and B) Me180 cells were pre-treated with INI-43 (10uM) for 1hr followed by
4hrs stimulation with SF (1:50) or vehicle and mRNA expression was determined by RT-qPCR for COX-1, COX-2,
IL-6,IL-11, IL-1at, IL-8 and Gro-a. genes. Co-treatment with INI-43 (5uM) and SF for 24hrs was performed for
VEGF-A after which gene expression was determined by RT-qPCR. Samples were standardized to the house
keeping gene B-glucuronidase (GusB). Data are represented as mean+ SEM form three independent

experiments. (*P<0.05).
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5.2.5 SF activates the AP-1 (c-Jun) signaling pathway in squamous carcinoma cells.

Having observed the inhibition of SF-induced proinflammatory and angiogenic genes by
INI-43, it was hypothesized that the inflammatory transcription factor, AP-1, reported to be a
KpnB1 cargo?*! may play a role in SF mediated proinflammatory and angiogenic gene
induction. AP-1 has been reported to induce the transcription of inflammatory genes such as
IL-1, IL-6, COX-2, TNF-o. and GM-CSF?2>403, AP-1(Jun/Fos) is a dimeric transcription factor
consisting of one member each from the Jun and Fos families??*. When the AP-1 pathway is
activated, the c-Jun N-terminal Kinase (JNK) phosphorylates c-Jun in the nucleus #%. The c-Jun
component of AP-1 contains a nuclear localization signal (NLS) that has been reported to be
recognized by KpnB1 in the non-classical pathway?*!, however, c-Jun nuclear import is not
confined to KpnB1 only*%. Phosphorylation of c-Jun is indicative of activated AP-1. In order
to investigate the effect of SF on p-c-Jun expression, SiHa and Me180 cells were treated with

vehicle or SF for 4, 8 and 16hrs and protein expression was analysed by western blotting.

Our results show that SF upregulates the phosphorylation status of p-c-Jun as early as 4hrs SF
treatment in both SiHa and Me180 cells (Figure 5.7A, B). In Me180 cells, SF treatment
upregulated p-c-Jun phosphorylation status at 4hrs albeit not to the same extent as observed
in SiHa cells as compared to control. The phosphorylation in Me180 appeared sustained until
16hrs SF treatment (Figure 5.7B). In addition, the results showed an increase in expression of
total c-Jun after 4hrs SF treatment in both SiHa and Me180 cells. AP-1 has been reported to

410 and our results are in line with this. Taken together these

autoregulate its own expression
results show that SF induces p-c-Jun expression therefore activates the AP-1 signaling

pathway.
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Figure 5.7. SF induces p-c-Jun and c-Jun protein expression in cervical squamous carcinoma cells A) SiHa and
B) Me180 cells were treated with vehicle or SF (1:50) for 4, 8 and 16hrs after which western blot analysis was
used to monitor protein expression. Results are a representative western blot showing p-c-Jun and c-Jun
expression at varying time points of SF treatment. GAPDH was used as a loading control. Results shown are
representative images of experiments repeated at least three independent times.
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5.2.5.2 INI-43 does not inhibit SF induced AP-1 activation in cervical
squamous carcinoma cells

To independently determine the activation of AP-1 by SF, AP-1 transcriptional activity was
investigated under SF stimulation. In addition, the effect of INI-43 was tested to investigate
whether KpnB1 inhibition abrogated SF induced AP-1 activity. SiHa and Me180 cells were
transfected with a 4X-AP-1 luciferase promoter-reporter construct containing four AP-1
binding sites?®2. The following day, cells were pre-treated with INI-43 for 1hr followed by 4hrs
SF stimulation after which firefly luciferase activity was measured and quantified relative to
Renilla luciferase readings. Quantified results showed that SF significantly induced AP-1
transcriptional activity within 4hrs of SF treatment in both SiHa and Mel80 cells
(Figure 5.8.A, B). INI-43, however had no inhibitory effect on SF induced AP-1 transcriptional
activity in SiHa and Me180 cells, suggesting that SF mediated AP-1 activation is not mediated

via KpnB1 dependent nuclear import.

>
@

SiHa Me180

(o]
)

(=]
1

N
1

Relative AP-1 luciferase activity
e -

Relative AP-1 luciferase activity
N

- - 10 pM IN143 - pM INI43

- + + SF (4hrs) - + + SF (4hrs)

Figure 5.8 INI-43 does not block SF mediated AP-1 activation in cervical squamous carcinoma cells A) SiHa and
B) Me180 were transfected with 4X-AP-1 Luc reporter construct containing multiple AP-1 binding sites. Cells
were pre-treated with INI-43 (10uM) followed by a 4hr SF (1:50) stimulation and luciferase activity was
measured. Results shown are the mean+SEM of experiments performed in quadruplicate and repeated three
independent times. Luciferase activity was normalized to Renilla readings.(*P<0,05).
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5.2.6 INI-43 inhibits SF activation of p65 NF-kB in cervical squamous
carcinoma cells.

As the majority of the proinflammatory and angiogenic genes we investigated earlier in
response to SF are also NF-kB target genes, we investigated the effect of SF on p65 NF-kB,
which has been reported to be a KpnB1 cargo for nuclear entry. Previous research from our
laboratory has shown that PMA stimulation of p65 NF-kB can be inhibited by INI-43238, hence
in this study we tested the effect of INI-43 on SF induced NF-kB activation. SiHa and Me180
cells were transfected with the NF-kB p65 luciferase promoter-reporter construct that
contains five copies of p65 binding site?3. The following day cells were pre-treated with
IN-143 for 1hr followed by SF stimulation for 4hrs. Fire fly luciferase activity was measured
and quantified relative to Renilla luciferase readings. Our results showed that SF significantly
induced p65 NF-kB transcriptional activity in both SiHa and Mel180 cells. Furthermore,
treatment with INI-43 significantly inhibited SF-induced p65 NF-kB transcriptional activity by
75% in SiHa cells and 69% in Mel180 cells (Figure 5.9.A,B). This result suggests that SF

mediated p65 NF-kB activation is occurring via KpnB1 nuclear import.
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Figure 5.9. INI-43 inhibits SF mediated NF-kB transcriptional activity in squamous carcinoma cells. A) SiHa and
B) Me180 were transfected with an p65 NF-kB or AP-1 luciferase reporter construct containing multiple NF-kB
binding sites. Cells were pre-treated with INI-43 (10uM) for 1hr followed by a 4hr SF (1:50) stimulation and
luciferase activity was measured. Results shown are the mean+SEM of experiments performed in quadruplicate
and repeated three independent times. Luciferase activity was normalized to Renilla readings.(*°"*P<0,05).
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5.2.7 INI-43 blocks SF mediated NF-kB p65 nuclear localization.
We also investigated whether SF had any effect on p65 NF-kB cellular localization. In its

411

inactive state NF-kB localizes to the cytoplasm®**. When cells are stimulated by extracellular

stimuli such as lipopolysaccharides (LPS), phorbol ester (PMA), TNF-a, IL-1 or radiation®!?,
NF-kB is activated and transported into the nucleus for transcription of target genes*3. As
described earlier, KpnB1 is a nuclear import protein that has been reported to import p65

NF-kB into the nucleus. Therefore, we hypothesized that SF may have an effect on

endogenous p65 NF-kB localization since the active NF-kB form is found in the nucleus.

