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Summary:

Cervical cancer (CaCx) remains a major public health challenge, especially in low- and middle-
income countries (LMICs), where limited screening and treatment drive high mortality rates.
It is the fourth most common cancer globally and the second most prevalent in India. Persistent
high-risk human papillomavirus (HR-HPV) infection is the primary driver of CaCx, with HR-
HPV-induced stabilization of hypoxia-inducible factor-1 alpha (HIF-1a) promoting early tumor
progression via the regulation of some angiogenic factors transcription. Under normal oxygen
conditions, HIF-1a is regulated by two key tumor suppressor genes (TSGs) LIMD1 and VHL,
frequently altered in CaCx. While their downregulation is often linked to promoter methylation
or genetic deletions, some cases show reduced expression without detectable genetic or

epigenetic modifications, hinting at additional regulatory mechanisms.

Hence, we hypothesized microRNAs (miRNAs), key post-transcriptional regulators, may
contribute to LIMD1 and VHL suppression. Through in silico analysis, our study first identified
two miRNAs: miR-135b-5p (which targets LIMD1) and miR-21-5p (which targets VHL). We
demonstrated that the overexpression of miR-135b-5p and miR-21-5p correlates with
progressive cervical lesion severity, transitioning from normal epithelium to cervical
intraepithelial neoplasia (CIN) to CaCx. This progression was inversely correlated with
downregulation of LIMD1 and VHL in the corresponding samples, implicating these miRNAs
in HIF-1o pathway dysregulation and tumor progression. Additionally, we uniquely decipher
MIR135B locus amplification as a primary genetic mechanism for the miRNA upregulation in

CaCx.

Given their expression patterns in tissue, we further hypothesized miR-135b-5p and miR-21-
5p could serve as triage biomarkers in cervical swabs for detecting clinically relevant high-
grade cervical dysplasia. Validation in a large cohort of cervical swabs (N=243) revealed
consistent overexpression of these miRNAs and downregulation of their target genes in HR-
HPV-positive high-grade squamous intraepithelial lesions (HSIL) compared to earlier clinical
stages. This finding highlights the potential of miR-135b-5p and miR-21-5p as triage
biomarkers capable of distinguishing low-grade squamous intraepithelial lesions (LSIL) from
HSIL, addressing the limitations of current diagnostic tools in differentiating lesion severity.
Receiver operating characteristic (ROC) curve analysis further demonstrated that combining
these two miRNAs as a biomarker panel improved triage sensitivity (90.4%) and specificity

(94%) for distinguishing HR-HPV+ve HSIL from HR-HPV+ve LSIL. This refined risk
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stratification approach could minimize overtreatment in women with non-progressive lesions

while ensuring timely intervention for high-risk cases.

To improve accessibility, we developed a novel fluorescence-based miRNA detection
technique for miR-135b-5p in cervical swabs through a pilot study. A sensor-oligo-based miR-
135b-5p detection assay in clinical settings demonstrated its potential in high-throughput
cervical cancer screening and precise clinical decision-making. This method offers a rapid and
cost-effective alternative to quantitative real-time PCR (qRT-PCR), which requires specialized
equipment and expertise. These findings emphasize the translational significance of our

approach.

Furthermore, we explored the mechanistic role of these miRNAs in regulating two key tumor
suppressor genes (LIMD1 and VHL) during CaCx progression and demonstrated their impact
on cervical cancer cell proliferation, apoptosis, migration, and invasion. At first, we
experimentally validated LIMDI as a direct target of miR-135b-5p through dual-luciferase
reporter assay. Dual inhibition of miR-135b-5p and miR-21-5p led to GO/G1 cell cycle arrest
through the restoration of LIMD1 and VHL expression, enhanced apoptosis, and reduced
migration and invasion of CaCx cell line, SiHa. These effects were mediated by the
downregulation of HIF-la target genes, including VEGF, MMP9, TGF-a, and CCNDI,

elucidating their roles in CaCx progression.

By bridging the gap between HR-HPV screening and clinical interventions, miR135b-5p and
miR-21-5p-based triaging hold significant potential in early detection of clinically relevant
cervical lesions, thereby, minimizing overtreatment in low resource settings. Ultimately, our

study significantly contributes to the global cervical cancer control strategies.
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Chapter 1

General Introduction

1.1 Cervical Cancer: an overview

According to the GLOBOCAN 2022 database, Cervical Cancer (CaCx) is the fourth most
prevalent cancer among women worldwide, in both incidence and cancer-related mortality. It
was estimated to cause approximately 6,62,301 new cases (6.9% of the total) and 3,48,874
deaths (8.1% of the total) globally [Bray et al., 2024]. The situation is further concerning in
India, where CaCx is the second most common cancer among women, after breast cancer. It
accounts for 1,27,526 new cases (17.7% of the total) and 79,906 deaths (17.9% of the total),
highlighting its significant health burden in the region (Figure 1.1) [Bray et al., 2024]. Based
on GLOBOCAN 2022 report, the global age-standardized mortality rate (ASMR) for CaCx is
approximately 7.1 per 1,00,000 women. In India, however, the ASMR for CaCx is significantly
higher, at about 11.2 per 1,00,000 women, highlighting a markedly elevated mortality rate in
comparison to the global average [Bray et al., 2024].

Breast

Incidence . | [
- Breast Mortality 98337 (22%)
192020 (26.6%) 7 Cervix uteri
. - 79906 (17.9%)
Cervix uteri
127526 (17.7%) Ovary
Ovary 32978 (7.4%)
47333 (6.6%) 7 Oesophagus
" |Lip, oral cavity 23328 (5.2%)
35947 (5%) Lung
20811 (4.7%)

Others
267605 (37.1%)

[ Lip, oral cavity
20323 (4.5%)

Others
T 171089 (38.3%)

Figure 1.1: Incidence and mortality of CaCx among the most common cancers in Indian women
(GLOBOCAN, 2022)
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Chapter 1

1.1.1 Histopathogenesis of CaCx:

The cervix, constituting the lower portion of the uterus, is cylindrical or conical in shape.

Histologically, it is composed of two parts (Figure 1.2) [Sankaranarayanan et al., 2003]:

a. Ectocervix: It protrudes into the vagina and is covered with a stratified, non-

keratinizing squamous epithelium.

b. Endocervix: It forms the canal connecting the ectocervix to the uterine cavity and is

lined with tall, glandular columnar epithelium.

Fallopian tube Ovary

-

Uterine corpus

Endometrium

Endocervix
TZ
Ectocervix

Cervix

Vagina

Figure 1.2 Anatomy of uterine cervix (Adapted from Gurumurthy et al., 2022)

These two epithelial types meet at the squamocolumnar junction [Sankaranarayanan et al.,
2003]. At birth, the columnar epithelium extends into the ectocervix, but as a woman ages, it
recedes back into the endocervical canal through a process called squamous metaplasia. This
dynamic area, where the squamous and columnar epithelium interface, is known as the
transformation zone (TZ), which is highly prone to neoplastic changes (Figure 1.3)

[Moscicki et al., 2006].
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Figure 1.3 Schematic representation of the transformation zone of uterine cervical epithelium.

Premalignant changes in the cervix, termed Cervical Intraepithelial Neoplasia (CIN), may
remain in a non-invasive stage for an extended period before evolving into invasive carcinoma.
CINs are categorized based on the degree of epithelial dysplasia. This classification is
determined through cervical biopsies and histological evaluations, dividing lesions into three
grades: CIN I (mild dysplasia), CIN II (moderate dysplasia), and CIN III (severe
dysplasia). These categories are represented in Figure 1.4 [Montz, 2000].

e CIN I is characterized by dysplasia confined to the lower third of the epithelium or less.
o CIN II indicates dysplasia affecting two third of the epithelial layers.
o CIN III involves dysplasia spanning the full thickness of the epithelium.

Progression beyond CIN III, where dysplastic cells invade the basal membrane, is classified as

full-grown cancer of cervix (Figure 1.4) [Montz, 2000].

In 1988, the Bethesda System was introduced to cytological reporting to improve
classification. This system groups precancerous lesions into two categories: Low-Grade
Squamous Intraepithelial Lesions (LSIL) and High-Grade Squamous Intraepithelial
Lesions (HSIL) [WHOI. CIN I aligns with LSIL, while CIN II and CIN III are combined
under HSIL due to challenges in differentiating their cytological features (Figure 1.4).
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LSIL HSIL
Normal CIN1 CIN2 I CIN3 Invasive Cancer

Squamous cells

"*11;/?

*
‘
b

Basal cells

Figure 1.4 Diagram showing the progression of CaCx. The normal cervix has a layer of squamous cells
on the outer surface and a single basal cell layer attached to the basement membrane. Under persistent
HR-HPYV infection, CIN can develop, potentially progressing from CIN I (LSIL) to CIN 1I/ Il (HSIL)
and eventually to invasive cancer [Adopted from Boon et al., 2022].

Histologically, these premalignant lesions are identified by the increasing atypia of epithelial
cells from the lower parabasal layers to the entire thickness of the squamous epithelium,

depending on the grade [Pontén and Guo, 1998].

Epithelial tumors of the cervix are classified into three main types based on their origin and

cellular characteristics [ Wright et al., 1994]:

a. Squamous Cell Carcinoma: This is the most common form, accounting for 85-90%

of CaCx cases. It originates from the squamous epithelial cells of the ectocervix.

b. Adenocarcinoma: These tumors arise from the glandular epithelium of the endocervix

and represent 10-15% of CaCx cases.

c. Adenosquamous Carcinoma: A rare form, constituting less than 1% of cases,

characterized by features of both squamous cell carcinoma and adenocarcinoma.
1.1.2 Etiology of CaCx:

The major etiological factor for CaCx development is Human Papillomavirus (HPV)
infection. However, among the high-risk HPV (HR-HPV) types, HPV16 is consistently the
most common type associated with the development of CaCx [Crow, 2012; Bhatla et al., 2008].
According to the IARC Monographs, out of 448 identified HPV strains, 12 are classified as
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group 1 carcinogens, which means that HPV is a necessary but insufficient cause of CaCx
[Walboomers et al., 1999]. Other significant risk factors include smoking, high parity (a greater
number of childbirths), long-term use of oral contraceptives, and certain sexually transmitted
infections (STIs), such as HIV and Chlamydia trachomatis [Thun et al., 2017]. The incidence
and mortality rates of CaCx are notably higher in transitioning countries (Low-middle-income
countries; LMICs) compared to transitioned countries, with rates of 19.3 vs. 12.1 per 1,00,000
for incidence and 12.4 vs. 4.8 per 1,00,000 for mortality, respectively [Bray et al., 2022]. This
disparity is partly due to a higher prevalence of persistent HPV infections and limited access

to effective screening and treatment programs in LMICs [Bray et al., 2022].
1.1.3 Association of Human Papillomavirus with Cervical Carcinogenesis:

1.1.3.1 Prevalence and Natural History of HPV Infections

Studies indicate that HPV infection is extremely common among sexually active women. Over
50% of young women are estimated to acquire HPV infection following their first sexual
encounter, and more than 80% of women are likely to be infected at some point during their
lifetime [Sasagawa et al., 2012]. In most cases (about 90%), the infection is cleared naturally
within three years; however, around 10% of infections persist, and fewer than 1% of these
progress to CaCx (Figure 1.5). The prevalence of any HPV infection was estimated to be 9.9%
in rural districts surrounding the city of Kolkata in eastern India [Dutta et al., 2012]. The
prevalence of HPV infection among women in Western Tamil Nadu (South India) was 10.5%
[Sureshkumar et al., 2015]. A study conducted in northeast India examined the presence of
HPV DNA in cervical scrape samples from married women in Manipur and Sikkim, comparing
the findings with data from women in West Bengal, located in eastern India. The results
indicated that HPV infection was less prevalent in Manipur (7.4%) than in Sikkim (12.5%) and
West Bengal (12.9%) [Laikangbam et al., 2007]. Additionally, research reported an overall
HPV prevalence of 10.3% in western India [Sankaranarayanan et al., 2005] and 14% in

southern India [Franceschi et al., 2005].
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Immune clearance

Figure 1.5: The natural history of HR-HPV infection and its potential clearance or persistence, leading
to cervical carcinogenesis (Modified after Sasagawa et al., 2012).

1.1.3.2 Morphology of HPV:

HPVs are small, non-enveloped viruses characterized by an icosahedral capsid and a closed,
double-stranded circular DNA genome (Figure 1.6). The capsid is composed of 72 capsomeres,
each formed by a pentamer of the major capsid protein, L1, organized into a T=7 icosahedral
surface lattice [Baker et al., 1991; Sapp et al., 1995]. Of these capsomeres, 60 are hexavalent,
while the remaining 12 are pentavalent. Additionally, the capsid includes a minor protein, L2,
which constitutes approximately 2—5% of the total capsid protein, likely represented by 12
copies of L2 [Doorbar, 2006; Sapp et al., 1995; Modis et al., 2002].

Major Capsid Protein (L1)

Figure 1.6 Structure of the Human Papillomavirus (HPV) Capsid: This illustration represents the
structural organization of the HPV capsid, as determined through cryo-electron microscopy. The capsid
is composed of 72 pentameric capsomeres, arranged in a symmetrical pattern. Of these, 12 capsomeres
(orange) are each linked to five neighboring capsomeres, while the remaining 60 capsomeres (red) are
each connected to six adjacent capsomeres (Adopted from Modis et al., 2002).
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1.1.3.3 Classification of Human Papillomaviruses

HPVs belong to the family Papillomaviridae [De Villiers et al., 2004]. HPVs have been
classified based on nucleotide sequence homology, evolutionary relationships, and biological
characteristics. The L1 open reading frame (ORF) is the most conserved gene within the
genome and is utilized for identifying new HPV types. A novel PV type is recognized if the L1
ORF sequence differs by more than 10% from the nearest known PV type. Variations in
homology between 2-10% define a subtype, while less than 2% indicate a variant [De Villiers
et al., 2004]. Based on the L1 ORF sequence, HPVs are phylogenetically classified into 5 major
genera, viz. Alpha, Beta, Gamma, Mu, and Nu- papillomavirus (Figure 1.7). Among the five
genera, members of Alpha-HPVs infect mucosal or cutaneous epithelium, and having

oncogenic association.
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Based on their disease association, the Alpha-HPVs are further classified into high-risk types
(HR-HPV; refers to specific HPV types that have strong oncogenic potential and are linked to
the development of cervical, anogenital, and oropharyngeal cancers through persistent
infection and disruption of normal cell regulation), low-risk types (LR-HPV; refers to HPV
types that are not associated with cancer but can cause benign conditions such as genital warts
and mild cellular abnormalities), Probable high-risk types (refers to HPV types that are
suspected to have oncogenic potential but have not been definitively classified as high-risk, as
they are associated with some cancer cases but have weaker or less consistent evidence linking
them to malignant transformation) and Undetermined-risk types (refers to HPV types with
unclear oncogenic potential due to insufficient evidence, as they are not consistently linked to

cancer, may cause benign infections or remain asymptomatic) Table 1.1 [Mufioz et al., 2003].

Table 1.1: Classification of different types of HPV based on oncogenic association (adopted
from Muiioz et al., 2003)

Risk Types
_ 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, 82
Low-risk 6, 11, 32, 40, 42, 43, 44, 54, 61, 70, 72, 81
Undetermined-risk 34,57, 83

Among the high-risk types, HPV16 and HPV18 are most closely associated with CaCx
[Walboomers et al. 1999].

1.1.3.4 Genome structure of HPV:

HPVs have circular, double-stranded DNA genomes of approximately 7.9 kilobases [Doorbar,
2006]. These genomes comprise an upstream regulatory region (URR), an intergenic
noncoding region (NCR) characterized by simple (AT)n and poly-T repeats, and eight primary
protein-coding open reading frames (ORFs). The ORFs are named based on their temporal
expression during the viral life cycle: "E" denotes early genes, while "L" represents late genes.
The ORFs include E6, E7, E1, E2, E4, E5, L2, and L1 in the 5'-3' orientation (Figure 1.8).
Additionally, an auxiliary sequence, E8, comprising 12 2/3 codons, is spliced to E2 during
specific infection stages to form the ES§"E2 fusion [Nelson and Mirabello., 2023]. All ORFs

are located on the forward (sense) strand and are expressed as polycistronic (multi-ORF)
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mRNAs [Doorbar, 2006; Nelson and Mirabello., 2023]. The functions of viral proteins were
given in Table 1.2 [Nelson and Mirabello., 2023].