To test this, SiHa and Me180 cells were pre-treated with INI-43 for 1hr followed by treatment
with SF for 4hrs and p65 NF-kB localization was monitored using immunofluorescence.
Localization of p65 NF-kB in cells was categorized into two categories; 1) predominantly
nuclear or 2) predominantly cytoplasmic. Approximately 300 cells were scored per condition
and results plotted. In SiHa cells, control cells showed predominantly cytoplasmic localization
(98%) of p65 NF-kB. Upon stimulation with SF, there was a shift in p65 NF-kB localization
where cells showed a 60% increase in nuclear localization and 40% cytoplasmic localization
(Figure 5.10). A similar result was seen in Me180 cells where a shift in p65 NF-kB localization
to 58% of cells showing nuclear and 42% showing cytoplasmic localization of p65 NF-kB
(Figure 5.11). This indicates that SF treatment stimulates p65 NF-kB nuclear translocation.
INI-43 treatment resulted in p65 NF-kB retention in the cytoplasm in both SiHa and Me180
cells. This indicates that INI-43 has an inhibitory effect on the SF-mediated nuclear transport

of p65 NF-kB in SiHa and Me180 squamous carcinoma cells.
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Figure 5.10. INI-43 inhibits SF mediated nuclear localization of endogenous NF-kB p65 in SiHa cells.. A) SiHa
cells were plated on coverslips and pre-treated with INI43 for 1hr followed by stimulation with SF (1:50) for 4hrs
in the presence of INI43. p65 NF-kB was labelled with cy3 (red) and the nuclei with Hoechst (blue). B)
Immunofluorescence of p65 NF-kB was quantified by scoring 300 cells per condition across 40 images and
categorized as showing “predominantly nuclear” or “predominantly cytoplasmic” staining. Graph showing
percentage of cells with various p65 NF-kB localization category. Scale bar= 20pm, Magnification=400X. Experiments were
repeated three independent times.
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Figure 5.11. INI-43 inhibits SF mediated nuclear localization of endogenous NF-kB p65 in in Me180 cells. A)
Me180 cells were plated on coverslips and pre-treated with INI43 for 1hr followed by stimulation with SF (1:50)
for 4hrs in the presence of INI43. p65 NF-kB was labelled with cy3 (red) and the nuclei with Hoechst (blue). B)
Immunofluorescence of p65 NF-kB was quantified by scoring 300 cells per condition across 40 images and
categorized as showing “predominantly nuclear” or “predominantly cytoplasmic” staining. Graph showing
percentage of cells with various p65 NF-kB localization category. Scale bar= 20pum, Magnification=400X.
Experiments were repeated three independent times.
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5.3 DISCUSSION

Cancer-related inflammation is considered a key hallmark of cancer?’. This relationship was
observed when the administration of non-steroidal anti-inflammatory drugs (NSAIDs),such as
Aspirin, was shown to decrease the risk of developing cancer in various clinical trials*4415,
Other studies have also shown that statins reduce cancer risk in multiple cancers such as
breast cancer, colorectal cancer and hepatocellular cancer by exerting anti-inflammatory
effects*16~418, |n cancer, chronic inflammation has been shown to facilitate tumour progressiont’s,
highlighting the importance of an inflammatory environment in cancer development and

progression.

The initiation of inflammation is characterized by the release of proinflammatory cytokines
(e.g. IL-1, IL-6, TNF-a.) ,chemokines (e.g. IL-8) and the recruitment of immune cells to the site
of infection®4, Unlike wound healing, the inflammation in cancer has been described as non-
resolving and persistent. Many signaling pathways have been implicated as regulators of
cancer related inflammation and they include NF-kB3%°, JAK-STAT®, MAPK/AP-1419420 and
PGE2/COX?*?1. Owing to the relationship between inflammation and tumorigenesis, research
has aimed to target inflammatory regulators as anti-cancer therapeutics. One approach that
has been investigated in our laboratory is targeting the localization of inflammatory transcription

factors by inhibiting their nuclear-cytoplasmic transport.

Nuclear-cytoplasmic transport is an important aspect of normal cell function. The physical
separation of the genome and the cytoplasm by the nuclear envelope creates a requirement
for the shuttling of macromolecules across the nuclear membrane. Separating proteins or

transcription factors from their site of action is a regulatory mechanism used to ensure
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controlled cell signalling and inhibit aberrant activation®??

. While proteins or transcription
factors less than 40KDa can freely shuttle between the nucleus and cytoplasm, larger
molecules require active transport which is facilitated by transport proteins*??423, Many
transcription factors reside in the cytoplasm in an inactive form. Upon stimulation, by various
stimuli, these transcription factors are transported by importins/karyopherins into the
nucleus where transcription of their target genes occurs*?*. This is indeed the case for
transcription factors such as NF-kB3%3, AP-13% and STAT33%* which require nuclear localization
for their transcription. NF-kB and AP-1 are key transcription factors implicated in tumorigenesis
due to the activation of their target genes??>#%>, These target genes activate various signaling
pathways which drive hallmarks of cancer. Activation of NF-kB and AP-1 occurs after nuclear
entry which is achieved through nuclear import. A prominent nuclear import protein reported
to transport AP-1 and NF-kB into the nucleus is Karyopherin beta 1 (KpnB1)?*422, Previous
research by Stelma et al. (2017) has shown that inhibition of KpnB1 by siRNA or INI-43
significantly inhibited NF-kB and AP-1 transcriptional activity and nuclear entry. In addition,
inhibition of KpnB1 significantly inhibited the expression NF-kB and AP-1 target genes?38234,
This lead us to hypothesize that inhibition of KpnB1 by INI-43 could possibly abrogate SF
mediated activation of genes associated with inflammation and angiogenesis. Our study

investigated the effect of INI-43 on SF mediated proinflammatory and angiogenic gene

regulation using cervical squamous carcinoma cells.

Our data showed that SF upregulated the expression of proinflammatory and angiogenic
genes in cervical squamous carcinoma cells. This is in agreement with a study by Sales et al.
(2002) that showed that SF significantly upregulated COX-2 expression in cervical

adenocarcinoma cells?’®. In addition a study by Sharkey et el. (2007) showed that SF
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upregulates inflammatory cytokine (IL-6, IL-8) expression in cervical and vaginal epithelial
cells?®0, Similarly, Sutherland et al. (2012) showed the upregulation of IL-6, IL-11 and VEGF-A
post SF treatment in cervical adenocarcinoma cells?’”. In a more recent study, SF was shown
to induce the expression of IL-1p, IL-6, IL-8, VEGF and MCP-1 at 8hrs SF treatment in cervical
adenocarcinoma cells*?®, Therefore, our study similar to adenocarcinoma cells supports
that SF upregulates proinflammatory and angiogenic genes in cervical squamous

carcinoma cells.

We further found that SF upregulates the mRNA and protein expression of KpnB1 in SiHa and
Me180 cells. KpnB1 expression has been reported to be regulated by E2F in cervical cancer??’.
It is likely that bioactive molecules such as growth factors present in SF may stimulate E2F
activation and E2F target genes such as KpnB1. Further research is required to confirm this

association .

KpnB1 has been identified as inflammatory mediator due to its nuclear import of various
inflammatory transcription factors such as AP-1241, STAT#28, GATA-3%?° and NF-kB23°, Our data
showed that the small molecule INI-43, described as an inhibitor of KpnB1-associated nuclear
import, significantly inhibited SF-induced COX-1, COX-2, IL-6, IL-1a, IL-8, VEGF-A and Gro-oa
expression in SiHa cells. Interestingly, no inhibitory effect was observed in SF-induced IL-11
expression in SiHa cells. In Me180 cells, inhibition of all genes except for Gro-o. and IL-11 was
observed after INI-43 treatment. This is in agreement with a study by Stelma et al. (2017),
that showed that INI-43 treatment inhibited IL-1 and IL-6 gene expression, though the

stimulation used in their study was PMAZ38, Therefore, our results suggest that SF mediated
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proinflammatory and angiogenic gene expression is regulated via the KpnB1 nuclear import
pathway.

Furthermore, we found that SF mediated AP-1 activity was not regulated by the KpnB1l
nuclear import pathway. Our data also revealed an induction of p-c-Jun and c-Jun protein
expression by SF treatment. Treatment with INI-43 had no inhibitory effect on SF mediated
AP-1 activity. It is likely that SF mediated AP-1 activity in cervical cancer is regulated via other
nuclear import proteins such as Transportin, Importin 7 and Importin 9, which have also been
reported to import AP14%°, Nonetheless, our study is the first to show the activation of the

inflammatory mediator; AP-1, in cervical squamous carcinoma cells in response to SF.

In addition, this study showed that SF activates NF-kB signaling which was inhibited by
treatment with INI-43. In line with our observation, a study by Sales et al. (2012) showed the
activation of NF-kB signaling in cervical adenocarcinoma cells in response to SF?’. Our study
is in agreement with a study by Stelma et al (2017) who showed that INI-43 significantly
inhibited NF-kB activity in cervical cancer cell lines, after PMA stimulation?3. Another study
by Yang et al.(2019) demonstrated that KpnB1 inhibition, using Importazole, a small molecule
inhibitor of KpnB1, blocked NF-kB activity in pancreatic cancer cells?*2. This suggests that SF

mediated NF-kB activation requires KpnB1 mediated nuclear import.

Our study further showed that SF induced the nuclear translocation of p65 NF-kB which was
inhibited by INI-43 in both SiHa and Me180 cells. Previous research in our laboratory has also
demonstrated the inhibition of p65 NF-kB nuclear localization by INI-43 treatment in cervical
cancer cells?34234 |n another study by Zhu et al (2018), p65 NF-KB nuclear translocation was

shown to be inhibited by Importazole treatment in glioblastoma cells*?’. Taken together, our

143



study suggests that SF induced proinflammatory and angiogenic gene expression is regulated
by the KpnB1 nuclear import pathways. In addition, it can be postulated that SF induced
proinflammatory and angiogenic gene expression is associated with NF-kB signaling because
inhibition of nuclear import by INI-43 blocked SF induced gene expression and NF-kB nuclear

translocation.

To our knowledge, our study is a first to show that inhibition of KpnB1 associated activities by
INI-43 abrogates SF mediated proinflammatory and angiogenic gene expression in cervical
squamous carcinoma cells and that this inhibition may be associated with NF-kB signaling. We
postulate that, in sexually active women, repeated exposure of neoplastic lesions to SF may
induce an inflammatory response characterized by an upregulation of cytokines and
chemokines which may be regulated via the nuclear import of NF-kB. It should be noted that
INI-43 did not inhibit all SF mediated proinflammatory and angiogenic genes, which suggests
that other inflammatory signaling pathways are involved in SF mediated inflammation. Given
that inflammatory mediators such as NF-kB, AP-1 and STAT3 may be dependent on other
importins for nuclear import, it would be worth considering the inhibition of multiple nuclear
import proteins to regulate SF mediated gene expression. Additionally, SF is rich in an array
of cytokines, chemokines, proteins and growth factors?®® that activate various signaling
pathways in the FMRT, therefore further characterization of the effect of INI-43 on SF
mediated inflammation and angiogenesis using ex vivo or 3D tissue models will shed more

light on the role of SF in cancer related cellular processes.
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Chapter 6:

Investigating the effect of seminal fluid on EMT, angiogenesis and
inflammation in cervical tissue biopsies: an ex vivo model.

6.1 INTRODUCTION

The female reproductive tract (FMRT) can be divided into two regions namely the upper
FMRT (endocervix, uterus and the ovaries) and the lower FMRT (ectocervix and vagina)*3°.
The human cervix is mainly made up of two cell types and has three main regions: endocervix,
transformation zone and the ectocervix. The ectocervix is covered in multiple layers of cells
that are stratified and keratinized!®. The two dominant cell types found in the ectocervix are
the epithelial cells and stromal cells*3!. The stromal layer is below the basement membrane
and mainly consists of fibroblasts, smooth muscle cells and immune cells embedded in a
collagen rich ECM*32, In the ectocervix, the keratinized stratified epithelial cells act as the
physical barrier to potential foreign pathogens that infiltrate the FMRT. These epithelial cells
are the frontline of the host defense as they come into direct contact with various foreign
microorganisms, sexually transmitted infections (ST1), and semen?33. As previously described,
SF interacts directly with cells in the cervix leading to an inflammatory response that
penetrates through the stratified epithelial cell layer deep into the stroma?®. This highlights
that the effects of SF on cervix go further than the monolayer of epithelial cells and may
regulate multiple cells in the cervical tissue environment. The complexity and diversity of
human tissue is frequently oversimplified in traditional 2D in vitro cell models***. In order to
better understand the effect of SF on the FMRT, specifically during tumorigenesis, adequate

tissue models are needed.
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While conventional 2D in vitro cell culture models are useful in many areas of cancer research,
these models have limitations. Isolated cells are void of important aspects found in the tissue
environment such as cell-cell interactions, cell heterogeneity and tissue architecture®®.
Advances in tumor biology have shown that the complex interaction between tumor cells and
their adjacent microenvironment is mandatory for cancer progression**®. This has been
shown in the TME, which is made up of surrounding blood vessels, stromal cells, fibroblasts,
immune cells, and the extracellular matrix all of which are constantly interacting with tumor
cells*®’, Therefore, tissue explants and ex vivo tissue models function as a bridge between 2D

in vitro cell culture models and in vivo models*34.