Reading frame

Genomic features

e E1 binding site

@ E2 binding sites

= promoter (p)

- polyadenylation site (polyA)
- Upstream Regulatory Region
= Non-Coding Region

ORF type

[ oncoprotein

[@ accessory oncoprotein
[ replication/release

& structural

Figure 1.8 Genome organization of HPV-16: The structure of the HPV genome enables it to efficiently
utilize its small size by encoding multiple regulatory and structural proteins necessary for the viral life
cycle. The early genes (EI-E7) are primarily expressed during the initial stages of infection,
contributing to viral replication and cellular transformation, while the late genes (L1 and L2) are
expressed during the later stages, facilitating viral particle assembly [Adopted from Nelson and
Mirabello., 2023].

Table 1.2: List of proteins synthesized from HR-HPV genome and their functions

- Binds to tumor suppressor protein p53, thereby, promoting its

degradation
E6 Degrades p53 - inhibits apoptosis and contributes to cell transformation.

- E6 interacts with various host cell proteins to inhibit differentiation,

promote DNA replication, and evade immune surveillance."
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- Persistent E6 expression is essential for the sustained progression

and maintenance of CaCx.

- Binds to and inactivates the retinoblastoma protein (pRb),

disrupting cell cycle control.

- leads to uncontrolled cell division, a hallmark of cancer.

Degrades pRb
- interacts with various other host proteins to enhance viral

replication and survival.

- Persistent E7 expression is required for the maintenance of CaCx.

- plays a contributory role in oncogenesis but is not essential for

tumor development.

-is highly hydrophobic and possesses transmembrane domains.
Accessory

oncoprotein -downregulates MHC/HLA class I molecules, impairing antigen

presentation to cytotoxic (CD8") T cells, thereby facilitating immune

evasion.
- ESa is the group present in carcinogenic HPVs.

) - A core viral protein essential for replication and genome
Helicase .
maintenance

Suppresses viral o ) ) .
-Undergoes splicing with E2 to generate the ES”E2 fusion protein

replication
- Core viral protein involved in replication and genome maintenance.
- The full-length E2 protein tethers viral genomes to host
chromosomes, ensuring their distribution to daughter cells during cell
division
DNA binding
protein - Downregulates E6 and E7 expression at specific stages of the viral

life cycle

- The shorter E8"E2 splice variant is expressed in the basal
epithelium to suppress viral replication and maintain low viral copy

numbers, possibly avoiding immune detection.
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- involves in genome amplification and virion release.
Assists genome . ] .
) ) - E4 is one of the most highly expressed ORFs in HPV.
amplification and
virion release - E4 is an overlapping ORF encoded in an alternative reading frame

within the E2 ORF.
- Major structural protein of the viral icosahedral capsid.

- L1 is the most conserved open reading frame (ORF) and serves as

the basis for defining HPV types
L1 Major structural _ Contains five highly variable regions that encode outward-facing

protein loops, which harbor L1’s neutralizing antibody epitopes, crucial for

vaccine-induced immunity

- Genetic differences in L1 correspond to antigenic differences,

possibly reflecting natural selection for immune escape.

- Minor structural protein of the viral icosahedral capsid.
Minor structural

protein - Assists in the assembly of the capsid and the encapsidation of the

viral genome.

1.1.3.5 HR-HPV and CaCx Progression

A persistent HR-HPV infection, with special attention to HPV16, is a critical factor in the
development of cervical malignancies. The viral oncoproteins E6 and E7 of HPV16 play a
central role in this process, often requiring a decade or more to transform normal cervical
epithelial cells into cancerous ones (Figure 1.5). The initial phase of this transformation is
marked by the onset of CIN I, which typically occurs after a persistent HR-HPV (HR-HPV)
infection lasting approximately four to five years [Hausen, 2000]. In CIN I, the HR-HPV
infection targets the proliferative basal and parabasal cells of the cervical epithelium, triggering
both genetic and epigenetic changes. These basal cells, which are actively dividing, begin to
exhibit abnormal cellular phenotypes (dysplasia) due to the increased expression of the E6 and
E7 oncoproteins. The E6 oncoprotein facilitates the degradation of tumor suppressor protein
p53, while E7 protein inactivates the retinoblastoma (Rb1) protein, disrupting normal cell cycle

regulation and promoting cellular proliferation [Mazumder et al., 2011].
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As the infection persists, the dysplastic changes expand beyond the basal layer to the
differentiated spinous layer, marking the transition from CIN I (LSIL) to CIN II-IIT (HSIL).
With each progression from CIN II to CIN III and eventually to invasive cervical carcinoma,
additional genetic and cellular alterations accumulate, further transforming the epithelial cells.
The interplay between HPV16 E6/E7 oncoproteins and cellular targets like p53 and Rbl is
fundamental to this stepwise transformation, leading to uncontrolled cell division and

malignant progression [Mazumder et al., 2011].

HR-HPV promotes a selective growth advantage by either inhibiting or inducing key proteins
which lead to alteration of critical cellular pathways [Table 1.3]. These disruptions affect three
fundamental cellular processes: cell fate, cell survival, and genome maintenance [ Vogelstein et

al., 2013].
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Table 1.3: Signalling Pathways and HPV:

Viral Target | Mechanism Diagram

proteins

HR-HPV | P53 o E6 interacts with

E6 pS3 and the . E6AP
ubiquitin E3
ligase, E6- _Y
associated

protein (E6AP),
to form a ternary
complex

o Ubiquitinates
p53, leading to
its proteasome-
mediated
degradation

o Evade apoptosis
and cell cycle
arrest

[Scheffner et al., 1990]

Apoptosis

Proteasome
System

(ub

(b
(Ub

N

Cell survival
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HR- pRb o interacts  with
HPV E7 retinoblastoma
protein  (pRb),

1
leading to the CDKs i - L7
release of E2F. \\‘ ! \* b
- 1
. . ‘/ ET PR
o inactivate and _p‘_; ! =
destabilize pRb ! -
independently of i ié;;
cyclin- : S 2
I LS
dependent I @;
1
L L1

kinases (CDKs), v :
LR2r !‘"" o

promoting  its - L
degradation via l
the proteasomal | E2IF
pathway - g
. G1/S phase
O promoting transition

uncontrolled cell

cycle
progression
[Tommasino et al.,

1995]
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HPVI16
E6 and
E7

Akt,
TSC2

o can directly

activate Akt or

bind to
(Tuberous
sclerosis
complex 2)
TSC2,

promoting  its
degradation.
enhances  the
activity of the
mechanistic
target of
rapamycin
complex 1
(mTORC1).
promoting
cellular growth

and metabolism

[Contreras-Paredes et

al., 2009]

Gene regulation
Cell proliferation
Cancer
progression
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HPV16
E6 and
E7

APC

o

inhibits the
activity of APC
(a component of
[-catenin
degradation
complex),
thereby,
increasing  [-
catenin levels
induces cancer
cell proliferation

and

differentiation

[Pim et al., 2005]

E-cadherin

Fzd
receptor

complex

K3p «— | Siah-1
APC
Axm
p- catenin destruction

ﬁpﬁ

Accumulated
p- catenin

E Siah-1
p VEGF, c-myc, MMP7
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HPV16
E6 and
E7

STAT3

o

increases  high
STAT3

phosphorylation
, mediating
expression  of
genes VEGF, c-
myc, CyclinD1,
Bel-xL

induces tumor
growth,

proliferation and

angiogenesis

[Morgan and
Macdonald, 2020]

Type I/IL
receptor

| STAT3

| STAT3
Mstars

J

Ligand

(_ J =
« STAT3

(1L-6, EGF, growth factor)

VEGF
c-myc

( STAT3 CyelinD1

\ L srams T

Bel-xLL

HPV16
and

HPV6 ES

EGFR

O

HPV16 and
HPV 6 ES binds
to the 16K
subunit of the v-
ATPase pump of

endosome

[Conrad et al., 1993]

o

HPV16 ES
disrupts
endosomal
acidification,
thereby,
increasing
EGFR

activation.

[Disbrow et al., 2005].

Recyeling

endosome 4

EGFR

Hyperproliferation, Delayed |

differentiation
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o HPVI16 E5
oncoproteins
upregulates the

expression  of

VEGF and
COX2 through
EGFR.

[Kim et al., 2006]

o HPVI16 ES
activates
multiple proto-
oncogenes,
particularly
mitogen-
activated protein
kinases
(MAPKs) and
activating
protein-1 (AP-1)
components,
leading to the
induction of
viral
oncoproteins
E6/E7
expression

[Kim et al., 2009; Ilahi
et al., 2020]
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HPV16 | ATGS, o downregulate

PI3K

. LGS, phagophore
ULK1/2 s

ULKI, assembly S

@
i

ULK2,

Beclin
1, and
ATG7
HPV16
E6/E7 o inhibit

autophagosome-
lysosome fusion
o induce  tumor
cell proliferation

[Mattoscio et al., 2018]

Autolysosome
formation

HPV16 HIF-1a o HPVI6 E6 Mechanism of inhibition of HIF-1a by p53

E6/E7 oncoprotein .
| HIF-la | )
functions to g N
p53 = ps3 = | HIF-lo =) \\
counteract p53- MDM2  MDM2 - ‘\l'h\ R
mediated HIF- [
la degradation .
53 |
o HPVI6 E7 i o \
{ HIF-1o,
oncoprotein . o
_ Mechanism of activation of HIF-1a mediated transeription
enhances HIF p
o -
transcriptional /) "o ’—' VEGF, PDGF, MMP

activity by | = HIFla

h

blocking  the W

interaction of
HDAC with
HIF-1a.
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O promote
angiogenesis
and cancer
development

[Bodily et al., 2011;
Ravi et al., 2000]

Genes denoted in ORANGE indicate activation and BLUE indicate inhibition
1.1.4 CaCx early detection for prevention: The screen-triage-treat model

1.1.4.1 CaCx Screening and treatment:

In 2022, cancer-related deaths reached an estimated nearly 10 million globally, making the
cancer one of the leading causes of mortality worldwide [Bray et al., 2024]. This number is
projected to rise further, with a significant increase anticipated in LMICs, like India which
currently face the greatest obstacles in managing the cancer burden [Bray et al., 2024; WHO].
Early detection through screening is key to CaCx prevention. Cervical screening tests,
including conventional cytology (PAP smear), liquid-based cytology (LBC), HPV testing, and
visual inspection with acetic acid (VIA), are effective in detecting precancerous cervical lesions

in asymptomatic women who appear healthy.
1.1.4.1.1 Cytology based screening:

Cytology is the most commonly employed method for CaCx screening. In high-income
countries, cytology-based screening has been integrated into healthcare systems, achieving
high coverage through effective program organization. This integration has significantly
reduced both the incidence and mortality rates of CaCx over time [[ARC, 2005]. Some
middle-income countries in regions like South and Central America and Asia have also
adopted population-based CaCx screening using cytology. However, these programs have
generally had limited success in reducing the CaCx burden due to challenges such as
inadequate coverage, follow-up care, treatment, and lack of quality control [Murillo et al.,

2008].

In most LMICs, cytology-based screening has yet to be established on a large scale. These
nations often lack the resources and infrastructure to implement and maintain quality-

assured cytology screening within their under-resourced and fragmented healthcare
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systems, which are often burdened by competing healthcare priorities and limited trained
personnel. Effective cytology screening requires well-equipped laboratory facilities,
systematic monitoring, skilled technicians or pathologists, and reliable follow-up systems
for individuals with positive screening results—all of which present significant challenges

in resource-limited settings [Murillo et al., 2008].

Cytology findings are typically categorized using The Bethesda System (TBS) [Nayar &
Wilbur, 2015]. In many healthcare settings, a threshold for positive cytology findings
requiring further diagnostic investigation, such as colposcopy;, is set at the level of Atypical
Squamous Cells of Undetermined Significance (ASCUS) or LSIL. Women who receive
results indicating atypical squamous cells that cannot rule out a high-grade lesion (ASC-
H), LSIL, or HSIL require additional evaluation via colposcopy. Some of the well-

established cytological techniques for CaCx screenings are:

A. Pap test:

Cytology smears are prepared by spreading cervical cell samples, collected using a
spatula and cervical brush, onto a glass slide. These smears are then fixed and stained
using the Papanicolaou (PAP) staining method. Pap test considered some key
cytological features, such as cellular morphology, nuclear abnormalities (enlarged
nuclei, hyperchromasia, irregular nuclear membranes, multinucleation), cytoplasmic
features (cytoplasmic vacuolization, keratinization in squamous cells), koilocytosis
(HPV-related changes). Cytology is a highly subjective test, with results often varying
between laboratories and depending on the expertise of the cytologists interpreting the
smears. In developing countries, the high prevalence of cervical inflammation
contributes to significant inflammatory debris in PAP smears, presenting substantial
challenges for interpretation and accurate reporting. The false-negative rate for PAP
smears is relatively high (ranging from 14-33%), primarily due to limitations in
sampling and smear preparation techniques. Quality assurance across all stages, viz.
preparation, fixation, staining, analysis, and reporting, is essential to obtain reliable
results. When quality control is rigorously maintained, a single PAP smear has a
sensitivity of approximately 60-95% for detecting CIN II+ lesions, along with a
comparable specificity [Cuzick et al., 2014; Nanda et al., 2000]. Furthermore,
inadequate healthcare infrastructure and the absence of effective awareness programs
hinder the development of a robust cytology-based screening program, particularly in

rural populations [Srivastava et al., 2018].
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B. Liquid-based cytology (LBC):

It enhances specimen collection, resulting in a lower rate of unsatisfactory smears,
reduced debris, and a shorter time required for interpretation compared to conventional
cytology. This represents the first significant technical advancement in cervical
cytology in over 50 years. In LBC, cervical cell samples are collected into a vial
containing a liquid transport medium, then filtered, allowing for a random sample to be
presented as a thin layer on a slide, which minimizes cell overlap. Additionally, LBC
samples can be utilized for reflex HPV testing and other molecular analyses,
particularly for triaging cases with ASCUS. However, the sensitivity and specificity of
LBC are generally comparable to those of traditional cytology in detecting CIN II or
worse lesions [Whitlock et al., 2011].

1.1.4.1.2 Visual screening tests:
A. Visual inspection with acetic acid (VIA):
It involves colposcopic examination of cervix one minute after applying a 3—5% dilute
acetic acid solution under bright lighting [Sankaranarayanan et al., 2003]. A positive
result is indicated by the presence of a well-defined, dense acetowhite area adjacent to
the SCJ within the TZ of the cervix. This test is particularly effective for premenopausal
women under 50 years of age when the TZ is clearly visible on the ectocervix. However,
interpreting the results becomes challenging in postmenopausal and older women. VIA
is not recommended for women over 50 years of age or in cases where the SCJ is not
fully visible.
VIA is a simple, feasible, and cost-effective point-of-care test that provides immediate
results, allowing for diagnosis and/or treatment during the same visit for women who
test positive. A wide range of healthcare professionals, including doctors, nurses, and
primary healthcare workers, can be trained to perform VIA with minimal training. The
infrastructural requirements are low, and the necessary consumables are widely
accessible.
The efficacy of VIA has been thoroughly evaluated across diverse settings. A pooled
analysis revealed that the sensitivity and specificity of VIA for detecting CIN II or
higher (CIN II+) were 80-92% [Sauvaget et al., 2011]. However, these values exhibited
significant variability across different environments due to the subjective and provider-
dependent nature of the test, the varying quality of reference standard investigations,

and the differing age groups included in the studies. Additionally, VIA is associated
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with a high rate of false positives. Despite these limitations, implementing VIA
screening in low-income countries represents a pragmatic approach to build the
necessary infrastructure and human resources, potentially facilitating the future
introduction of affordable HPV screening.

B. Visual Inspection with Lugol’s iodine (VILI):

Another straightforward and inexpensive visual screening method is visual inspection
with Lugol’s iodine (VILI). This test relies on identifying iodine-negative areas on the
cervix following the application of Lugol’s iodine. However, VILI has not been
extensively evaluated and is known for its high rate of false positives. The consumables
required for this test can be costly and may not be readily available. Consequently, the
World Health Organization (WHO) does not currently recommend VILI for routine

CaCx screening.

World Health Organization, in its recent guidelines for the screening and treatment of cervical
pre-cancer lesions to prevent CaCx, has recommended HPV DNA testing as the primary
screening method [WHO, 2021]. This recommendation marks a shift away from traditional
methods such as VIA and cytology. The transition is driven by several challenges, including a
shortage of trained healthcare professionals, limited awareness of screening practices among
women, and the technical constraints of VIA. The WHO emphasizes that HPV DNA testing
should serve as Gold Standard test for the general population and high-risk groups (e.g. women

living with HIV) [WHO, 2021].