Patient derived explants have the advantage of preserving the tissue architecture. Other
advantages of 3D tissue explants are the maintenance of tissue heterogeneity, cell-cell, and
cell-stroma interactions as well as interaction with the ECM?. In vitro 3D cultures of tumor
and stromal cells have been shown to better represent the tissue architecture and
phenotypical features observed in tumors*3®, Cervical explants were first developed by Fink
et al. (1973) who studied epithelium metaplasia using large tissue explants cultured on a thin
agarose gel in serum-free medium?®, Since then, other studies have used cervical tissue
explants/biopsies to investigate microbicides or to study events of FMRT infection*40441,
Previous research in our laboratory and others has investigated the effect of SF on cervical
tissue biopsies. In a study by Sharkey et al. (2012) the effect of SF on the ectocervix tissue was
investigated by collecting small needle tissue biopsies from ovulating women before and after
vaginal intercourse (in the absence of a condom). This study revealed that SF exposure at
coitus caused an accumulation of T cells and macrophages in the epithelial and stromal layers

of the ectocervix and this was accompanied by an upregulation of IL-6, IL-8 and IL-1¢.%¢1.
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Another study showed that treatment with SF significantly upregulated IL-1a in normal

cervical tissue explants and cervical cancer biopsies?’®.

In this study we aim to investigate the effect of SF on EMT transcription factors, MMPs and
inflammatory and angiogenic gene expression in ectocervical tissue biopsies. Our earlier
findings showed that SF upregulated EMT-TFs, MMPs, proinflammatory and angiogenic gene
expression in two cervical squamous carcinoma cell line models. In addition, inhibition of
KpnB1 with INI-43 was shown to inhibit SF mediated gene expression. Due to issues of access
to readily available cervical cancer biopsies, normal cervical biopsies were used instead. Here,
we used normal ectocervical biopsies obtained from women undergoing hysterectomies for
non-cancerous reasons, as an ex vivo model to evaluate the effect of SF on EMT-TFs, MMPs

and to investigate the effect of INI-43 on SF mediated gene expression.
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Relative Snail mMRNA expression

6.2 RESULTS

6.2.1 SF induces Snail, Twist and ZEB1 mRNA expression in normal
ectocervical tissue

To investigate the effect of SF on EMT-TFs induction, ectocervical tissue biopsies were cut into
small pieces and equally divided into control and experimental groups. Biopsies were
incubated with either vehicle (PBS) as control or SF for 24hrs after which mRNA extracted
from eight tissue biopsies was analysed by RT-gqPCR. Results showed that SF significantly
induced the mRNA expression of Snail, Twist and ZEB1 mRNA expression in normal
ectocervical tissue (Figure 6.1.). The extent of induction was similar across all EMT-TFs
investigated. This result suggests that SF stimulates Snail, Twist and ZEB1 upregulation in

normal cervical tissue.

Snail Twist ZEB1

Relative Twist mMRNA expression
Relative ZEB1 mRNA expression

Figure 6.1 SF stimulates Snail, Twist and ZEB1 mRNA expression in normal ectocervical explants. Relative
Snail, Twist and ZEB1 mRNA expression in normal ectocervical tissue treated with vehicle (PBS) or SF (1:50) for
24hrs as determined by RT-gPCR. Samples were standardized to the house keeping gene B-glucuronidase
(GusB). Data presented as mean + SEM (n=8). (*P<0.05).
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6.2.2 SF induces MMP-9 mRNA expression in normal ectocervical tissue

Having observed the induction of EMT-TFs in normal cervical tissue, next we investigated
whether SF had an effect on the mRNA expression of gelatinases MMP-2 and MMP-9.
Treatment of ectocervical tissue with SF showed an increase in MMP-2 mRNA expression,
however results were not significant. In contrast, results showed that SF significantly
upregulated MMP-9 mRNA expression (Figure 6.2.). This suggests that SF induces the mRNA

expression of MMP-9 but possibly not MMP-2 in normal cervical tissue.

MMP-2 MMP-9

Relative MMP-2 mRNA expression
Relative MMP-9 mRNA expression

Figure 6.2 SF induces MMP-9 mRNA expression in normal ectocervical explants. Relative MMP-9 and MMP-2
expression in normal ectocervical tissue treated with vehicle (PBS) or SF (1:50) for 24hrs as determined by RT-
gPCR. Samples were standardized to the house keeping gene B-glucuronidase (GusB). Data presented as mean
+ SEM (n=7). (*P<0.05).
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6.2.3 INI-43 inhibits SF induced proinflammatory gene expression in
ectocervical explants

Our in vitro results showed that INI-43 had an inhibitory effect on SF mediated
proinflammatory gene expression. Here we investigated whether INI-43 had an effect on SF
induced proinflammatory gene expression employing ectocervical tissue. Normal cervical
tissue was stimulated with SF or vehicle in the absence/presence of INI-43 (10uM) for 24hrs,
and gene expression was analyzed by RT-gPCR. Results showed that SF significantly induced
COX-1, COX-2, IL-6 and IL-1a gene expression. Addition of INI-43 completely blocked SF
mediated COX-2 and IL-1o. gene expression and significantly blocked SF mediated COX-1 and
IL-6 gene expression by 50% and 52% respectively (Figure 6.3.). These results show that

INI-43 inhibits SF mediated proinflammatory gene expression in normal cervical tissue.
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Figure 6.3 INI-43 inhibits SF induced COX-1, COX-2, IL-6 and IL-1o. mMRNA expression in normal ectocervical
explants. Relative COX-1, COX-2, IL-6 and IL-1oo mRNA expression in normal ectocervical tissue treated with
vehicle (PBS) or SF (1:50) and INI-43 [10uM] for 24hrs as determined by RT-qPCR. Samples were standardized
to the house keeping gene B-glucuronidase (GusB). Data presented as mean £+ SEM (n=6). (*P<0.05).
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Relative IL-8 mRNA expression

6.2.4 INI-43 inhibits SF mediated angiogenic gene expression in ectocervical
tissue.

Previous research has shown the upregulation of angiogenic genes by SF stimulation. Here
we investigate whether INI-43 has an inhibitory effect on SF mediated angiogenic gene
expression employing ectocervical tissue biopsies. Normal cervical tissue was stimulated with
SF or vehicle in the absence/presence of INI-43 (10uM) for 24hrs, and gene expression was
analyzed by RT-gPCR. Results show that SF significantly upregulated IL-8, Gro-o. and VEGF
gene expression, with Gro-a showing the highest induction. Treatment with INI-43 completely
inhibited SF mediated IL-8, Gro-a. and VEGF-A mRNA upregulation (Figure 6.4.). Together
these results show that INI-43 significantly inhibits SF mediated angiogenic gene expression

in normal ectocervical tissue.
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Figure 6.4 INI-43 inhibits SF mediated IL-8, Gro-a. and VEGF mRNA expression in normal ectocervical
explants. Relative IL-8, Gro-a and VEGF mRNA expression in normal ectocervical tissue treated with vehicle
(PBS) or SF (1:50) and INI-43 [10uM] for 24hrs as determined by RT-gPCR. Samples were standardized to the
house keeping gene B-glucuronidase (GusB). Data presented as mean + SEM (n=6).
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6.3 DISCUSSION

Healthy functioning of the FMRT is maintained by a balanced and dynamic regulation that is
coordinated by sex hormones during the menstrual cycle, pregnancy, and childbirth?42,
Vaginal intercourse is the main route of infection for women??. The cervix, which is part of
the lower FMRT, plays an essential role in the immune response of the FMRT. Overall, the
cervical epithelial cells and immune cells from the endo- and ectocervix protect the upper
FMRT from infiltrating pathogens**3. Therefore, these epithelial cells are seen as the first
responders as they come into direct contact with pathogens, STIs and semen®3, The
ectocervix is lined by multiple layers of stratified epithelial cells that create a physical barrier
to underlining basal cells and the stromal layer®. Though the stratified epithelial layer is able
to protect the FMRT, micro abrasions caused by friction during coitus damage the epithelial

444

layer®*** and therefore exposes underlying cells to potential pathogens such as HPV that can

penetrates the epithelial layer and infects basal cells.

SF which is a biological fluid rich in an array of bioactive molecules, has been shown interact
directly with epithelial cells of the cervix and elicit an immune response that penetrates into
the stromal layer?®®. This immune response is characterized by a surge in inflammatory
cytokines and chemokines as well as a recruitment of immune cells?®!. Increasing evidence
has implicated SF in the progression of cervical cancer. Our laboratory previously showed the
upregulation of inflammatory and angiogenic genes in adenocarcinoma Hela cells in response
to SF treatment?’%273, SF was also shown to enhance cell proliferation in vitro and in vivo using
Hela cells?”’. Additionally, upregulation of angiogenic genes in response to SF stimulation,
was shown to be regulated by key oncogenic signaling pathways which triggered phenotypic

changes in cervical tissue such as the promotion of vasculature/angiogenesis?’®. This suggests
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that bioactive molecules present in SF, that come into direct contact with target cells, may
play an important role in modulating neoplastic cervical cells in sexually active women by

initiating signaling cascades that may enhance certain hallmarks of cancer.

Despite the growing evidence that shows a link between cervical tumorigenesis and SF
exposure, more data into the effects of SF on cervical tissue is needed. For many years, cancer
biology research has faced a challenge of a translational gap between in vitro and in vivo
models!®. Although 2D monolayer cell culture models have long been the standard model in
cancer biology research, their ability to represent the complexity of human tissue is limited**.
Cancer progression has been shown to be dependent on the plasticity and complex cellular
interactions in the TME*®, The development of 3D and ex vivo models in cancer biology
research has introduced models that better represent the architecture, interactions and
molecular characteristics of tumors or tissue*®>. Evidence on the effect of SF on normal
cervical tissue is limited hence the objective of this study was to investigate whether
upregulated expression of EMT transcription factors, MMPs, proinflammatory and angiogenic
genes observed in cervical carcinoma cells is also induced in normal cervical tissue in response

to SF stimulation.

Here we showed that SF significantly upregulated Snail, Twist and ZEB1 gene expression in
normal cervical tissue biopsies. In a study using endometrial tissue biopsies, 10% SF was
shown to upregulate ZEB2 mRNA expression after 6hrs. Other mediators of EMT such as Snail
1 and 2 showed a trend of higher expression, although not significant due to high variability3'°. As
previously described EMT transcription factors such as Snail, Twist and ZEB are regulated by

multiple signaling pathways. Therefore, it is likely that the inflammatory response initiated by
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SFin the FMRT can activate other phenotypes such as EMT by directly activating EMT signaling
pathways. In a study that used breast and lung carcinoma cells, it was shown that EMT can be
triggered by cytokines normally produced in an inflammatory environment (TGF-3, TNF-a. and
IF-y)44¢. With SF being rich in an array of bioactive molecules such as TGF-, cytokines, PGE2
and growth factors; these molecules may activate signal transduction pathways leading to the

activation of EMT-TFs in cervical tissue as observed in our study.

We further showed that SF upregulated MMP-9 mRNA expression but did not significantly
enhance MMP-2 expression. Upregulation of MMP-9 mRNA expression has been previously
shown in adenocarcinoma cells in response to SF?8°. Our study shows the upregulation of
MMP-9 in cervical squamous carcinoma cells and in normal cervical tissue in response to SF.
In another study using cervical carcinoma cells, treatment with SF (1:50) significantly
upregulated MMP-9 expression but did not enhance MMP-2 expression3?°. This in turn
suggests that similar to cervical carcinoma cells, SF upregulates MMP-9 in normal cervical

tissue and may likely induce MMP expression in neoplastic cervical tissue.

In our study SF induced the upregulation of proinflammatory and angiogenic genes in normal
cervical tissue. In line with our study, previous research in our laboratory showed the
upregulation of IL-1a in normal and cancerous cervical tissue in response to SF stimulation?°®.
Previous research has also shown the upregulation of proinflammatory (IL-6, COX-1, COX-2,IL-
11) and angiogenic (IL-8, Gro-a, VEGF) genes in normal cervical tissue after stimulation with
SF¥7. The upregulation of COX-1 and COX-2 genes has also been shown in cervical cancer

tissue**®. These studies, together with results presented here suggests that SF upregulates

genes associated with inflammation and angiogenesis in the cervix of sexually active women.
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Furthermore, our study showed that INI-43 significantly inhibited SF mediated
proinflammatory and angiogenic gene expression in normal cervical tissue. Inhibition of IL-6
and IL-1 mRNA expression by INI-43 has been previously shown in cervical cancer cell lines38.
Our study is a first to show the inhibition of IL-1 and IL-6 using normal cervical tissue. This may
suggest that INI-43 has the potential to inhibit SF mediated upregulation of inflammatory and

angiogenic cytokines and chemokines in the cervix.