1.1.4.1.3 HPV Testing for cervical screening:
HPV testing involves the detection of HPV DNA or the mRNA of two oncoproteins (E6
and E7) in cervical cell samples collected either through pelvic examination or self-
sampling. This method is considered the most accurate and reproducible cervical
screening test, independent of the provider. Its sensitivity for detecting CIN II+ lesions
exceed 90%, while that for CIN III+ lesions exceed 95%. Although it is more sensitive
than cytology, HPV testing has lower specificity [Arbyn et al., 2012]. For women over
the age of 30, HPV testing is the most suitable screening option, as HPV-negative
individuals can safely be monitored for at least 7-10 years, given the high negative
predictive value of a negative HPV test for CIN III and CaCx [Schiffman et al., 2011;
Sankaranarayanan et al., 2009]. HPV tests have undergone extensive evaluation and
comparison with cytology in numerous randomized controlled trials. A cluster

randomized trial in India involving approximately 1,35,000 women aged 30-59 years
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found that a single round of HPV testing resulted in a significant 53% reduction in the
incidence of advanced cancer (stage II+) and a 48% reduction in CaCx mortality
[Sankaranarayanan et al., 2009]. In four European randomized trials with 1,76,464
women aged 2064 years, HPV testing was compared to cytology screening. These
participants were followed for a median of 6.5 years, revealing that HPV testing offered
60—-70% greater protection against invasive cervical carcinoma compared to cytology
[Ronco et al., 2014]. The data from randomized trials in Europe and India support the
initiation of HPV-based screening and extending screening intervals to at least five
years. The WHO recommends repeat screening after 10 years for HPV-negative women

in resource-limited settings [WHO, 2013].
1.1.4.2 The “Screen and Treat model” for CaCx

The effectiveness of a successful screening program relies on its widespread uptake and linkage
to treatment of women who screen positive, a strategy known as the "Screen and Treat" model
(Figure 1.9). In this approach, women are screened for cervical abnormalities, typically using
an HPV test. If the test result is positive, they receive immediate treatment for precancerous
lesions, often on the same day. This method eliminates the need for additional confirmatory
tests or follow-up visits, ensuring early detection and prompt intervention to prevent the
progression of CaCx. To effectively reduce the burden of CaCx, it is crucial to appropriately
treat screen-detected CIN lesions, particularly CIN II and CIN III. These lesions can be
managed through two main approaches: ablation and excision. Ablative techniques are cost-
effective, simpler to perform, and associated with minimal complications, making them
accessible to trained non-clinicians. Two widely used ablative methods are cryotherapy and
thermocoagulation, both of which have been demonstrated to be equally safe and effective,
even when performed by nurses [Dolman et al., 2014]. Excisional techniques, on the other
hand, include large loop excision of the transformation zone (LLETZ) and cold knife conization
(CKC). These procedures involve the complete removal of the TZ, which is then submitted for

histopathological examination [WHO, 2013].
1.1.4.3 Limitations of cervical “Screen and Treat Model” in LMICs:

A "screen-and-treat" approach generally imposes a higher patient burden due to the potential
for unnecessary treatment in women with positive screening results that may not progress to a
serious condition. This is because all conventional screening methods have their own

limitations, viz., cytology lacks sensitivity, whereas VIA has only moderate sensitivity and
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specificity [Kiviat et al., 2008; Poli et al., 2015]. Furthermore, although high-risk (HR) HPV
DNA testing is considered the Gold Standard, it lacks specificity for identifying CIN II+/ HSIL
[Kiviat et al., 2008]. This is because most HPV infections are transient and do not lead to
clinical consequences. Only a small proportion of HR-HPV infections initiate an oncogenic
process that ultimately leads to the progression of precancerous lesions into invasive CaCx
[Koliopoulos et al., 2017]. However, treatment is generally indicated for CIN II/III, as this

stage represents the final opportunity to prevent cancer development [Snijders et al., 2006].

Since not all CIN lesions progress to cancer, there is a critical need for risk stratification in HR-
HPV—positive women with CIN II+/HSIL. Identifying those at high risk of CaCx progression
versus those unlikely to develop malignancy can help reduce overtreatment, minimize patient
anxiety, and lower healthcare costs by limiting unnecessary diagnostic procedures, especially

in LMICs such as India, where healthcare resources are often constrained.

HPYV DNA testing

Negative Positive

!

Rescreen in 5-10 years

with HPV DNA test
Direct treatment by applying acetic acid to
check eligibility for ablative treatment
| l
Referral for evaluation Not suitable for Suitable for treatment
by colposcopy treatment by ablation by ablation

|

Cryotherapy/
Thermal coagulation

- 2 m=E->max -

Figure 1.9 Screen and Treat model for CaCx screening
1.1.4.4 “Screen, Triage, and Treat” model for CaCx:

To address the challenges of “Screen and Treat Model”, the World Health Organization
(WHO) introduced a "screen, triage, and treat" approach in 2021 (Figure 1.10). In this
strategy, treatment decisions are based on a positive result from primary HPV screening,

followed by a confirmatory triage test to guide clinical management [WHO, 2021]. Such
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molecular triage biomarker tests can interpose between screening and treatment for

prioritization of clinically relevant HSIL, thereby reducing over-treatment of non-relevant ones

in countries with low-resource set-ups, such as India.

HPV DNA testing

Negative Positive

Rescreen in 5-10 years with HPV
DNA test

Triage with a second test
(Cytology, VIA, HPYV genotyping, E6/E7 mRNA

Repeat HPV test 2 years testing, P16/Ki-67 dual staining cytology)
for the general population [ l l
of women or after 1 year

a . Negative Positive
for women living with HIV O at lawer-risk O at highee cisk
o l
Referral for evaluation Not suitable for Suitable for treatment
by colposcopy treatment by ablation by ablation
Cryotherapy/

Thermal coagulation

Figure 1.10 Screen, Triage, and Treat approach for CaCx screening

These strategies rely on assessing risk thresholds to identify the small subset of women likely

to progress to advanced disease compared to the other screen-positive women. The most

commonly employed triage tests include Cytology, HPV Genotyping, VIA/ VILI. In addition

to these widely used methods, several other triage tests are available for enhanced risk

stratification, including:

a. Triaging with p16/Ki-67 dual staining:

The pl6 protein is a reliable biomarker for cervical precancer, particularly in HPV
infections [Bergeron et al., 2015]. Initial pl16 assays required subjective evaluation,
prompting the development of a dual stain assay combining pl6 with Ki-67, a

proliferation marker. This method detects co-stained cells, requires minimal training,
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and is highly reproducible [ Wentzensen et al., 2014]. Studies, including those from Italy
and Kaiser Permanente Northern California (KPNC), have shown the dual stain assay
to be more sensitive and specific than traditional cytology, with fewer colposcopy

referrals [Wentzensen et al., 2015].
b. E6/E7 mRNA Triage biomarkers:

DNA-based HPV tests struggle with specificity, as they cannot distinguish between
transient and persistent infections. The upregulation of E6 and E7 mRNA is crucial in
HPV-related cellular transformation [Origoni et al., 2015]. E6/E7 mRNA tests
demonstrate high sensitivity and specificity for detecting high-grade CIN (CIN II/III)
[Haedicke and Iftner, 2016].

¢. Other mRNA Triage biomarkers:

Beyond E6/E7, host gene expression profiles change during CaCx progression. Studies
comparing CIN lesions, CaCx, and normal tissues have identified several candidate
genes for further research, including HOXC10, BPA1, HIF-1a, PTP, HME1, HNTHI,
and PHGDH [Zhai et al., 2007; Kendrick et al., 2007; Sopov et al., 2004; Rotondo et
al., 2015]. Recent research has focused on the feasibility of using mRNA-based
biomarkers from liquid-based cytology (LBC) samples to detect HSIL and CaCx. Key
biomarkers studied include CDKN2A/pl16, BIRCS, MMP9, TOP2A, MCMS5, and
MKI67. Among these, TOP2A exhibited the highest sensitivity (97%) for detecting
HSIL. CDKN2A/p16 was the most specific (78%). A combined marker approach using
TOP2A and CDKN2A/p16 demonstrated high sensitivity (96%) and acceptable
specificity (71%), making it a promising strategy for identifying HSIL with enhanced
accuracy [Del Pino et al., 2015].

d. HPV E6 Protein as Triage biomarkers:

E6 protein biomarkers derived from mRNA testing face challenges like susceptibility
to degradation. New ELISA-based methods using monoclonal antibodies for HPV E6
detection show improved specificity but reduced sensitivity, requiring enhancements to
increase coverage of more HPV types for broader clinical applicability [Yang et al.,

2012; Valdez et al., 2016; Qiao et al., 2014].

e. Methylation based Triage Biomarker:
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Abnormal DNA methylation, both in viral and host genes, is a common event in
carcinogenesis. Methylation in specific HPV DNA regions (e.g., L1, E2) correlates with
high-risk lesions and persistence of the infection [Clarke et al., 2012; Mirabello et al.,
2012]. Host gene methylation panels (e.g., CADM1/MAL, FAM19A4/miR124-2) show
potential in triaging HR-HPV-positive women, though challenges like high referral
rates and inconsistent detection limit their current clinical use [Bierkens et al., 2013;

De Strooper et al., 2014].
f. CNV as Triage biomarkers:

Alterations in chromosomal regions, particularly gains in 3q26 (linked to the hTERC
gene), are frequently observed in HPV16-positive CaCx. These markers show promise
in identifying low-grade CIN lesions but require larger, prospective studies for

validation [Caraway et al., 2008].
g. miRNA as Triage biomarker:

miRNAs regulate mRNA stability and translation, influencing cellular processes like
proliferation and apoptosis. Meta-analyses have identified specific miRNAs associated
with CaCx, such as upregulated miR-20a, miR-21 and downregulated miR-145, miR-
03, miR-143 [Li and Hu, 2015]. Changes in miRNA expression across CIN stages could
help classify disease progression [He et al., 2016], although further large-scale studies

are needed.

These molecular biomarkers have become a significant focus of CaCx research, particularly
for triaging HR-HPV-positive women. Though these biomarkers offer the potential to
distinguish between productive HPV infections and those transforming into high-grade lesions,
most of them have their own limitations. Methylation-based biomarkers have insufficient
sensitivity and specificity, as well as test assays need modest improvement [Lorincz et al.,
2016], mRNA-based biomarkers are more prone to degradation [Del Pino et al., 2015], whereas
protein-based biomarkers have turned out to be an expensive and time-taking procedure
[Torres-Poveda et al., 2020]. By contrast, miRNAs possess an array of advantages. It is a highly

stable molecule because of its smaller size (18-25 nt) and is easily detected by PCR techniques;
it has high tissue sensitivity and specificity, and its expression varies with disease

stages [Condrat et al., 2020]. Therefore, it may have the potential to be part of new triage
marker for HR-HPV+ve women [Condrat et al., 2020].
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1.2 Molecular basis of Uterine Cervical Carcinogenesis:

1.2.1 Chromosomal alteration during cervical carcinogenesis: effect on coding, non-coding

RNA expression and altered pathways

Persistent infection with HR-HPVs, followed by viral DNA integration into the host genome,
is considered a major risk factor for the development of CaCx. In approximately 66% of cases,
integration occurs either within (34%) or adjacent to (32%) fragile sites in the genome
[Schiffman & Wentzensen, 2013; Pett & Coleman, 2007]. HPV DNA integration directly
induces genomic instability, leading to chromosomal aberrations. Additionally, it deregulates
the expression of genes located at or near the integration sites, contributing to the malignant

transformation of host cells [Schmitz et al., 2012; Akagi et al., 2014; Hu et al., 2015].

CNYV analysis using microsatellite or sequence-tagged site (STS) markers in primary cervical
lesions has revealed loss of heterozygosity (LOH) (>25%) on various chromosomal arms,
including 1q, 2q, 3p, 4p, 4q, 5q, 6p, 10q, 11p, 11q, 13q, 16p, 18p, 19p, and Xq [Mitra et al.,
1994; Mullokandov et al., 1996]. Detailed investigations have identified LOH during CaCx
progression in regions such as 3pl4.1-p22 (48%), 4p16 (40%), 4921-35 (32%), 5p13-15
(17%), 6p21.3-22 (41%), 11p15 (28%), 11923 (38%), 17p13.3 (24%), and 18q12.2-22 (24%)
[Lazo, 1999]. Further studies have linked deletions at regions 2q34-37, 3p21.2-21.31, 3p25—
pter, 4p15.31, 4p16.2, 4q34.2-34.3, 4q35.1-35.2, 8p21.3-22, 8p23.1, 9q22.32, 11q22.3-23.1,
and 11923.3-24.1 with premalignant cervical lesions. Meanwhile, deletions in 3p13, 3p22.3,
3p26.1, 4p15.2, 4q23.3-24, 6p24.3-25.1, 9p21.3, 11p15.5, 11g23.1, 11q24.2, 13q14.2, 17p13,
and 18q22—qter have been associated with invasive CaCx [Kersemaekers et al., 1999; Dasgupta
et al., 2003; Singh et al., 2005 & 2007]. Gains in regions such as 3q25.31, 8q24.2, and 11q13.3
have also been observed in invasive CaCx [Bhattacharya et al., 2004; Mitra et al., 2010; Singh
et al., 2005].

Comparative genomic hybridization (CGH) analysis has identified multiple chromosomal
regions exhibiting copy number alterations in precancerous cervical lesions, CaCx samples,

and CaCx cell lines, as listed in the Table 1.4.
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Table 1.4: List of frequently altered chromosomal loci as evident from CGH microarray

analysis.
Sample type | Loss of chromosomal loci | Gain of chromosomal loci | References
precancerous 2q35—qter, 3pl2—p21, | 1p36.11-p35.2, Ip31.3— | Narayan &
lesions or CIN | 3pl4.1-p24, 4p16.3— | p21.1, 1925.3—q32.1, | Murty, 2010
pl6.1, 4q31.21, 4q35.2, | 1932.2—q44, 3p26.3—p26.1,
11q13.3, 11g23—qter, | 3p14.3—p14.2, 3ql1.2—q29,
16924.2—q24.3, 17p13.3,| 7q31.1q31.2, 20p13—
179253, and 19p13.11- | p11.21, and 20q12.
ql2
Invasive CaCx | 192142, 2q22.2, 2q33— | 1p33-35, 1p36, 1p31.3-| Narayan &
q37, 3pl2-p23.1, 4q,|p2l.1, 1ql2—q44, 3pl4.3— | Murty, 2010
4q928.3—q32.1, 6p22-24, | pl4.2, 3p26.3—p26.1, 3q13-
6q, 8p23.3, 8pl2-21.3,|q29, 5pl2—pl3, 6p, 7pll.2,
8923.2-q23.3, 9p, 10p, | 7ql1.22—q11.23, 7q31.1-
10p11.23-g21.3, 10g23.3, | q31.2, 8q24.13—q24.22,
11pl5.5, 11q13.3, | 9p22, 9q33.2—q34.3, 15q,
11g22.3—q25, 13ql2.11-| 16p, 16pll.2, 16q22.1-
14.3, 13q14.3-q21.33, | q23.2, 17921-q22, 17925.1-
13931.1-q31.3,17p13.3, q25.2, 19q13.3, 20ql1.21-
and 18q11.2—q23 ql3.33, 22ql1.23, Xpll.2—
pll.3, Xql2, Xq22, and
Xq28
Advanced 2q34-2q37.3, 4p16.3— | 1p36.11-1p31.1,  1g21.1- | Roychowdhu
stage  (stage | 4p12, 4q21.3, 8p23.3,| 1q44, 3q13.13-3929, | ryetal., 2017
[/IV)  CaCx | 8p23.2, 8pl11.22, 11q14.1- | 5p15.33— 5pl2, 8q24.3,
patients 11925, 13q13.3-13q14.3, | 16q22.2, 19q13.13—-19q13.2,
and 19p13.3 Xp22.33-Xpl1.21 and
Xql1.2-Xql2
HelLa (CaCx | 4q32.3-qter, 7q35-qter, | 1q, 2q31-q36, 3pter-p21, 5p, | Macville et
cell line) 11g23-qter, 13q10-q14, | 5q11-q32, 7pter-q35, 8q24- | al., 1999
and 20p qter, 9p, 9q34-qter, 11pl4-
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pll, 11ql3-g22, 12p-ql5,
15q, 16p, and 20q