Taken together, this preliminary data presented using ex vivo non-cancerous cervical tissue
shows that SF upregulates EMT transcriptions factors, MMP-9 and genes associated with
inflammation and angiogenesis in normal cervical tissue. Additionally, treatment with INI-43
can block SF mediated inflammatory and angiogenic gene expression. It is likely that SF may
enhance EMT transcription factors, MMP-9 and inflammation in cervical cancer tissue too. To
further understand the role of SF in EMT and gene expression, biopsies from low-grade
squamous intraepithelial lesions (LSIL), high-grade squamous intraepithelial lesions (HSIL) and
invasive cervical cancer tissue can be used to investigate whether SF mediated phenotypes
witnessed in 2D cell culture translate in cervical dysplasia or invasive cervical cancer. Due to
issues of access to available LSIL, HSIL and invasive cervical cancer tissue this could not be

explored in the current study.
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Chapter 7: General Discussion & Conclusion

7.1 GENERAL DISCUSSION

Cervical cancer is the fourth most common cancer in women world-wide. The incidence of
cervical cancer is the highest amongst women in Southern, Eastern and Western Africal. In
South Africa, cervical cancer is the second most common cancer and the leading cause of
mortalities in women aged between 15-44°. Although cervical cancer is a preventable disease
that is curable when diagnosed early, this disease remains deadly amongst women in low-to-
middle income countries (LMICs). Due to screening and early detection not being readily
available, the burden of cervical cancer in LMICs is the highest**°. Approximately 85% of new
cases and 90% of cervical cancer mortalities are in LMICs®, highlighting cervical cancer as a

major public health problem in LMICs.

The main causal factor for cervical cancer is persistent infection with high risk- HPV (hr-HPV)°.
HPV is a common sexually transmitted virus that infects basal cells of the cervix by penetrating
the epithelial layer through micro abrasions caused by friction during coitus?!. Infection with
HPV can be cleared naturally by most women, however a subset of women experience
persistent infection with hr-HPV putting them at risk of developing pre-cancerous lesions that
may progress to invasive cervical cancer!®. HPV triggers the development of cervical neoplasia
by directly integrating its DNA into the hosts epithelial cell DNA and using its oncoproteins to
subsequently dysregulate the hosts intracellular signaling pathways, cell cycle and
replication?>?!, HPV has been implicated in 99% of cervical squamous carcinoma cases
worldwide?*. Adenocarcinomas of the cervix are related to HPV infection but correlation with

HPV is not as prominent and is also age specific?l. Although, persistent infection with hr-HPV
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is the main etiology for cervical cancer, HPV alone is not enough for the development of
malignant transformation. Various factors that work in conjunction with oncogenic HPVs play
a role in the development of cervical lesions and invasive cervical cancer®. Risk factors that
have been implicated in cervical cancer development include long-term contraceptive use,
suppressed immunity, smoking and high parity®. Interestingly, mounting evidence has

implicated seminal fluid in cervical cancer.

Seminal fluid (SF) is a biological fluid rich in an array of bioactive molecules. For many years,
SF was merely seen as a medium that transport sperm however, accumulating evidence has
shown an important role for SF in conception and embryo development?’. It is known that
SF elicits an inflammatory like response in the FMRT that is characterized by a surge of
chemokines, cytokines and the recruitment of immune cells which is required for a successful
pregnancy?®12%3, |In the context of a normal functioning immune response SF mediated
inflammation may not be of concern however, in sexually active women with cervical
intraepithelial lesions or cervical neoplastic cells this inflammatory response elicited by SF

may aggravate cervical tumorigenesis by creating an inflammatory environment in the cervix.

Cervical cancer is regarded as a chronic inflammatory disease!’®. Inflammation is a normal
defense response to tissue damage caused by pathogens or other stimuli. Most infections or
pathogens are known to activate a self-contained fast inflammatory response (acute) where

182

immune activation and signaling is terminated after healing™“. In the case of chronic

inflammation, dysregulation of the immune response leads to a persistent and non-resolving
183,450

inflammatory response which predisposes the host to diseases such as cancer

Inflammation has been accepted as an enabling characteristic in carcinogenesis®’.
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Inflammation has been shown to contribute to multiple hallmarks of cancer by producing
signaling molecules such as growth factors that sustain cell proliferation, survival factors that
inhibit cell death, extracellular matrix enzymes that facilitate angiogenesis, invasion and
metastasis as well as stimuli that lead to the activation of EMT or other hallmark-driving
programs>8-60451 A key feature of chronic inflammation is the upregulation of inflammatory
mediators, cytokines and chemokines that act as signals that amplify the immune response
and the recruitment of immune cells in the tissue*2. This upregulation of cytokines and
chemokines as well as immune cells in the tissue is the main factor that led to the implication

of seminal fluid in cervical cancer in our laboratory.

Previous research in our laboratory as well as others, has shown an upregulation of a host of
inflammatory cytokines in cervical cancer cells in response to SF 279261.273426 | addition, SF
was shown to enhance cell proliferation of adenocarcinoma cells in vitro and in vivo?”’.
Furthermore, SF activated various oncogenic pathways such as NF-kB, EGFR, ERK1/2, COX-1/2
and PI3K/Akt in cervical adenocarcinoma cells which in turn led to the upregulation of
tumorigenic genes, enhancement of angiogenic genes and activation of vasculature?’9:278.273,276 ' Ag
previously described, inflammation has been identified as an enabling characteristic in

tumorigenesis therefore, inflammation elicited within the cervical environment may also

drive or enhance other hallmarks of neoplastic cells in the cervix.

Our study shows that SF stimulated other cervical cancer cell biological phenotypes such as
cell proliferation, actin rearrangement, EMT, directional migration and invasion of cervical
squamous carcinoma cells. EMT is a process that occurs during embryogenesis, chronic

inflammation and fibrosis®. EMT can be initiated by various factors such TGF-B, TNF-a. and
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cytokines?*4®

, Which have also been shown to be present in SF. Activation of EMT results in
cytoskeleton rearrangement that enables cell elongation and motility’®. This was evident in
our study, as SF induced morphological changes and directional migration & invasion in
cervical squamous carcinoma cells. Our study further showed the upregulation of MMP-2 and
MMP-9 in response to SF. The role of MMPs as proteolytic enzymes that remodel the ECM is

well known. In addition, MMPs have been shown to be regulated by EMT factors. The EMT

inducing transcription factor Snail has been reported to activate the expression of MMP-2

453 454

and MMP-9 in squamous carcinomas®> and oral squamous carcinomas™®”. In particular,
increased expression and activation of MMP-2 and MMP-9 has been associated with nodal
metastasis and recurrence in cervical squamous carcinomas*?®. Together, this suggests that
bioactive molecules in SF that interact with cervical carcinoma cells may elicit an

inflammatory response and activate other cancer biology phenotypes such as cell

proliferation, EMT, motility and invasion.