ME-180, 2q34-2q36.1, 2q36.1- | 3g26.33-3q27.2, 3929, 5p, | Lockwood et
MS751, SiHa, | 2q37.1, 3p23-3p21.3, | 7q11.22-7q11.23, 8q24.13- | al., 2007
CaSki, C-4l, | 3p21.1-3p12.2, 4p, 4q28.3, | 8q24.22, 9q33.2-9q33.3,
DoTc2 4510, | 4931.3-4932.1,  8p21.3- | 9q34.11-9q34.3, 12p13,
SW756  and | 8pl12, 11pl5.5, 13ql2.11- | 16q22.1-16g23.1, 16q23.2,
HeLa (CaCx | 13q14.3,18q11.2-18ql12.1, | 17g25.1-17g25.2, 19q13.13-

cell lines) 18q12.2-18q23 19q13.32, 19q13.41,
20q11.21-20q12, 20q13.12-
20q13.31

CaSki, C-33A, | 1p (38%), 2q (100%), 3p | Ip (38%), 3q (50%), 5p | Harris et al.,
C-41, HT-3, | (62%), 4q (88%), 6q |(63%), 5q (38%), 7p (63%), | 2003

ME-180, (63%),8p (75%), 9p (38%), | 7q (63%), 9q (88%), 1llq
MS751, SiHa, | 10p (63%), 10q (38%), 11p | (50%),14q  (50%), 15q
and  SW756 | 38%), 1l1q (38%), 13q | (38%), 16q (50%), 17q

(CaCx cell | (75%), and 18q (88%) (63%), 19q (50%), 20p
lines) (25%), 20q (88%), and Xq
(38%)

1.2.1.1: Deregulation of mRNA and miRNA expression during the development of

Cervical Carcinoma:

Frequent alterations in chromosomal regions during the development of CaCx lead to the
deregulation of several candidate genes involved in cervical carcinogenesis. As shown in
Figure 1.11, the most common genetic changes observed during the transition from normal
cervical epithelium to CIN include the downregulation of some key TSGs such as RBSP3,
RASSF1A, CHEKI1, and LIMDI1 etc [Mitra et al., 2012; Chakraborty et al., 2018; Chakraborty
et al., 2016]. The progression from CIN to CaCx is associated with the downregulation of
PTCHI1, SLIT2, ROBOI1, ROBO2, CADMI1, MLHI1, and VHL, primarily through gene
deletion or promoter methylation (Figure 1.11) [Mitra et al., 2012; Indra et al., 2011;
Chakraborty et al., 2018; Dutta et al., 2023]. Conversely, the transition from normal cervical
epithelium to CIN is marked by the upregulation of some oncogenes such as AKT1, EPHB2,
SMARCAA4, and PIK3CR4. Further progression from CIN to CaCx involves the upregulation
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of BCL9, NOTCH2, GLI2, CCNDI, c-MYC, ERBB2, LIG4, and KIF4A through gene
amplification or overexpression (Figure 1.12) [Mitra et al., 2010, 2012; Indra et al., 2011; Singh
et al., 2007].

Gene expression studies have further highlighted significant dysregulation during CaCx
development. Downregulation of genes such as CADM1, CDHI1, FHIT, MLH1, ATM, CHEK1,
E2F4, CACNA2D2, RASSF1A, ROBO1, ROBO2, APC, PTCHI, SLIT2, SFRP1, SFRP2,
SFRP4, and SFRP5 has been frequently observed. In contrast, overexpression of Cyclin L1,
Cyclin D1, c-MYC, and EGFR has been consistently reported in CaCx samples [Kersemaekers
et al., 1999; Bhattacharya et al., 2004; Singh et al., 2005; Narayan & Murty, 2010; Mazumder
Indra et al., 2011a, 2011b; Mitra et al., 2010, 2012a, 2012b; Ojesina et al., 2014; Burk et al.,
2017].

On the other hand, promoter hypermethylation has been reported in multiple tumor suppressor
and regulatory genes at different stages of cervical carcinogenesis. Genes commonly
hypermethylated in CIN include CDKN2A, CCNA1, CADM1, CTDSPL, CDHI1, CDH13,
FHIT, MLH1, PCDH10, RASSF1A, ROBO1, ROBO2, SLIT1, SLIT2, SLIT3, and WTI
[Narayan & Murty, 2010; Mitra et al., 2012a, 2012b; Ojesina et al., 2014; Burk et al., 2017].
Invasive CaCx exhibits frequent promoter hypermethylation in genes such as APC, CADMI,
CDHI1, CDH13, COX2, DAPK, FHIT, RASSF1A, THBS1, STAC, TPOU2F3, PTCHI, PTEN,
SOCS1, TERT, HSPA2, MLH1, SLIT2, ROBO1, SFRP1, SFRP2, SFRP4, and SFRP5 (Figure
1.11) [Narayan & Murty, 2010; Mitra et al., 2012a, 2012b; Ojesina et al., 2014; Burk et al.,
2017]. Mutations in genes such as PIK3CA, EP300, FBXW7, PTEN, HLA-A, ARIDIA,
NFE2L2, HLA-B, KRAS, ERBB3, MAPK1, CASP8, TGFBR2, SHKBP1, STK11, ELF3,
CBFB, and TP53 have been identified in invasive CaCx [Ojesina et al., 2013; Burk et al., 2017].

According to Pardini et al. (2018), certain miRNAs were also deregulated during the
progression of CaCx. Several qRT-PCR and microarray analyses revealed the upregulation of
miR-10a, miR-34b, miR-34c, miR-338, miR-345, miR-424, miR-512-5p, miR-518a, let-7g,
miR-26a, miR-29a, miR-29b, miR-29¢, miR-30a, miR-34c-5p, miR-101, miR-125a-5p, miR-
135b, miR-143, and miR-145 in CIN II/III stages compared to CIN I or normal tissue samples
[Wilting et al., 2013; Cheung et al., 2012]. In contrast, miR-16, miR-27a, miR-197, miR-106a,
miR-142-5p, miR-205, miR-7d, miR-9, miR-15a, miR-15b, miR-17, miR-18a, miR-19a, miR-
20b, miR-24, miR-27, miR-30d, miR-93, miR-107, miR-130b, miR-141, miR-151-3p, miR-
155, miR-185, miR-200c, miR-331-3p, miR-339-5p, miR-363, miR-425, and miR-652 were
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upregulated in squamous cell carcinoma (SCC) samples compared to CIN II/III stages [ Wilting
et al., 2013; Pereira et al., 2010]. A stage-wise progressive upregulation of specific miRNAs
such as miR-15b, miR-16, miR-17, miR-20a, miR-20b, miR-25, miR-31, miR-92a, miR-92b,
miR-93, miR-106a, miR-182, miR-185, miR-155, miR-221, miR-222, and miR-224 was
observed from normal tissue to CIN to SCC [Li et al., 2011].

Conversely, microarray data indicated that miR-193a-3p, miR-205, miR-212, miR-221, miR-
27a, miR-27b, miR-484, miR-636, and miR-770-5p were downregulated in CIN I or normal
samples compared to CIN II/III stages. Additionally, miR-100, miR-125b, miR-148a, miR-
188-5p, miR-195, miR-199a-5p, miR-199b-3p, miR-218, miR-26b, miR-375, miR-376a, miR-
378, miR-486-5p, miR-494, miR-497, miR-513b, miR-660, and miR-671-5p were
downregulated in CIN II/III samples compared to SCC samples [Wilting et al., 2013].
Moreover, the expression of let-7b, miR-10b, miR-29a, miR-29¢, miR-99a, miR-100, miR-
125b, miR-126, miR-145, miR-195, miR-199a-3p, miR-218, miR-375, and miR-424 was
progressively downregulated during the transition from normal tissue to CIN II/III and

eventually to SCC (Figure 1.11) [Li et al., 2011]
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1.2.2.2 miRNA-Mediated mRNA Decay

miRNAs predominantly regulate gene expression mostly by binding to complementary
sequences in the 3" untranslated region (UTR) of its target mRNAs. This interaction typically
results in mRNA degradation, or translational repression [Huntzinger & Izaurralde, 2011;
Ipsaro & Joshua-Tor, 2015]. Initially, it was believed that miRNAs primarily inhibit translation
without significantly affecting mRNA stability [Olsen & Ambros, 1999; Wightman et al.,
1993]. Subsequent studies, however, revealed that miRNAs can destabilize mRNAs by
recruiting deadenylase complexes through interactions with GW182 proteins [Mishima et al.,

2006; Behm-Ansmant et al., 2006; Till et al., 2007].

In mammals, GW 182 proteins (also referred to as TNRC6) serve as molecular bridges linking
Argonaute proteins, a key component of the RNA-induced silencing complex (RISC), to
deadenylase complexes, thereby facilitating mRNA degradation [Chen et al., 2009]. The
glycine-tryptophan (GW) repeats of GW182 are recognized by the PIWI domain of Argonaute
proteins, creating a recruitment platform for deadenylase complexes such as CCR4-NOT and
PAN2-PAN3 [Behm-Ansmant et al., 2006; Till et al., 2007]. Among these, CCR4-NOT plays
a dominant role in miRNA-induced deadenylation, whereas PAN2-PAN3 provides a
supplementary function (Figure 1.12) [Fabian et al., 2009; Huntzinger et al., 2010; Braun et
al., 2011].

Deadenylation, the process of poly(A) tail shortening, is often preceded by the dissociation of
poly(A)-binding protein (PABP). The recruitment of CCR4-NOT facilitates access to the
poly(A) tail, accelerating mRNA decay [Behm-Ansmant et al., 2006; Fukaya & Tomari, 2012].
Following deadenylation, the mRNA undergoes decapping, wherein the DCP2 enzyme
removes the 5' cap structure. This step is supported by decapping activators such as DDX6,
DCP1, and EDC4, which are recruited to Ago-bound mRNAs (Figure 1.12) [Pillai et al., 2005;
Chu & Rana, 2006; Nishihara et al., 2013]. Once the cap is removed, the mRNA is degraded
in a 5'-to-3' direction by the exonuclease XRN1 (Figure 1.12) [Subtelny et al., 2014].

Although, deadenylation typically precedes decapping, certain miRNAs can induce decapping
independently, bypassing poly(A) tail shortening [Makino et al., 2015]. Structural studies
suggest that CCR4-NOT interactions with decapping activators such as DDX6 further enhance
this process [Chen et al., 2009; Mathys et al., 2014]. In humans, additional proteins such as 4E-
T serve as molecular bridges connecting the deadenylation and decapping machinery

[Nishimura et al., 2015].
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Figure 1.12 miRNA-Mediated mRNA Decay Pathway in Animals (Adapted and modified after lwakawa
& Tomari, 2015).

1.2.2.3 Oncogenic and Tumor suppressive miRNA during CaCx development

OncomiRs are miRNAs that promote cancer progression by downregulating tumor suppressor
genes or enhancing oncogenic signaling pathways, whereas tumor-suppressive (TS) miRNAs
prevent cancer by inhibiting oncogenes or controlling cell cycle progression, differentiation,
and apoptosis [Wang et al., 2019]. Oncogenic and tumor-suppressive (TS) miRNAs are key

components among dysregulated miRNAs. These distinct classes play crucial roles in various
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biological processes, including the invasion, growth, and progression of CaCx. Such
contributions highlight their significance in the molecular mechanisms underlying cancer

development (Figure 1.13) [Wang et al., 2019].

Cervical cancer progression

143, miR-140-5p, miR-372,
miR-485, miR-206, miR-
107, miR-139-3p, miR-144

miR-329-3p, miR-124,
miR-379, miR-101, miR- l

miR-10a, miR-20a, miR-

106a, miR-150, miR-31,

miR-1246, miR-19, miR- A Tumor

221, miR-222, miR-221-3p, suppressor Al
- M nr &

miR-21, miR-29a, miR-92a,
miR-181a-5p, miR-19a/b
OncomiR

Figure 1.13 miRNAs as oncogenes or tumor suppressors in cervical carcinogenesis. RED up arrow
indicates upregulations and GREEN down arrow indicates downregulation.

1.2.1.4 Alteration in signalling pathways associated with deregulation of miRNA/ mRNA

during CaCx development

The aberrant expression of specific miRNAs in CaCx significantly contributes to the activation
of key signalling pathways involved in tumor progression through their respective target genes
expression alterations. Prominent pathways regulated by miRNAs include the
PI3K/AKT/mTOR, Wnt/B-catenin, MAPK/ERK, and JAK/STAT cascades, underscoring the
crucial role of miRNAs in the cancer pathogenesis (Figure 1.14) [Hasan et al., 2023]. A

comprehensive list of miRNAs, their target genes, and associated signalling pathways is

presented in Table 1.5, further emphasizing their importance in the progression of CaCx.
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Figure 1.14 miRNA mediated regulation of key cellular pathways associated with CaCx development
(Modified after Doghish et al., 2023)

Table 1.5: miRNA mediated regulation of important signalling pathways associated with

CaCx development. miRNA/ mRNA denoted in RED indicates upregulation and GREEN indicates

downregulation.

miRNA (s)

Target genes (s)

Associated

Pathways

References

miR-372, miR-373

miR-135a, miR-4524b-
Sp

miR-146a

DKK1

p-catenin

CTNNBI1

Whnt signaling
pathway

Zhou et al., 2012

Leung et al.,
2014; Lietal.,
2019
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Sathyanarayanan
miR-9-5p SOCSS5 ctal, 2016
Wei et al., 2019
miR-146 STAT3 JAK-STAT Sathyanarayanan
signaling pathway etal., 2016
miR-424-5p KDMS5B Zhou et al., 2017
NOTCH signaling
pathway
miR-34a UPA Pang et al., 2010
miR-628-5p Jagged 1 Chen et al., 2010
D _RTA_ Liang et al., 2021
miR-875-5p EGFR g
EGFR pathway c Vieuri
iR- iR-23b- ampos-Viguri et
miR-7, miR-23b-3p FAK p g
al., 2020; Hao et
al., 2015
iR-21
m' PTEN PI3K-Akt Xu etal., 2015
. pathway
R-2
miR-203 TSC1/2 Zhang et al., 2019
miR-497-5p MAPK1 MAPK pathway Luetal., 2022
CDC42 JNK pathway Qinetal., 2012
miR-133b
Rho P38 pathway

1.2.2. Contribution of onco-miR during carcinogenesis of uterine cervix:

The inactivation of tumor-suppressor (TS) proteins often arises from genetic modifications.
However, numerous studies have revealed that epigenetic silencing, rather than genetic
deletion, is a more common mechanism behind TS protein loss [Wang et al., 2019]. OncomiRs

have been shown to regulate the expression of TS genes across various cancer types. Evidence
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suggests that oncomiRs facilitate tumor progression by downregulating TS genes associated
with cellular proliferation and apoptosis. This is consistent with the pivotal roles that
proliferation and apoptosis play as checkpoints in the development of nearly all cancers [Finkel
et al., 2007]. A list of oncogenic miRNAs, their target genes and their mechanism of action

during development of CaCx were tabulated in Table 1.6.

Table 1.6: Role of oncomiRs during uterine cervix carcinogenesis

OncomiR Target genes Mechanism of action References
miR-34a P18Inkdc, i.  p53-dependent pathway | Lietal, 2010
CDK4, CDKGo, ii.  Cell cycle progression
Cyclin A, E2, | iii.  Cellular senescence
E2F1, BCL2,
BIRC3
miR-20a ATG7 and | i. Promotes Ilymph node | Bao etal., 2013
TIMP? metastasis
miR-182 FOXO1 i. Induce cellular | Tang et al., 2013
proliferation
ii.  Inhibit apoptosis of cells
iii.  Regulate  cell cycle
pathways
miR-200b FoxGl i.  Inhibit cellular apoptosis | Choi et al., 2022
ii.  Induce cell migration and
invasion
miR-499a SOX6 i.  Enhanced cellular | Chen et al., 2020
proliferation
ii.  Regulate cell cycle
iii.  Induce colony formation
iv.  Inhibit cellular apoptosis
v.  Induce cell migration and
invasion
miR-137 EZH? i. Cell proliferation and | Zhang et al., 2018
migration
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miR-133b MST2, CDC42, i.  Enhances cell | Qinetal., 2012
ERK1 and proliferation
ERK2, RHOA, | ii. Induces colony formation
AKTI
miR-886-5p AX i.  Cell transformation Lietal, 2011
miR-873-5p ZEBI i.  promotes CaCx | Wen et al., 2021
progression by notch
signalling pathway
miR-224 RASSFS i.  Associated with | Huang et al., 2016
aggressive disease
progression and  poor
Prognosis
miR-214 Bcl212 i. facilitates the progression | Wang et al., 2013
of CC by activating
PIBK/AKT/mTOR
pathway
miR-9-5p CDHI i. Involved in angiogenesis Farzanehpour et al.,
2019
TWISTI ii. Facilitates metastasis Babion et al., 2019
SOC3 iii. Regulates epithelial-
mesenchymal transition | Wej et al., 2019
(EMT) and tube formation
miR-21-5p PTEN i.  Encourages proliferative | Bumrungthai et al.,
signalling  via. PI3K | 2015
pathway
ii.  Induces cell migration
and invasion
miR-155-5p TP53INPI i. Induces tumor | Li et al., 2019a
progression
miR-301b RASALI i Increase RAS | McBee Jr et al., 2011
activation
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il. Promotes CaCx

progression

1.2.3 miRNA as triage biomarker for CaCx: A non-invasive approach

The use of circulatory body fluid biomarkers is gaining traction in clinical settings for the early
detection of cancer, prognosis evaluation, and treatment monitoring [Lazaros et al., 2025].
Although invasive diagnostic procedures offer crucial insights into disease mechanisms, they
are often costly, pose procedural risks, and cause discomfort to patients. In contrast, non-
invasive biomarkers provide a promising alternative, enabling precise disease assessment
through easily obtainable biological samples. These innovative approaches employ diverse
analytical techniques, each offering distinct contributions to understanding health status and

disease progression [Lazaros et al., 2025].

Although, several potential miRNA-based triage biomarkers for CaCx screening have been
identified in various body fluids, including plasma, urine, and cervical scrapes [Xin et al., 2016;
Aftab et al., 2021; Kawai et al., 2018; Ivanov et al., 2018], the identification of miRNAs from
exfoliated cervical cells would be more suitable. This is because exfoliated cervical cells are
already extensively used in CaCx screening and represent a minimally invasive method [Kawai

et al., 2018; Ivanov et al., 2018].

Differentially expressed miRNAs could serve as a potential molecular triage strategy in HR-
HPV-based cervical screening programs as it is easily accessible, has high tissue sensitivity and
specificity, expression varies with disease stages, moreover, needs less time and lower cost
[Condrat et al., 2020]. miRNAs are either genetically or epigenetically deregulated and play a
direct role in disease progression, hold significant promise as biomarkers for detecting HSIL
[Babion et al., 2018]. Furthermore, the detection of HSIL was enhanced by incorporating
HPV16/18 genotyping into the screening process [Babion et al., 2018]. A subset of miRNA-

based triage biomarkers for CaCx screening are listed in Table 1.7
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Table 1.7: List of miRNA-based triage biomarkers used for CaCx screening

SL miRNA (s) Sample type Detection |  Sensitivity and
No. stage Specificity
1 miR-15b-5p and HR-HPV+ve CIN III Specificity 70% [Babion et al.,
miR-375 cervical scrapes 2018]
2 let-7b, miR-15D, HR-HPV+ve CIN III Sensitivity 67% [Snoek et al.,
miR-20a, miR-93, | cervicovaginal self- Specificity 65% 2019]
and miR-222 samples
3 miR-424/375/218 HR-HPV+ve CIN II+ Sensitivity: 74% [Tian et al.,
Cervical exfoliated Specificity: 85% 2014]
miR-424/375 cells CIN I+ Sensitivity: 78%
Specificity: 80%
4 | miR-205 HR-HPV+ve CIN II+ Specificity: 63% [Xie et al.,
Liquid-based CIN I+ Specificity: 57% 2017]
cytology (LBC)
samples
5 | FAM19A4/miR124- HR-HPV+ve CIN IIT Sensitivity 77% [Bonde et al.,
2 methylation Cervical scrape 2021]
6 | miR-126-3p Sensitivity 66% [Kawai et al.,
Specificity 82% 2018]
miR-20b-5p Sensitivity 74%
Cervical mucus CIN II+ Specifictty 70%
miR-451 Sensitivity 76%
Specificity 82%
miR-144-3p Sensitivity 68%
Specificity 89%
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1.3 Importance of miRNAs targeting LIMDI1-VHL associated hypoxic stress

response pathway during Cervical Carcinogenesis

From the initial stages of infection to the development of cervical lesions and eventually, to the
progression of CaCx, HPV modulates the cellular response to hypoxia by inhibiting Hypoxia-
inducible factor (HIF-1a) ubiquitylation or inducing HIF-1a stabilization [Nakamura et al.,
2009]. It has been reported that HPV E6 oncoprotein functions to counteract p53-mediated
HIF-1a degradation, [Bodily et al., 2011] whereas HPV E7 oncoprotein enhances HIF-1a
transcriptional activity by blocking the interaction of HDAC with HIF-1a, as indicated in Table
1.3 [Bodily et al., 2011; Ravi et al., 2000].

1.3.1 Hypoxia, role of LIMDI1-VHL and cervical carcinogenesis:

HIF-1a is a key regulator of tumor angiogenesis. Under normal oxygen levels, prolyl
hydroxylase (PHD), an oxygen-sensing enzyme, hydroxylates the Pro-564 residue of
HIF-1a. This modification facilitates recognition by the von Hippel-Lindau (VHL)
protein, which subsequently ubiquitinates and targets HIF-lo for proteasomal
degradation, preventing the activation of hypoxia-inducible genes (Fedele et al., 2002).
LIMDI1, a potential tumor suppressor gene (TSG), interacts with PHDs and VHL to
enhance HIF-1a degradation under normoxic or mild stress conditions [Foxler et al.,
2012] (Figure 1.15).

Under hypoxic conditions, the hydroxylation of HIF-1a is inhibited, preventing VHL-
mediated ubiquitination and degradation [Fedele et al., 2002] (Figure 1.15).
Additionally, factor-inhibiting HIF-1 (FIH), an oxygen-dependent asparaginyl
hydroxylase, is unable to hydroxylate the Asn-803 residue of HIF-1a. As a result, co-
activators CBP/p300 and HIF-1f associate with HIF-1a, triggering the transcription of
hypoxia-responsive genes such as vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), and matrix metalloproteinase-9 (MMP-9) [Fedele et al.,
2002; Patel et al., 2005; Diez et al., 2007].VHL is inactivated in cancer, particularly
kidney cancer, which stabilizes HIF-1a and leads to tumour angiogenesis, even in
normoxia [Latif et al., 1992; Herman et al., 1994; Gnarra et al., 1994; Prowse et al.,
1997; Banks et al., 2006]. LIMDI1 is inactivated in HNSCC and lung carcinoma,
resulting in tumour development [Sharp et al, 2008]. The structure and function of

LIMDI1 and VHL are discussed below:
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Figure 1.15 Schematic representation of the mechanism of HR-HPV induced LIMDI-VHL-HIF-1a
stress response pathway

A. LIMD1:

LIMD1 (676 amino acids, 72 kDa, NCBI ID: NP_055055.1) belongs to the Ajuba LIM
protein subgroup within the Ajuba/Zyxin family. The gene spans 91,591 bp on the plus
strand, located from 45,594,751- 45,686,341 bp from the p-terminus (p-ter) in the C3CER1
region at chromosome 3p21.31, commonly deleted in solid tumors (ensemble.org version
112) (Figure 1.16). The 5' promoter region includes a negative regulatory element, a CpG
island, which includes a putative TATA box and an experimentally validated 21-bp core
basal promoter region [Sharp et al., 2008]. The transcript is 11,442 bp long, consists of
eight exons, and has most miRNA binding sites in the 3' UTR of the eighth exon. The first
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exon encodes the N-terminal pre-LIM region (residues 1-471), each coordinating two zinc
ions in a tandem zinc-finger topology (InterPro ID: IPR0O01781) [Kadrmas and Beckerle,
2004]; while exons 2 to 8 encode three tandem LIM domains (residues 472—676) and
mediate protein-protein interactions [Kadrmas and Beckerle, 2004]. The pre-LIM region
contains a proline/serine-rich segment (residues 69—471), a LEM-like domain (residues 18—
68), a nuclear export signal (NES, residues 54—134), and the binding site for pRB (residues
404-442). The three LIM domains also function as an inherent nuclear localization signal
(NLS, residues 472—676). Additionally, VHL interacts with LIMD1 in the LIM2 domain.
LIMDI shuttles between the cytoplasm and nucleus, but is not found in the nucleoli [Sharp
et al., 2004]. In the cytoplasm, LIMD1 colocalises with focal adhesions [Huggins and
Andrulis, 2008; Petit et al., 2005], adherens junctions [Thakur et al., 2010] and mRNA
processing bodies (P-bodies) [James et al., 2010].
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Figure 1.16 Schematic representation of LIMD1 chromosomal location, DNA structure, transcript and
its protein structure.

LIMDI can repress cell cycle progression through pRb-dependent and pRb-
independent inhibition of E2F [Sharp et al., 2004] and regulates Hippo signalling by
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binding to LATS, causing sequestration of the Hippo kinase complex [Thakur et al.,
2010]. LIMDI1 is also part of the Slug/Snail complex that regulates E-cadherin
transcription [Langer et al., 2008] in addition to facilitating centrosomal localisation of

BRCAZ2 to prevent aberrant cellular proliferation [Hou et al., 2016].

B. VHL:

The von Hippel Lindau or VHL gene is located in the forward strand of chromosome 3
(3p25.3); ranging from 10,141,778-10,153,676 bp (Figure 1.17) (ensemble.org version
112). It contains only 3 exons, with a transcript size of 4414 bp. This gene codes for a
protein of 213 amino acid residues and 24 kD molecular weight. This protein comprises
of two functionally distinct domains: amino terminal B-domain and the carboxy
terminal a-domain. The oa-domain (157-189 amino acid residues) of VHL mainly
interacts with ElonginB, ElonginC, Cullin2 and Rbx, resulting in the assembly of a
multiprotein VBC/Cul2 complex with the function of E3-ubiquitin ligase, that targets
and degrades the a-subunit of HIF-1a, in oxygen dependent manner [Maxwell et al.,
1999; Nguyen et al., 2015). The B-domain (64-155 amino acid residues) of VHL has
two major functions firstly, binding the substrates; HIF- la and fibronectin (for
assembly of extracellular fibronectin matrix) and secondly, nuclear/cytoplasmic
trafficking of the VBC/Cul2 ubiquitin ligase. The VHL mediated degradation of HIF-
la is facilitated by interaction of the former with Tid-1L, thereby antagonizing
angiogenesis. VHL has been elaborately studied in association with renal cell
carcinoma (Maranchie et al., 2002). However, the involvement of its downregulation

with the development of other cancers like cervix, oral etc. has now been reported

(Zhang et al.,2014; Chakraborty et al., 2018).
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Figure 1.17 Schematic representation of VHL chromosomal location, DNA structure, mRNA structure
and protein structure.

1.3.2 MiRNAs as master player in the hypoxic stress response pathway:
The link between hypoxia and miRNAs was first established by Kulshreshtha et al.
(2007), who identified multiple hypoxia-responsive miRNAs (HRMs) through
microarray-based expression analysis. These included miR-21, -23, -24, -26, -27, -30,
-93, -103, -106, -107, -125, -181, -192, -195, -210, and -213, all of which were
upregulated under normoxic conditions. Among them, the promoter regions of miR-
210, -26, and -181c were found to be directly regulated by hypoxia-inducible factors
(HIFs) [Kulshreshtha et al., 2007].

Advancements in miRNA research have led to the identification of approximately 2,300
mature human miRNAs [Alles et al., 2019]. However, only a limited number have been
extensively studied and experimentally validated in the context of hypoxia-driven
tumor development. Recent findings suggest that specific miRNAs play a pivotal role
in cellular responses to hypoxia (Table 1.8). Notably, several HRMs are frequently
overexpressed across different stages of cancer, underscoring their potential

involvement in tumor progression [Kulshreshtha et al., 2008].
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Table 1.8: List of miRNAs involved in regulating HIFs and HIF regulatory gene levels.

mMiRNAs proven to directly bind HIF mRNAs are in bold, and indirect effects are marked
with "*""(Modified after Serocki et al., 2018)

Effect of miRNA
. Cell line (Cancer | hypoxia on target(s) | Cellular process
miRNA type) miRNA (direct or altered References
expression indirect*)
MGC-.803, HGC-27 Downregulation | HIFIA Apop.tosm and Wuetal., 2015
(Gastric Carcinoma) invasion
. MDA-MB-231 cells
miR-18a (orthotopi Krutilina ot al
orthotopic Not shown HIFIA | Metastasis tlina ¢t at.,
metastatic 2014
(Breast Cancer)
HepG2 cells
. HIF1A4 . Xue et al.,
miR-20b (Hggfcti(;lc:rlrllziar Downregulated VEGF Invasion 2015
Fadu, OECM-1,
SAS cells
miR-31 (head and neck HIFIAN | Tumour .
squamous cell Not shown HIF1A* | development Liuetal., 2010
carcinoma —
HNSCC)
Proliferation
miR-33a (16[21731 Sn(c)il:s) Not shown HIFIA | invasion g(l)l ? ;1 etal,
metastasis
miR-33b U208 cells Not shown HIFIA Pr.ohfe.ratlon Zhou et al.,
(Osteosarcoma) migration 2017
. HCT116 cells . . Yamakuchi et
miR-107 (Colon Cancer) Not shown ARNT | Angiogenesis al., 2010
. RPMI8226 cells . HIFIAN . . Umezu et al.,
miR-135b (Multiple myeloma) Upregulation HIFIA* Angiogenesis 2014
786-0 cells Apoptosis Song et al
(Clear Cell Renal | Not shown HIFIA POPIC g ”
Cell Carcinoma) migration 2011
miR-138 SKOV-3, TOV-
N ) HIFIA | Invasion Yeh et al.,
112D cells Not shown .
. SOX4 metastasis 2013
(Ovarian Cancer)
PANC-1, SWI990, Proliferation
miR-142 Hup, CFPAC-1 cells | Downregulation | HIFIA ‘nvasion Luetal., 2017
(Pancreatic Cancer) v
SW1116, SW480 RPS6KB1 | Growth
cells (Colon Cancer) Not shown HIFIA* | angiogenesis Xuetal, 2012
SW1116 cells
miR-145 (Colorectal Cancer), NRAS Cancer Yin et al
OVCAR-3,A2780 | Not shown IRS-1 . 201 K
cells HIF]4* | Progression 013
(Ovarian Cancer)
. HeLa cells . HIF34 . . Wang et al.,
miR-147a (CaCx) Upregulation HIF1A* Proliferation 2016
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HeLa (CaCx) and Bruning et al
miR-155 CaCo-2 cells (Colon | Upregulation HIFI4 | Hypoxia 2011 N
Cancer)
786-0, OS-RC-2,
Caki-1 ccRCC cells Not shown EPAS] | Cancer Fan et al.,
(Clear Cell Renal DICERI* | progression 2016
miR-182 Cell Carcinoma)
EGLNI
P(IC);(S)’S t]e? t[ej ?zfnzgl)s Upregulation HIFIAN | Hypoxia Lietal, 2015
HIF1A4*
MKN45; SGC7901
miR-186 cells Not shown HIF14 | Glycolysis Liuetal., 2016
(Gastric Cancer)
A59, NCI-H520
. cells . YWHAZ | Growth and Xue et al.,
MiR-206 (Non-small Cell Downregulation |- ;70 angiogenesis 2016
Lung Carcinoma)
SMMC-7721,
PLC/PRF/S,
miR-210 MH(;%?ZI&I?EL Upregulation ]Zi’TFIZ‘I* Metastasis 2K§ 11 66 tal,
(Hepatocellular
Carcinoma)
miR-374b (Prfs?afe CCe;LScer) Downregulation Zléig}l Angiogenesis ;8?2 etal,
*
miR-497 (Bl\fegls:t-ézzlclzr) Downregulation ];gglﬁ* Angiogenesis Wu et al., 2016
CL1-0 and CL1-5
miR-519¢ cells Not shown HIFI14 | Angiogenesis Cha etal,
(Lung 2010
Adenocarcinoma)
HT-29 and SW480 Cancer
miR-526b-3p cells Not shown HIF1A development and ghang etal,
: 016
(Colon Cancer) progression
A549 and H1299 Chene et al
miR-622 cells Not shown HIFIA | Metastasis £ N
2015
(Lung Cancer)
Hypoxia and
. SW480 and SW620 DDB2 ep);?helial to Costa et al.,
miR-675-5p cells Not shown % hvmal 2017
(Colon Cancer) HIF1A mesenchyma
transition
miR-3195 (Prjs?a ; CCezltLScer) Not shown ]l:?[;’i]s*/]l Angiogenesis 38}112 etal,