Little is known about the mechanism of SF mediated cell proliferation, actin rearrangement,
EMT and migration in cervical cancer. In this study we showed that SF mediated cell
proliferation was regulated via the COX-1 and ERK1/2 signaling pathways. Previous research
in our laboratory has reported the upregulation of COX-1 in cervical cancer. In addition, the
overexpression of COX-1 was associated with the upregulation of COX-2 and EP receptors in
Hela cells?>3. Enhanced PGE2 signaling has also been reported in cervical carcinoma together
with upregulated expression of EP2 and EP4 receptors. The upregulation of COX enzymes,
EP2 and EP4 receptors in response to SF stimulation in cervical adenocarcinoma cells has been
reported?’®. A study using colon cancer cells showed enhanced cell proliferation and

tumorigenic effects requires PGE2/EP4 signaling®®. It is likely that a similar mechanism may
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occur in cervical squamous carcinoma cells where cell proliferation could be enhanced via EP
receptors. PGE2 has also been shown to enhance cell proliferation via the activation of the
Ras-MAPK-ERK pathway and COX-2 in intestinal adenocarcinomas®’.It is possible that PGE2
is a ligand present in SF that binds receptors on neoplastic cells to activate cell proliferation.
Our data together with other published studies suggests that proliferation induced in
neoplastic cells of the cervix by SF could be mediated via the COX-1 and ERK1/2 signaling
pathways. In our study these signaling pathways were also shown to play a role in actin

rearrangement, EMT induction as well as SF mediated migration and invasion.

Induction of EMT leads to various phenotypic changes such as cytoskeletal rearrangement,
loss in cell-cell interaction, polarity and increased motility**8. EMT is induced by specific
activators known as EMT inducing transcription factors (EMT-TFs)3!%, In our study we showed
that the EMT-TFs Snail, Twist and ZEB1 were all differently regulated in response to SF. We
showed that SF induced Snail, Twist and ZEB1 was occurring via PGE2/EP4, ERK1/2 and COX-
1 or COX-2 signaling pathways. Since the transcription of each of these EMT-TFs is regulated
by several signaling pathways such as TGF-f3, TNF-a,, NF-kB, MAPK, PI3K and others3>°-357:364
it is likely that SF mediated EMT may occur via multiple parallel pathways. This suggests that
EP4 receptors present on neoplastic cell membranes in the cervix can bind PGE2 present in
SF and endogenously produced by COX enzymes to activate EMT-TFs which in turn activates
EMT through ERK1/2 signaling as well as other EMT signaling pathways. Our study also
showed the involvement of EGFR signaling in SF mediated actin rearrangement, migration
and ZEB1 activation. A role of EGF in EMT and migration has been previously reported. In a
study by Zhao et al (2017), EGF-stimulated EMT and migration was shown to occur via ZEB

activation through PI3/Akt signaling in gastric carcinoma cells**. Therefore, highlighting
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another possible signaling pathway that may play a role in SF mediated EMT induction in
cervical carcinoma cells. Since EMT signaling pathways have been shown to be activated by
inflammatory mediators (e.g TNF-a, TGF-3, NF-kB, cytokines), it is also likely that cytokines
present in SF may trigger signaling pathways that activate inflammation and EMT

concurrently in neoplastic cells in the cervix.

The link between inflammation and cervical cancer has been established. Previous research
in our laboratory has shown that SF exacerbates inflammation and angiogenesis in the cervix
by upregulating genes associated with inflammation and angiogenesis?’9277273, SF mediated
upregulated angiogenic genes, such as IL-8 and Gro-o, have been shown to activate
vasculature via the NF-kB signaling pathway in adenocarcinoma cells?’8. Therefore, SF may
exacerbate the already upregulated inflammatory mediators present in the cervical tumour

microenvironment.

The approach of blocking the nuclear entry of inflammatory transcription factors such as NF-
kB, AP-1 and NFAT as an approach to control inflammation was proposed by Hawiger (2019)

and co-workers??®

. They showed that blocking NF-kB nuclear import suppressed the
production of proinflammatory cytokines (TNF-a. and IF-y) in mice challenged with LPS%°,
Since inflammatory mediators such as NF-kB and AP-1 require nuclear entry to activate a host

of proinflammatory and angiogenic genes, in our study we proposed that INI-43 could

abrogate SF mediated proinflammatory and angiogenic gene expression.

INI-43 is a novel small molecular inhibitor of KpnB1 that has been shown to inhibit the nuclear

entry of KpnB1 cargoes such as NF-kB, AP-1 and NFAT in cervical cancer cells?3%3*, Previous
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research in our laboratory showed that INI-43 treatment blocked the upregulation of
proinflammatory genes such as IL-1, IL-6, GM-CSF and TNF-a in cervical cancer cells
stimulated with PMAZ38, Considering this, we investigated the effect of INI-43 on SF mediated
proinflammatory and angiogenic gene expression. Key findings generated in this study
showed that SF upregulated the expression of KpnB1. Overexpression of KpnB1 has been
reported in several carcinomas?2. This overexpression has been linked to an increased rate
of the KpnB1 mediated nuclear import of KpnB1 cargoes including AP-1 and NF-kB*61462,
Therefore, in our study interaction of neoplastic cervical cells with SF may further upregulate
the already overexpressed KpnB1 and increase nucleo-cytoplasmic transport. We showed
that INI-43 inhibited SF mediated proinflammatory and angiogenic gene expression. It was
proposed that SF mediated gene expression occurs via inflammatory transcription factors
such as AP-1 and NF-kB. Our study showed that SF significantly activated AP-1 and NF-kB
activity. Treatment with INI-43 blocked SF mediated NF-kB activity and nuclear import
however, AP-1 activity was unaffected by INI-43 treatment. Taken together, we showed that
SF mediated gene expression associates with KpnB1-mediated nuclear import of transcription
factors such as NF-kB that ultimately has an effect on the expression of proinflammatory and

angiogenic genes.
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7.2 CONCLUSION

Our study provides evidence that SF regulates the activation of various signaling pathways
that activate inflammation which in turn promote cancer development by activating EMT,
motility and invasion via the induction of EMT inducing transcription factors, MMPs and
angiogenic factors all of which play a role in modulating the cervical microenvironment.
Moreover, we show that nuclear import pathways are needed for SF induced activation of
proinflammatory and angiogenic factors.

This study suggests that repeated exposure of neoplastic cervical epithelial cells to SF may
have an impact on inflammation and tissue remodelling and driving hallmarks of cancer such
as proliferation, inflammation, angiogenesis and tumour invasion. Together this may aggravate

cervical tumorigenesis in sexually active women.

7.3 FUTURE WORK

Recommended future work includes the use of a positive control e.g. TGF-f to investigate the
extent of proliferation and EMT induced by SF in cervical squamous carcinoma cells. As we
speculate and have data to suggest that SF induces EMT, further experiments to support this
could include live cell imaging to examine the effects of SF on the cell morphology of live,

unfixed cells.

One of the limitations present in this study is the limited number of inhibitors used to
investigate the mechanistic pathway involved in SF induced EMT and migration. With SF
containing a range of bioactive molecules, future experiments should include the use of other

inhibitors such as TGF-f3, PI3K/Akt or NF-kB inhibitors. In addition, future experiments can
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include testing the chemical inhibitors on SF induced MMP-2 and MMP-9 mRNA expression

to elucidate the signaling pathways involved in SF induced invasion.