Although miRNAs regulating HIFs and their associated genes have been identified across

various cancers, as shown in Table 1.7, research specifically addressing LIMD1 and VHL, two

key TSGs that regulate HIF-10 under normoxic conditions, remains limited. To date, only one

study has reported miR-550-5p-mediated regulation of LIMDI, exclusively in lung

adenocarcinoma [Guo et al., 2020]. In contrast, multiple studies have documented miRNA-

mediated regulation of VHL in various cancers [Kong et al., 2014; Zang et al., 2019; Liu et al.,
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2019; Xiao et al., 2016; Liu et al., 2014; Zou et al., 2020; Liu et al., 2016]. However, only one
study has linked miR-21-5p to VHL regulation in CaCx development [Cai et al., 2018]. Despite
these insights, comprehensive investigations into miRNA-mediated knockdown of LIMDI1 and
VHL, as well as their synergistic role in modulating the LIMD1-VHL-HIF-1a stress response

pathway and its downstream effects in CaCx progression, remain scarce.
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Scope of the study

In 2022, global cancer-related death reached an estimate of nearly 10 million, making cancer
one of the leading causes of mortality [Bray et al., 2024]. This number is projected to rise
further, with a significant increase anticipated in Low- and Middle-Income Countries (LMICs),
like India, facing the greatest obstacle in managing cancer burden [Bray et al., 2024]. Cervical
Cancer (CaCx) is the fourth most common cancer globally, however, in India, it is the second
most prevalent cancer, despite notable advancements in the screening and treatment procedures
[Bray et al., 2024]. Epidemiological and functional studies have identified high-risk Human
Papillomavirus (HR-HPV) infection, particularly HPV16 and HPV18, along with genetic/
epigenetic factors transform the normal cervical epithelium to cancer, through preneoplastic
(Cervical Intraepithelial Neoplasia I/II/III (CIN I/II/III)) stages (Figure 2.1A) [de Freitas et al.,
2012, Doorbar et al., 2006]. World Health Organization (WHO) has set the mission for
eradication of CaCx by 2030, that can be achieved through early detection of CIN stages and
thereby prevention of CaCx [WHO, 2020; Snijders et al., 2006]. Though, WHO has set HR-
HPV DNA testing as gold standard test for CaCx early detection, majority (90%) of HR-
HPV+ve CIN I and a considerable fraction of CIN II/III (43%) does not progress to CaCx
(Figure 1.5). Moreover, in low resource countries like India with large population size, the
burden of HR-HPV+ve CIN II/IIl is huge. Despite this fact, no stable molecular triage
biomarker is available with enough specificity and sensitivity for LMICs (with special attention
to India) to discern the “high-risk” CIN II/III cases for prioritized treatment (and thereby

sparing the “low-risk” CIN I cases from overtreatment) (Refer to section 1.1.4.4).

Upon infecting the basal cells, HR-HPV induces cellular stress in the transforming cervical
epithelium and modulates the cellular response to hypoxia by inhibiting HIF-1a ubiquitylation,
as outlined in Figure 2.1B & C; Table 1.3 [Nakamura et al., 2009; Bodily et al., 2011; Ravi et
al., 2000]. Stabilized HIF-la, being a transcription factor, induces expression of some
angiogenic factors contributing to the carcinogenesis [Ziello et al., 2007]. Hence, to identify

early transformation (CIN II/III) specific triage biomarker, it is pertinent to evaluate the key
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regulators of HIF-1a. Among different regulators, LIMD1-VHL, the two tumor suppressors
(TS) mediated regulations are at the leading edge (as described in section 1.3 and Figure 1.14).
LIMDI1 enables efficient degradation of HIF-1a by bridging an association between VHL and
prolyl hydroxylase domain protein (PHD), leading to efficient ubiquitination and degradation
of HIF-1la during normoxic condition (Figure 2.1B) [Foxler et al., 2012]. Deregulation of
LIMDI and VHL was also reported to play a pivotal role during cervical carcinogenesis
[Chakraborty et al., 2018]. Although, lower expression of LIMD1 and VHL is often associated
with promoter methylation or genetic deletion in CaCx samples, a certain percentage of the
samples still show lower expression of these two TSGs, without any detectable genetic
deletion/ promoter methylation [Chakraborty et al., 2018]. Moreover, recent scientific
evidences suggest existence of additional epigenetic regulatory mechanism for LIMD1 and
VHL expression [Guo et al., 2020; Kong et al., 2014; Zang et al., 2019; Liu et al., 2019] apart
from deletion and methylation, however, yet not well explored. This study postulates the role
of non-coding RNA (especially, miRNA) in the deregulation of LIMD1 and VHL during

cervical carcinogenesis (Figure 2.1D).

Therefore, this study will effectively focus on two aspects: first, to identify miRNAs associated
with LIMDI1-VHL-HIF-1a stress response pathway that could serve as triage biomarker for
CaCx detection at early stages (Figure 2.1E). Globally, several miRNA-based biomarkers were
already reported in CaCx because of their easy accessibility, high sensitivity and specificity,
stage-dependent expression variation, cost-effectiveness, and rapid detection [Condrat et al.,
2020, Ivanov et al., 2018; Kotani et al., 2022]. There is, however, paucity of studies on miRNA
triage biomarkers in the Indian population to discern CIN I (or Low-grade Squamous
Intraepithelial Lesion (LSIL)) from CIN II/III (or High-grade Squamous Intraepithelial Lesion
(HSIL)). As LIMDI-VHL-HIF-1a stress response pathway is activated during HR-HPV
induced cervical carcinogenesis; this pathway-associated miRNA-based triage biomarker

could elementally aid in control of CaCx incidence.

On the other hand, focusing on molecular aspects, while several HIF-1a regulatory miRNAs
have been implicated in cancer development [Sawai et al., 2022; Valencia-Cervantes and
Sierra-Vargas, 2024], the comprehensive regulatory mechanism of the LIMD1-VHL-HIF-1a
pathway via miRNAs and their impact on different cellular phenotypes remains inadequately

studied in the context of CaCx development, as highlighted in Figure 2.1F.
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2. OBJECTIVES:

Thus, to understand the key genetic/epigenetic mechanisms involved in altered miRNA
expression and their effect on LIMD1 and VHL expression deregulation during CaCx

development, in this study, we performed:

1. Analysis of the expression profiles of LIMD1, VHL and their targeting miRNA(s) along
with genetic alteration mechanism of the frequently deregulated miRNA, during
development of CaCx.

2. Evaluation of the candidate miRNA(s) as molecular biomarkers in cervical swabs from

population-based cancer screening.

3. Invitro functional validation of the candidate miRNA(s) in target gene expression.
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Figure 2.1 Research gap of this study: (4) Persistent HR-HPV mediated hypoxia generation and CaCx
progression. (B-C) HIF-1o regulation by LIMDI1 and VHL in normal cervical epithelium (B) and in
cervical cancer cells (C). (D) Prediction of miRNA mediated regulation of LIMD1/ VHL during cervical
carcinogenesis. (E) Clinical question regarding the application of miRNAs associated with LIMDI-
VHL-HIF-1o. stress response pathway as molecular triage biomarker for early detection of CaCx.
(F)Molecular queries regarding the functional role of candidate miRNAs during HR-HPV induced
cervical carcinogenesis.
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Analysis of the expression profiles of LIMDI1, VHL and
their targeting miRNA(s) along with genetic alteration
mechanism of the frequently deregulated miRNA,
during development of CaCx

3.1 Introduction:

Persistent high-risk HPV (HR-HPV) infection is a prerequisite for cervical cancer (CaCx)
development [Doorbar et al., 2006; Wright et al., 2013; Duefias-Gonzalez et al., 2005]. HR-
HPV-mediated stabilization of HIF-1a, previously discussed in Section 1.1.3.5 and Table 1.3,
plays a crucial role in tumor progression [Nakamura et al., 2009; Bodily et al., 2011; Ravi et
al., 2000]. As a transcription factor, HIF-1a regulates the expression of various angiogenic

factors, thereby promoting tumor growth [Ziello et al., 2007].

Under normoxic conditions, HIF-1a is regulated by two key tumor suppressor genes (TSGs),
LIMDI1 and its interacting partner VHL, as discussed in Section 1.3.1 [Foxler et al., 2012].
Alterations in these TSGs have been implicated in cervical carcinogenesis [Chakraborty et al.,
2018]. While reduced expression of LIMD1 and VHL, along with promoter methylation and
genetic deletions, has been observed in CaCx samples, a subset of samples exhibits low
expression of these TSGs without detectable genetic (deletion) or epigenetic (promoter
methylation) alterations [Chakraborty et al., 2018]. This suggests the involvement of additional

regulatory mechanisms, an area that remains largely unexplored.

Beyond promoter methylation and deletion, miRNAs—small, evolutionarily conserved, non-
coding RNAs—play a crucial role in post-transcriptional gene regulation, as discussed in
Section 1.2.2.2 [Huntzinger & Izaurralde, 2011; Ipsaro & Joshua-Tor, 2015]. miRNAs target
numerous genes involved in signal transduction pathways [Ramirez-Moya & Santisteban,

2019], and their deregulation has been linked to cancer development and chemoresistance
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[Correia de Sousa et al., 2019]. Depending on their targets, miRNAs can function as oncogenes

or tumor suppressors, as described in Section 1.2.2.3 [Wang et al., 2019].

Given this knowledge gap, we hypothesize that identifying miRNAs involved in LIMDI1 and
VHL deregulation could provide novel insights into the HR-HPV-induced HIF-la stress

response pathway during cervical carcinogenesis.

3.2 Objective of the study:

Thus, our study has been focused on the following aspects:

(a) In silico identification of LIMDI1 and VHL targeting upregulated miRNAs during

development of CaCx.

(b) Analysis of expression status of LIMDI1, VHL and their targeting miRNAs during

development of CaCx.

(c) Correlation analysis between LIMD1/ VHL and their targeting miRNAs during cervical

carcinogenesis.

(d) Analysis of molecular alteration of the candidate miRNA(s) during the development of
CaCx.

3.3 Materials and Methods:
3.3.1 Chemical and reagents:
3.3.1.1 Fine chemicals (molecular biology grade) used in the study:

Formamide (Invitrogen, San Diago, CA, USA); Agarose (Lonza, Basel, Switzerland);
Deoxynucleotide triphosphate (dANTPs) (Thermo Fisher Scientific, Massachusetts, United
States); Diethyl pyrocarbonate (DEPC) (Sigma Aldrich, USA); TRIzol (Invitrogen, San Diago,
CA, USA)/ (Ambion Inc., USA.); Power SYBR-green PCR master mix (Applied
BiosystemlInc, Foster City, CA, USA) Sodium dodecyl sulphate (SDS) (Invitrogen, San Diago,
CA, USA); 3,3-Diaminobenzidine tetrachloride (DAB, sc-24982) (Santa Cruz Biotechnology,
CA, USA).

3.3.1.2 Enzymes

Proteinase-K (Invitrogen, San Diago, CA, U.S.A.); DNasel (Fermentas, USA); RNase-A
(Invitrogen, San Diago, CA, USA.); Taq DNA polymerase (Promega, Wisconsin, US); Reverse
Transcriptase (Promega, Wiscosin, US); RNAseOUT (Invitrogen, San Diego, USA).
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3.3.1.3 Primers: List of primers used for this study have been listed in Table 3.1

Table 3.1a: Details of primers used DNA integrity checking, HPV detection, CNV and
MRNA expression analysis

Gene Forward Primers Reverse Primer . ] o Product
Primer location | PCR conditions |
Name (5>-3”) (5-3”) Size (bp)
5- 5-
RARp2
(K2) AGAGTTTGATGGAG | CATTCGGTTTGGG Exon 1 58°C/35cy 229
TTGGG-3 TCAATCC-3'
5°- 5°-
consensus L1
MY09/11 | GCMCAGGGWCATA | CGTCCMARRGGA ) 54°C/35cy/2mM 445
region of HPV 16
AYAATGG-3’ WACTGATC-3’
5°- 5’-
HPV 16 HPV 16 E6
] AGGGCGTAACCGA | CATATACCTCACG ) 54°C/35¢cy/2mM 206
typing region
AATCGG-3’ TCGCA-3’
5°- 5’-
HPV 18 HPV 18 LCR
) CATATACCTCACGT | CGGTTGCATAAAC . 58°C/35¢cy/2mM 361
typing region
CGCA-3’ TATGTAT-3’
5°- 5°-
LIMD1
(RT) GTAAATTCATCGGA | CCATCCACAGTCA 3UTR 58°C/40 cy 268
GGACCTG-3’ GCTTG-3’
5°- 5’-
VHL (RT) | TCACCTTTGGCCCT | CTGGCAGTGTGAA Exon2 58°C/40 cy 122
CTTCAGAGAT-3’ TATTGGCAAA-3’
2-
. P 5°- 5°-
microglobu F.P: Exonl
GTGCTCGCGCTACT | TCAATGTCGGATG 58°C/40 cy 143
lin (B2M) R.P: Exon2
CTCTCT-3’ GATGAAA-3’
(RT)
miR-135b-
5- 5- )
5p CNV pre-miR-135b
] TTCCCTATGAGATT | CAAAGCCTCCTTC ] ] 56°C/35 cy 204
primer flanking region
CCTGC-3 TGGTG-3’
(P1)
miR-135b- 5. 5.
miR-135b
5pCNV | CCTTTGTTACTCAG | GGCTGAGCTGTAC ] 56°C/35 cy 148
promoter region
GCCCA-3 CCAACT-3
(P2)
F.P:
_ 5 5 _
B-Actin Exon5/intron 5-6
TGAAGATCAAGGT | GTACTTGCGCTCA o 56°C/35 cy 150
CNV junction R.P:
GGGTGTCT-3’ GGAGGA-3’
Exon 6
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Table 3.1b: List of primers used for miRNA expression analysis:

Gene Name Target sequences PCR conditions
hsa-miR-135b-5p 5’UAUGGCUUUUCAUUCCUAUGUGA 56°C/40cy
hsa-miR-21-5p 5’UAGCUUAUCAGACUGAUGUUGA 56°C/40cy

3.3.1.4 Antibodies

List of the antibodies have been detailed here.

a. Primary antibodies:

1. LIMDI1 (sc-271448) [Santa Cruz Biotechnology, USA]
2. VHL (sc-135657) [Santa Cruz Biotechnology, USA]

b. Secondary antibody:

HRP-conjugated rabbit anti-mouse secondary Abs (sc-516102) [Santa Cruz Biotechnology,
USA]

3.3.1.5 Kit:

Quick-DNA™ FFPE kit (Zymo Research, USA) used for isolation of DNA from FFPE

samples.
miRNeasy FFPE kit (Qiagen, Maryland, USA) used for isolation of RNA from FFPE samples.
miRCURY®LNA®RT Kit (Qiagen, Maryland, USA) used for cDNA synthesis of miRNA.

miRCURY LNA SYBR®Green PCR Kit (Qiagen, Maryland, USA) used for expression
analysis of miRNA.

3.3.2 Collection of Clinical Samples:

For this study, a total of cervical tissue samples (Discovery phase samples; N=42) [fresh biopsy
normal cervical epithelium (N=9), formalin-fixed and paraffin-embedded (FFPE) CIN I-III
(N=12), and fresh primary CaCx biopsy (N=21)] along with EDTA-treated blood of
corresponding patients were collected from the hospital unit of Chittaranjan National Cancer
Institute (CNCI), Kolkata, India. In addition, normal cervical epithelium tissues were collected
as control from patients who underwent hysterectomy due to other gynecological reasons.

Fresh biopsy samples were immediately divided into three fractions for DNA isolation, RNA
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isolation, and immunohistochemical (IHC) analysis. On the other hand, 12 CIN stage tissues
were collected in FFPE blocks from women attending community-based cervical screening
programs conducted by CNCI. Demography of the patients has been shown in Figure 3.1 and
Table 3.2a and 3.2b

Ethics statement: Institutional Ethical Committee clearance (Ref No. CNCI-IEC-72120) was
obtained before commencement of this study and written informed consent were obtained from

each patient before sample collection.

Discovery Phase
(Cervical tissue; N=42)

Collected from Hospital unit of CNCI

| |

Freshly Operated FFPE CIN samples  Freshly Operated
Normal Cervical epithelium (1-m) Primary CaCx
[N=9] [N=12] [N=21]

- qRT-PCR for LIMD1/ VHL
* RT-PCR for miRNA

Figure 3.1 Utilization of clinical cervical tissue samples (Discovery Phase) in this study design.
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Table 3.2a: Detailed patient history of dysplastic and CaCx samples:

. . Age at
ID Age | Clinical Stage Hlstopathé)loglcal SH PV seiual Parity
grade tatus debut
28771 60 CIN 111 Severe dysplasia HPV 16 17 2+1
9333 47 CINII Moderate dysplasia HPV 18 16 3+0
18593 51 CIN I Moderate dysplasia HPV 16 15 1+1
27347 45 CIN 111 Severe dysplasia HPV 16 16 2+1
27927 55 CIN I Mild dysplasia HPV 16 20 2+0
405 30 CIN I Moderate dysplasia HPV 18 17 5+1
24897 47 CIN 1l Severe dysplasia HPV 16 21 5+0
16675 43 CINII Moderate dysplasia HPV 16 17 442
28764 55 CIN I Mild dysplasia HPV 18 17 1+0
24036 32 CIN I Mild dysplasia HPV 18 16 3+1
22584 36 CIN I Mild dysplasia HPV 16 15 3+0
19635 48 CIN I Mild dysplasia HPV 16 16 2+1
7996 34 CaCx 1B WDSCC HPV 16 14 3+0
7212 52 CaCx 1B MDSCC HPV 16 12 2+1
9086 54 CaCx 1B PDSCC HPV 16 16 4+0
173 51 CaCx 11IB WDSCC HPV 16 15 3+1
601 48 CaCx 11B MDSCC HPV18 16 1+0
770 70 CaCx ll1Al MDSCC HPV 16 16 2+1
982 45 CaCx 1B MDSCC HPV18 18 4+0
1086 30 CaCx 1IB MDSCC HPV 16 17 3+1
1091 52 CaCx 1B PDSCC HPV 16 18 1+0
1293 79 CaCx 11IB WDSCC HPV 16 17 2+0
1467 49 CaCx 11B MDSCC HPV 16 22 4+0
4457 55 CaCx 11IB PDSCC HPV 16 21 1+0
4890 45 CaCx IB2 WDSCC HPV 16 20 3+1
4897 35 CaCx 1IB MDSCC HPV 16 17 5+1
4914 46 CaCx IVA PDSCC HPV18 17 4+0
5032 60 CaCx 11B MDSCC HPV18 15 4+4
5153 46 CaCx 11B MDSCC HPV 16 22 1+0
6575 47 CaCx 1Al MDSCC HPV 16 14 3+1
5958 65 CaCx 1B MDSCC HPV 16 16 5+0
1884 60 CaCx IlIB PDSCC HPV18 20 9+1
944 62 CaCx 11B MDSCC HPV 16 21 5+0
Histology:

WDSCC: Well-differentiated squamous cell carcinoma

MDSCC: Moderately differentiated squamous cell carcinoma

PDSCC: Poorly differentiated squamous cell carcinoma
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Table 3.2b: Summary of demography and clinicopathological features of the subjects

participated in this study:

Discovery phase samples [Cervical tissue; N=42]
Clinicopathological features No. of subjects
Normal Cervical epithelial tissues (Control): 9
Age range (Mean age):  38-50 yrs (45)
HPV status
HPV+ve 0
HPV-ve 9
Dysplastic Cervical epithelial tissues 12
(CIN I-111):
Age range (Mean age):  30-60 yrs (40)
HPV status
HPV+ve 12
HPV-ve 0
Parity
<5 9
>5 3
Age at sexual debut
Early (12-19) 10
Late (>19) 2
Cervical Cancer tissues (CaCx): 21
Age range (Mean age):  30-62 yrs (46)
HPV status
HPV+ve 21
HPV-ve 0
Tumor stage
Stage /11 15
Stage HI/IV 6
Tumor grade
Well differentiated: 4
Moderate differentiated: 12
Poor differentiated: 5
Lymph node
Node+ 4
Node- 17
Parity
<5 16
>5 5
Age at sexual debut
Early (12-19) 15
Late (>19) 6
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3.3.3 In vitro Cell culture:

For this study, HPV16+ve Cervical Cancer cell line (SiHa) and the normal immortalized
embryonic kidney epithelial cell line (HEK293T) were purchased from NCCS, Pune, India.
The cell lines were grown in humidified chamber at 37°C with 5% CO; in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco, Carlsbad, CA, USA) and penicillin/streptomycin antibiotics (Gibco,
Carlsbad, CA, USA) [Chen et al., 2014].

3.3.4 DNA isolation:

Normal cervical epithelium (N=9) and primary CaCx biopsy tissue (N=21) were cryo-
sectioned and counterstained with Haematoxylin and Eosin. CaCx biopsy tissues with > 30%
normal cell infiltration were micro-dissected to enrich tumor cells under a dissecting
microscope (Leica MZ16, Germany) [Islam et al., 2020]. Normal cervical epithelium, CaCx
tissues and respective peripheral blood lymphocyte (PBL) of discovery phase samples as well
as cell lines (SiHa and HEK293T) were further proceeded for DNA isolation by conventional

phenol—chloroform extraction method.

Briefly, microdissected tissues and PBLs were first resuspended in TNE buffer (10 mM Tris-
HCI, pH 7.4; 10 mM NaCl; 10 mM EDTA). For cell lines, cells were first pelleted down. After
washing with PBS, TNE buffer was added to it. Cell lysis was induced by adding SDS at a final
concentration of 0.5%, followed by incubation at 65°C for 15 minutes. Subsequently, protein
digestion was performed overnight at 37°C using proteinase K (100 pg/mL). Following cell
lysis, DNA was extracted from the aqueous phase via phenol-chloroform extraction.
Precipitation was achieved by adding 2.5 volumes of chilled ethanol supplemented with 2%
potassium acetate. The resulting DNA pellet was dissolved in TE buffer (10 mM Tris-HCI, pH
7.4; 1 mM EDTA). To remove residual RNA, the DNA solution was treated with ribonuclease
A (100pug/mL) at room temperature for 2 hours, followed by a second round of phenol-
chloroform extraction. DNA was re-precipitated with ethanol and dissolved in TE buffer for

long-term storage.

Additionally, DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tissue
blocks using the Quick-DNA™ FFPE kit (Zymo Research, USA) according to the

manufacturer’s protocol.
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DNA concentration was determined spectrophotometrically at an absorbance ratio of A260/280
and DNA integrity was verified via polymerase chain reaction (PCR) of the RAR-B2 (K2) gene
(Table 3.1a) [Islam et al., 2020].

3.3.5 HR-HPYV detection:

HR-HPYV infection in the samples was detected using PCR in a 20 pL reaction volume, with 35
amplification cycles, using degenerate MY09/11 primers (Table 3.1a), designed from the
consensus L1 region (Dutta et al., 2016). The PCR products were subsequently analyzed on a
2% agarose gel for confirmation [Dutta et al., 2016]. For HR-HPV16/18 genotyping, MY09/11-
positive samples were further tested using type-specific primers (Table 3.1a) targeting the E6
region of HPV16 and the LCR region of HPV18 [Dutta et al., 2016]. Plasmids containing
HPV16 and HPV18 sequences served as positive controls for their respective HPV typing
assays (Table 3.1a). The PCR amplicons were separated by electrophoresis on a 2% agarose

gel, stained with ethidium bromide, and visualized using a UV transilluminator.

3.3.6 Copy number variation (CNV) analysis:

Previously, CGH-SNP microarray (high-resolution SurePrint G3 CGH-SNP microarray
2X400K platform, Agilent Technologies, Santa Clara, CA, USA) conducted in a set of
clinically advanced CaCx samples (N=11) by Roychowdhury et al, in 2017. We retrieved the
CNV data for miRNA and mRNA-encoding genes from this previously reported CGH-SNP
microarray data (GSE76911) [Roychowdhury et al., 2017]. Moreover, the chromosomal
alteration of LIMD1/ VHL in CaCx was further validated in putative copy number alterations
data extracted from The Cancer Genome Atlas (TCGA) [(Cervical Squamous Cell Carcinoma
(TCGA, PanCancer Atlas) (N=293) and Cervical Squamous Cell Carcinoma and Endocervical
Adenocarcinoma (TCGA, Firehose Legacy) (N=295)] samples through cBioPortal.

Since miR-21-5p expression has already been correlated with HPV integration by Thorland et
al. (2003), this study focuses on the mechanisms underlying miR-135b-5p alterations. The
validation of MIR135B locus copy number alterations was analyzed by qRT-PCR on genomic
DNA isolated from primary cervical tissue samples [Normal cervical epithelium (N=9); FFPE
CIN [-III (N=12); CaCx (N=21)] and paired PBL. Two sets of the MIR135B locus-specific
primers were designed, one set flanking the pre-miR-135b (P1) and another one from the
promoter region (P2) (Table 3.1a) (Figure 3.2). For CNV analysis of MIR135B locus (1g932.1),
approximately 50 ng of genomic DNA from tissue and their respective PBL was amplified in

a 15ul reaction volumn, containing 7.5ul of 2X Power SYBR Green master mix (Applied
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Biosystems, Foster City, CA, USA) and Iul of each specific primer. The CNV data was
normalized against B-actin locus [Li et al., 2015] and relative copy number was calculated by

using the following formula:

Relative copy number= 2"-dCt MIRI135B locus (Tissue samples)/ 2"-dCt MIRI35B locus

(Respective blood)
Chr 1
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Figure 3.2 Representative image of the location of two primer sets designed for CNV analysis of
MIRI135B locus: Pl from the pre-miR-135b flanking region (Grey) and P2 from the promoter region
(Orange).

3.3.7 Identification of candidate miRNAs through in silico analysis:

To identify the reported miRNA differentially expressed during cervical carcinogenesis, two
databases viz. The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO)
databases were taken into consideration. The GEO dataset (GSE86100) comprised of HPV-ve
normal cervical tissues (N=6) vs. HR-HPV+ve CaCx tissues (N=6) were considered for
analysis of differentially expressed miRNAs in cervical tissue samples using GEO2R.
Parallelly, 308 transcriptomics data including primary tumor (N=306) and normal cervical
tissue (N=2) were considered from “TCGA CESC miRNA seq datasets” and analyzed to get
deregulated miRNAs in CaCx by using Subio Platform (https://www.subioplatform.com/).
Consequently, the upregulated miRNAs in TCGA and GEO datasets were identified based on
adjusted p-value <0.05 (-log10 adj p-value < 1.301) and differential Fold Change > 2 (log2Fold
Change>1) for up-regulation. In parallel, lists of conserved miRNAs targeting LIMD1 and
VHL mRNA were explored using online bioinformatics tools e.g., TargetScan (targetscan.org),

miRanda-miRSVR (microrna.org), and miRWalk (miRwalk.umm.uni-heidelberg.de.).
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3.3.8 RNA expression analysis by quantitative real-time PCR (qRT-PCR):

For this study, total RNA was extracted from 9 normal cervical epithelium samples, 21 CaCx
samples, and cell lines (SiHa and HEK293T) using TRIzoL Reagent (Invitrogen, USA),
following the manufacturer’s instructions. Briefly, tumor and normal tissues were
homogenized in TRIzoL solution (1 mL per 50-100 mg of tissue). For cell lines, cell pellets
were thoroughly washed with 1X phosphate-buffered saline (PBS) before adding TRIzoL and
homogenization. The homogenized suspension was then mixed with an equal volume of
chloroform and centrifuged at 12,000 rpm for 15 minutes at 4°C. The aqueous phase was
carefully collected. An equal volume of isopropanol was then added to it and incubated at
—20°C for one hour to promote RNA precipitation. This was followed by centrifugation at
12,000 rpm for 20 minutes at 4°C. The resulting RNA pellet was washed with 75% chilled
ethanol and dissolved in 0.1% diethylpyrocarbonate (DEPC)-treated sterile water. RNA purity
was assessed spectrophotometrically by measuring the A260/280 ratio, and concentration was

determined from the A260 value [Chakraborty et al., 2018].

Additionally, total RNA from FFPE CIN tissue blocks was extracted using the miRNeasy FFPE
kit (Qiagen, Maryland, USA).

a. mRNA expression analysis:

The expression levels of LIMD1 and VHL were assessed using quantitative real-time
PCR. Initially, 5pg of total RNA was treated with DNase I to eliminate genomic DNA
contamination (if any exists) in the samples and cell line RNA. Subsequently, cDNA
synthesis was performed using 1pg of DNase I-treated RNA in a 20ul reaction volumn,
incubated at 37°C for 30 minutes. The reaction mixture contained 200ng of random
hexamers, 40 units of RNase OUT, 1X reverse transcriptase buffer [S0 mM Tris-HCI
(pH 8.3), 75 mM KCl, 2 mM MgCl., 0.005 M DTT], 0.5 mM of each deoxynucleotide
triphosphate (dANTP), and 200 units of reverse transcriptase (Promega, USA). The
reaction was then incubated at 42°C for 90 minutes, followed by 4°C for 1 minute
(Applied Biosystems, USA).

For real-time quantification of mRNA expression, approximately 2ul of synthesized
cDNA was amplified in a 15ul reaction containing 7.5ul of 2X Power SYBR Green
master mix (Applied Biosystems, Foster City, CA, USA) and 1ul of each specific
primer. The primer details were provided in Table 3.1a [Chakraborty et al., 2018].

70| Page



Chapter 3

b. miRNA expression analysis:

To analyse the expression of candidate miRNAs, cDNA synthesis was performed on
total RNA isolated from tissue samples and cell lines. Next, cDNA was synthesized
from the total RNA (20ng) with miRCURY®LNA®RT Kit (Qiagen, Maryland, USA),
followed by quantitative real-time PCR on the synthesized cDNA using miRCURY
LNA SYBR®Green PCR Kit (Qiagen, Maryland, USA), candidate miRNA primers, and
SNORD44 (GenGlobe ID: YP00203902; Qiagen, USA) as endogenous control
according to the manufacturer’s instruction [Elshelmani et al., 2023; Morata-Tarifa et

al., 2017]. Primer lists were tabulated in Table 3.1b.

The comparative threshold cycle (Ct) method was used to quantify relative gene expression.
The calculation was performed using the following formula [Chakraborty et al., 2018;
Elshelmani et al., 2023; Morata-Tarifa et al., 2017]:

dCt=[(Ct) target gene — (Ct) endogenous control gene], where a higher dCt value indicates

lower expression of genes
3.3.9 Protein expression analysis by immunohistochemistry (IHC):

Protein expression levels of LIMD1 and VHL were assessed by IHC in FFPE tissue samples
from the discovery phase. The study included normal cervical epithelium (N=9), CIN I-III
(N=12), and CaCx (N=21) samples.

Briefly, 5 um tissue sections were deparaffinized, rehydrated sequentially, and blocked with
3% bovine serum albumin (BSA) for 1 hour. The sections were then incubated overnight at
4°C with primary antibodies targeting LIMD1 (sc-271448) and VHL (sc-135657) at a dilution
of 1:100. For detection, HRP-conjugated rabbit anti-mouse secondary Abs (sc-516102) were
applied at a dilution of 1:500 [Chakraborty et al., 2018]. The slides were developed using 3,3’-
diaminobenzidine (DAB) as the chromogen and counterstained with hematoxylin. To ensure
specificity, negative control slides were prepared by substituting the primary antibody with 1X
PBS, allowing verification of non-specific secondary antibody binding. Final expression
evaluation followed a standardized scoring system [Perrone et al., 2006], where, a total score
of 0-2 indicates low expression, 3—5 indicated intermediate expression and 6—7 indicated high
expression. The scoring was independently assessed by three observers to ensure consistency

and accuracy.
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3.3.10 Statistical analysis:

Fisher’s exact test was used to assess the statistical significance of categorical variables based
on molecular features. To evaluate the significance of differences within groups of a single
population, Z-scores were calculated. Data visualization, including histograms, dot plots, and
box plots, was performed using GraphPad Prism 8 (GraphPad Software) or Microsoft® Excel
2019. A p-value (P)<0.05 was considered statistically significant. Additionally, Pearson’s
correlation coefficient was calculated using GraphPad Prism 8 to examine the association

between miRNA expression and its corresponding target gene expression.