Our data showed promising results of INI-43 inhibiting SF induced proinflammatory and
angiogenic gene expression. Our data further showed that INI-43 inhibited SF induced NF-kB
transcriptional activity. Therefore, we postulated that INI-43 was blocking SF induced
proinflammatory and angiogenic gene expression by blocking the nuclear import of NF-kB. To
confirm this, future experiments should include testing NF-kB inhibitors on SF induced

inflammatory and angiogenic gene expression.

Due to a lack of access to cervical cancer biopsies, this study used normal ectocervical tissue
biopsies to investigate the effect of SF on EMT, MMPs, inflammatory and angiogenic gene
expression. Future experiments can include the use of neoplastic cervical biopsies (LSIL or
HSIL) or invasive cervical cancer biopsies to investigate whether the SF-induced effects seen
in cervical squamous carcinoma cells in vitro translates to cervical cancer tissue, which is more
heterogenous in nature. In addition, patient derived cervical epithelial cells can be isolated
form cervical cancer tissue and used to investigate the effect of SF on cell morphology, F-actin

arrangement, proliferation, migration and EMT.
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APPENDIX I: Buffers and solutions

Tissue culture solutions

Complete Media

500mL DMEM

50mL FCS (10%)

5mL Penicillin/Streptomycin

Serum-free Media
500mL DMEM
5mL Penicillin/Streptomycin

Cryopreservation Media
90% Complete Media
10% DMSO

10XPBS

1g KCL

1g KH2PO4

40g NaCl

5.75 Na;HPO4.7H.0

Make up to 500mL with dH-0.
Autoclave

MTT solution (5mg/mL)
100mg MTT powder
20mL 1XPBS

Vortex and incubate in 37C water for 15minutes.

Filter sterilize and store at 4°C

Solubilization Solution

25g SLS

76.6pL concentrated HCI
Make up to 250mL with dH-0.

Crystal violet solution (0.5%)
500mg crystal violet

25mL Methanol

75mL dH,0
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Actin staining solutions.

16% Paraformaldehyde
8g Paraformaldehyde
50mL dH,0

Stir and heat at 60°C until solution turns milky.
Add 0.1M NaOH dropwise until solution clears.

Cool to room temperature and store at -20°C

4% Paraformaldehyde

2.5mL 16% Paraformaldehyde
1mL 10X PBS

6.5mL dH,0

0.04% PBS-Tween
12pl Tween
30mL 1XPBS

1% BSA
0.2g BSA
20mL 1XPBS

Mowial

9.6g Moviol 4-88

24mL Glycerol

24mL dH20

48mL 0.2M Tris (pH 8.5)

Immunofluorescent staining solutions

Permeabilization solution (0.25% Triton)
0.125mL Triton X-100
49.88mL 1XPBS

Blocking solution

0.5g BSA

1.126g Glycine

Make up to 50mL with PBS-Tween

RNA Solutions

10X MOPS
41.86g MOPS
16.6mL 3M Sodium acetate
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20mL 0.5M EDTA

0.5M EDTA
95.1g EDTA
500mL dH20
pHto 8

RNA gel (1.5% gel)

0.75g Agarose

5mL 10X MOPS

42mL dH,0

2.7mL Formaldehyde (37%)
2.5ulL Ethidium bromide

RNA Loading dye.

160uL 10X MOPS

720pL Formamide

260pL Formaldehyde (37%)
40uL dH,0

200pL 0.25% Bromophenol blue
100pL 80% Glycerol

Running Buffer

250mL 1X MOPS
2ulL Ethidium bromide

Protein solutions

RIPA

1g Sodium deoxycholate (1%)
3mL 5M NaCl (150mM)

ImL Triton X-100

1mL 10% SDS (0.1%)

1mL 1M Tris pH7.4 (10mM)
94mL dH,0

Store at 4°C

Complete RIPA
0.1mM NasVOq4
1X Protease Inhibitor (Roche)

Make up to desired volume with RIPA.

10% SDS
20g SDS
Make up to 200mL with dH-0.
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1M Tris

60.5g Tris

300mL dH,0

Adjust pH to desired pH of 6.8 or 8.8

10X TBS

24.23g Tris

80.1g NaCl

Adjust pHto 7.6

Make up to 1L with dH.0

1X TBST

100mL 10X TBST
900mL dH,0
ImL Tween

10% APS
1g APS
1mL dH,0

10X Running Buffer
20g Glycine

31.6g Tris

5g SDS

500mL dH»0

10X Transfer Buffer
72g Glycine

19g Tris

500mL dH,0

1X Transfer Buffer

700mL dH,0

200mL Isopropanol

100mL 10X Transfer buffer.

4x Loading dye.

2.5mL 1M Tris (pH 6.8)

3mL 20% SDS

0.5mL 0.1% Bromophenol Blue
4mL Glycerol

60uL B-mercatoethanol/0.6mL
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10% Separating gel.

2.75mL dH,0

3.75mL 1M Tris (pH 8.8)
100uL 10% SDS

3.35mL Bis-acrylamide (30%)
200pL 10% APS

20uL TEMED

4% Stacking gel

3.65mL dH,0

625uL Tris (pH 6.8)

650pL Bis-acrylamide (30%)
50uL 10% SDS

60uL 10% APS

6L TEMED

Stripping buffer
37.54g Glycine (1M)
500mL dH20

pH to 2.5

5% Milk

1g skimmed milk powder.
20mL TBST

DNA Solutions

10X TBE Buffer
54¢g Tris

27.5 Boric acid
3.7g EDTA

Make up to 500mL with dH-0.

DNA gel (1%)

0.5g Agarose

50mL 1xTBE

2.5uL Ethidium Bromide
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SiHa

Mel80

SiHa

ME180

APPENDIX I

SC560 NS398 AG147 PD98059

Figure Al: F-actin cytoskeleton rearrangement experiment: chemical inhibitor only controls. Representative
immunofluorescent images of SiHa and Me180 cells stained with Phalloidin (cy3) for F-actin and Hoechst (blue)
for the nuclei following treatment with SC560 [10pM], NS398 [10uM], AG1478[200nM] or PD98059[50uM] for

24hrs. Magnification=630x oil, scale bar=20um.

Control

Control

G I

SC560 NS398 AG1478 PD98059

Figure A2: Transwell migration chemical inhibitor only controls. Representative images of transwell migration
assay showing SiHa and Me180 cells that migrated through the membrane following an 8hr pre-treatment with

SC560 [10uM], NS398 [10uM], AG1478[200nM] or PD98059[501M]. Magnification x100, scale bar=0.2pm.
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245 — 10-20% Tris-glycine
190 — SDS-PAGE Gel

135 —
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Figure A3: Prestained Color Protein Standard, Broad Range (11-245 KDa). Protein ladder used to determine
protein band size on SDS-PAGE gels for western blotting.

GeneRuler™ DNA Ladder Mix
0'GeneRuler™ DNA Ladder Mix,
ready-to-use

bp ng/0.5 pg %

10000 180 3
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Figure A4: O’GeneRuler DNA Ladder Mix (100-1000 bps). DNA ladder used for size determination in agarose
DNA gel.
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