3.4 RESULT:
3.4.1 Prevalence of HPV 16/18 in samples:

The prevalence of HPV was first assessed in 9 normal cervical biopsy samples, 12 FFPE CIN
samples, and 21 primary CaCx biopsy samples. All CIN (12/12, 100%) and CaCx (21/21,
100%) samples tested positive for HPV, while none of the normal cervical tissue samples (0/9)
showed HPV infection. Among the 12 HPV-positive CIN samples, 66.6% (8/12) were positive
for HPV16, and 33.3% (4/12) were positive for HPV18. Similarly, among the 21 HPV-positive
CaCx samples, 76.1% (16/21) were positive for HPV16, whereas 23.8% (5/21) tested positive
for HPV18. The distribution of HPV infection across the sample groups is depicted in Figure
3.3D and Table 3.2.
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Figure 3.3 HPV detection and typing: Representative images of (A) HPV detection (B) HPV 16 typing
and (C) HPV 18 typing in the discovery phases samples. (D) Bar graph representing (%) of HPV
prevalence in normal cervical epithelium, CIN and CaCx tissue samples.

3.4.1 Downregulation of LIMD1 and VHL expression during cervical carcinogenesis:

At first, we analyzed the two TSGs, LIMD1 and VHL mRNA expressions in cervical tissue
samples [fresh biopsy normal cervical epithelium (N=9), FFPE CIN I-III (N=12), and fresh
primary CaCx biopsy (N=21)]. The result showed that the expression of LIMD1 and VHL was
significantly decreased (p=0.043 and 0.033, respectively) in CaCx samples (N=21) compared
to normal cervical epithelium (N=9) (Figure 3.4A and 3.4B). The LIMDI/VHL mRNA
expression status correlated with their protein expression status in the same sample sets (Figure
3.4C). In normal cervical epithelium, LIMD1 protein showed high/medium expression in the
nucleus/cytoplasm of basal-parabasal layers of 56% (5/9) of samples, with a marginal increase
in the spinous layers (67%, 6/9) (Figure 3.4C; Table 3.3). Conversely, in CIN, only 33% (4/12)
of samples showed high/medium expression, followed by a significant decrease in invasive
CaCx samples (19%, 4/21) (p=0.045) (Figure 3.4C; Table 3.3). In contrast,

nuclear/cytoplasmic expression (high/medium) of VHL gradually increased from the basal-
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parabasal layers (44%; 4/9) to spinous layers (78%, 7/9) of the normal cervical epithelium
(Figure 3.4C; Table 3.3). Similar to LIMD1, VHL expression (high/medium) was also reduced
in CIN (33%, 4/12), followed by a significant decrease in CaCx (9.5%, 2/21, p=0.028) samples

(Figure 3.4C; Table 3.3).
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Figure 3.4 Analysis of LIMD1/VHL expression and genetic alterations of their gene locus in cervical
tissue samples: Dot-plot displaying the distribution of dCt value of LIMDI (4) and VHL (B) mRNA in
normal cervical epithelium and CaCx samples, the bar line represents mean with SD. (C) Representative
images of IHC of LIMD1 and VHL, with a red arrow denoting cytoplasmic staining and a green arrow
denoting nuclear staining. All of the photographs have a 20x magnification, the magnification for the
inset is 40x. The scale bar is 50 um. The histogram plot represents the percentage of samples showing
cytoplasmic expression of LIMDI and VHL. (* ** and *** represent a significant p-value < 0.05,
<0.01, and <0.001 respectively) (D) Heatmap representing (%) of the sample showing CNVs
(amplification and deletion) in LIMD1/ VHL chromosomal locus from microarray data obtained from

GEO accession no GSE76911.
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Table 3.3: Expression pattern of LIMD1/ VHL protein in normal cervical epithelium,
CIN and CaCx tissue samples (%0)

) Normal (n=9)
] Protein CaCx
Protein Name . Basal- ] CIN (n=12)
Expression Spinous (n=21)
Parabasal
) ) 67%
High/Medium 56% (5/9) (619) 33% (4/12) | 19% (4/21)
LIMD1
33%
Low 44% (4/9) 67% (8/12) | 81% (17/21)
(3/9)
78% 33.3%
) ) 44% (4/9) 9.5% (2/21)
High/Medium (719) (4/12)
VHL
22% 66.4% 71.5%
Low 56% (5/9)
(2/9) (8/12) (15/21)

To further envisage if chromosomal alteration of LIMD1 and VHL locus affects the two TSGs’
expression downregulation during cervical carcinogenesis, infrequent CNVs (in 18%, 2/11;
and 9%, 1/11 samples, respectively) have been observed in the CGH microarray dataset
(GSE76911) (Figure 3.4D) that were further validated in TCGA database, where LIMD1 locus
showed CNV in 0.3% (1/293) and 2% (6/293) samples in Cervical Squamous Cell Carcinoma
(N=293; TCGA, PanCancer Atlas) and Cervical Squamous Cell Carcinoma and Endocervical
Adenocarcinoma (N=295; TCGA, Firehose Legacy) datasets, respectively (Figure 3.5A). On
the other hand, CNV in VHL gene locus was observed in 0.3% (1/293) and 1.4% (4/295)
samples in the two TCGA datasets, respectively (Figure 3.5B). Hence, it indicates the
plausible existence of additional (epigenetic) mechanism for the expression regulation of

these two TSGs other than CNVs.
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Cervical Squamous Cell Carcinoma (TCGA, PanCancer Atlas) (N=293)
0.3%
(1/293) ‘

LIMDI1
(3p21.31)
Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma (TCGA, Firehose Legacy) (N=295)
wo ll
(6/295)
B
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wt /0
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(4/295)
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Figure 3.5 Heat map representing (%) of the sample showing CNVs (Amplification/ Deletion) of (A)
LIMDI and (B) VHL chromosomal locus from TCGA data

3.4.2 Identification of LIMD1 and VHL targeting miRNAs in silico:

To identify LIMDI1 and VHL targeting miRNAs, we produced a Venn diagram using TCGA
and GEO databasets (GSE86100) and found 31 upregulated miRNAs in CaCx (Figure 3.6A).
These shortlisted 31 miRNAs were subsequently examined to determine whether they were
targeting either LIMD1 or VHL, using a variety of bioinformatic tools. The lists of LIMD1 and
VHL targeting conserved miRNAs were matched with the previously identified upregulated
miRNAs to find the candidate miRNAs targeting LIMD1 and VHL. Two miRNAs targeting
LIMDI1 were common between TargetScan and miRWalk analysis (viz. miR-224 and miR-
135b-5p), while two other miRNAs (viz. miR-21-5p and miR-590-5p) targeting VHL were
shared between TargetScan and miRanda-miRSVR (Figure 3.6B and 3.6C).

In CNV analysis of the 4 selected miRNAs from our CGH microarray data set (GSE76911),
the LIMD1 targeting-miR-135b-5p locus (1q32.1) showed frequent amplification (82%; 9/11).
The locus for miR-224-5p (Xq28), whereas, showed amplification in 45.5% of samples (5/11),
and only 1 sample (9%, 1/11) showed deletion (Figure 3.6D). On the other hand, VHL
targeting- miR-21-5p (17q23.1) and miR-590-5p (7q11.23) locus showed amplification in 27%
(3/11) and 18% (2/11) samples, respectively (Figure 3.6D).
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Hence, we chose miR-135b-5p and miR-21-5p as the two most frequently amplified

miRNAs targeting LIMD1 and VHL, respectively, for our further analysis.
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Figure 3.6 ldentification of LIMDI-VHL targeting miRNAs through in silico analysis: (4) Venn
diagram and heatmap showing upregulated miRNA in CaCx by using publicly available TCGA and
GEO (GSES86100) datasets. (B) Venn diagram shortlisting the upregulated miRNAs targeting LIMD1
or VHL by using online bioinformatic tools. (C) Heat map representing (%) of the sample showing
CNVs of LIMD1 and VHL targeting miRNAs’ chromosomal locus from CGH-microarray data obtained

from GEO accession no GSE76911.
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3.4.3 Copy number variation (CNV) of MIR135B locus during cervical carcinogenesis:

To further validate the copy number alterations of the MIR135B locus observed in our CGH-
microarray data (GSE76911), we analyzed CNV of the locus in an independent set of cervical
tissue samples (N=42, Discovery phase) through two independent set of primers, P1 and P2, as
described in section 3.3.6 and Figure 3.7A. The data showed amplification for MIR135B locus
in 66.6% (8/12) CIN samples, which further increased to 81% (17/21) in CaCx samples (Figure
3.7B).

(A) Chr 1
~m - m
- - m o m o -
O 6w TT me o;--r;nmg
m M mm mm al < TT <
o o aa in o 2 o o o
< (Lietal, 2014)
-2000 -1500 -1000 -500 +] pre-mir-135b
‘ -
Promoter | T I 1
- =
26
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co 2 epithelium (N=9)
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£3
g: 16
-
5 :
S ﬁ 10
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ci

mm Primer from pre-mir-135b flanking region (P1)

B9 Primer from pre-mir-135b Promoter region (P2)

Figure 3.7 CNV of MIR135B locus during cervical carcinogenesis (A) Representative image of the
location of two primer sets designed for CNV analysis of MIR135B locus: P1 from the pre-miR-135b
flanking region and P2 from the promoter region. (B) Histogram representing the relative copy number
of MIRI35B locus, analyzed by the Pl and P2 primer sets in the normal cervical epithelium, CIN, and
CaCx samples.
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3.4.5 Upregulation of miR-135b-5p and miR-21-5p expression during cervical
carcinogenesis:

On analysing the expression status of miR-135b-5p and miR-21-5p in the same sample sets of
discovery phase (N=42), significantly higher expression of miR-135b-5p and miR-21-5p were
found in CIN (p=0.048 and 0.011, respectively) and CaCx (p=0.012 and p=0.005, respectively)

samples than normal cervical epithelium (Figure 3.8A and 3.8B).
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Figure 3.8 Analysis of LIMDI1-VHL targeting miRNAs expression in cervical tissue samples: Dot-
plot displaying the distribution of dCt values of miR-135b-5p (A) and miR-21-5p (B) in the normal
cervical epithelium, CIN, and CaCx tissue samples, the bar line represents the mean with SD. Scatter
plot representing Person Correlation coefficient between expression of miRNA and its target gene. (¥,
and ** represent a significant p-value < 0.05, and <0.01 respectively).

3.4.6 Correlation analysis between CNV of MIR135B locus and its expression during
cervical carcinogenesis:

To identify correlation between miR-135b-5p expression and CNVs at its locus in the same
sample sets (N=42; Discovery phase), Pearson correlation coefficient was performed. The
result revealed a significant positive association (p<0.0001 and p<0.0001, respectively)
between amplification of the MIR135B locus and miR-135b-5p expression (Figure 3.9A).
Further validation in cell lines also showed significantly (p=0.0034) higher expression in SiHa
compared to HEK293T cells (Figure 3.9B), consistent with its CNV data which indicated a
significantly higher copy number (p=0.003 and p=0.027 for Pl and P2 primer sets,
respectively) in SiHa cells (Figure 3.9C).
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Figure 3.9 Correlation between miR-135b-5p expression upregulation and amplification at
MIRI135B locus in cervical tissue samples and cell lines. (4) Scatter plot representing the Pearson
correlation coefficient between the CNV of miR-135b-5p locus and its expression upregulation. (B)
Violin-plot displaying the distribution of log 2"-dCt value of miR-135b-5p by qRT-PCR in SiHa and
HEK293T cell lines. (C) Histogram representing the CNV of MIR135B locus (2"-dCt), analyzed by the
PI and P2 primer sets in SiHa and HEK293T cell lines. where *, ** *** qnd **** pepresents a
significant p-value < 0.05, <0.01, <0.001 and <0.0001, respectively.

3.4.8 Inverse correlation between miR-135b-5p/ miR-21-5p and their target genes
LIMD1/ VHL expression during cervical carcinogenesis:

Interestingly, Pearson correlation coefficient revealed a significant negative association
between LIMD1 mRNA and miR-135b-5p (p<0.0001) expression, as well as between VHL
mRNA and miR-21-5p expression (p<0.0001) (Figure 3.10A and 3.10B).

=-0.752

dCt Value of miR-135b-5p
dCt Value of miR-21-5p

dCt Value of LIMD1 dCt Value of VHL

Figure 3.10 Correlation analysis between miRNAs and their respective target genes: Scatter plot
representing Person Correlation coefficient between expression of miR-135b-5p and LIMDI (A); and
miR-21-5p and VHL (B). (**** represent a significant p-value <0.0001)
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3.5 Discussion:

We first analyzed the mRNA expression of LIMD1 and VHL in normal cervical epithelium
and CaCx samples. Our results revealed a significant downregulation of these two TSGs in
CaCx samples (Figure 3.4A and 3.4B). This finding was further validated at the protein level
(Figure 3.4C, Table 3.3; Figure 3.11), consistent with a previous study by Chakraborty et al.
(2018), suggesting potential post-transcriptional regulation of LIMD1 and VHL. Although
genetic (deletion) and epigenetic (methylation) alterations in the LIMD1 (3p21.31) and VHL
(3p25.3) loci have been previously reported in cervical carcinogenesis [Chakraborty et al.,
2018], our CGH microarray data indicated infrequent CNVs in these TSGs (Figure 3.3D)
[Roychowdhury et al., 2017]. This observation was further supported by analysis of TCGA
datasets (Figure 3.5), suggesting that the downregulation of LIMD1 and VHL may be
attributed to miRNA-mediated deregulation.

To explore this possibility, we analyzed the TCGA and GEO databases to identify upregulated
miRNAs targeting LIMD1 and VHL. Among these, MIR135B and MIR21 exhibited the most
frequent amplifications in their respective loci, as indicated by our CGH microarray data
(Figure 3.6). Consequently, we selected miR-135b-5p for LIMD1 and miR-21-5p for VHL
(Figure 3.11). Expression analysis in the same sample set demonstrated significantly elevated
levels of miR-135b-5p and miR-21-5p in CIN (p=0.036 and p=0.0214, respectively) and CaCx
samples (p<0.0001 for both) compared to normal cervical epithelium (Figure 3.8A and 3.8B;
Figure 3.11). The upregulation of miR-21-5p was likely due to the proximity of the MIR21
locus (17g23.1) to one of the HPV16 integration sites (FRA17B), as previously reported by
Thorland et al. (2003). Since this association is well established, we focused on the mechanisms
driving miR-135b-5p alterations. Furthermore, Pearson correlation analysis revealed a
significant negative association between LIMD1 and miR-135b-5p (p=0.0009), as well as
between VHL and miR-21-5p (p=0.0071) (Figure 3.10; Figure 3.11). These findings strongly
suggest that LIMD1 and VHL may be regulated by miR-135b-5p and miR-21-5p, respectively.
Although miR-135b-5p overexpression has been reported in various cancers, including CaCx
[Nair et al., 2018; Hua et al., 2016; Liu et al., 2022; Chen et al., 2020], the underlying
mechanism of its upregulation in CaCx remains unexplored. Therefore, we investigated the
genetic mechanisms driving miR-135b-5p upregulation across progressive stages of CaCx, as
its CNVs have only been documented in hepatocellular carcinoma [Li et al., 2015]. To the best
of our knowledge, this is the first study demonstrating CNV at the MIR135B locus (Figure
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3.7; Figure 3.11) and its correlation with miR-135b-5p overexpression in both preclinical and

clinical CaCx samples, potentially contributing to CaCx progression (Figure 3.9).

3.6 Inference points:

ii.

iii.

1v.

LIMDI and VHL targeting upregulated miRNAs, miR-135b-5p and miR-21-
5p, were identified during progression of CaCx.

Amplification of MIR135B locus was found to be the principal (81%)
regulatory mechanism for the upregulation of miR-135b-5p in CaCx, which is
consistent with the reported CGH microarray data (GSE76911).

Amplification of the MIR135B locus was significantly associated with
increased expression of miR-135b-5p, as confirmed by analyses of tissue
samples and cell lines.

The mRNA (LIMD1 and VHL) expression showed an inverse correlation with
their targeting miRNAs (miR-135b-5p and miR-21-5p, respectively),
highlighting miRNA-mediated regulation of these two TSGs.
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Figure 3.11 Summary of the study in discovery cohort: (4) In silico identification of LIMDI1/ VHL
targeting upregulated miRNAs, miR-135b-5p and miR-21-5p, in CaCx. (B) Gradual down regulation
of LIMD1/VHL and upregulation of their targeting miR-135b-5p/ miR-21-5p expression as well as
increasing (%) of samples showing amplification of MIR135B locus during development of CaCx. (C)
Inverse correlation between LIMD1/ VHL and their respective targeting miRNAs (miR-135b-5p/ miR-
21-5p) expression during the progression of CaCx.
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Chapter 4

Evaluation of the candidate miRNA(s) as molecular
biomarkers in cervical swabs from population-based
cancer screening

4.1 Introduction:

In the previous chapter, we identified the HIF-1a stress response pathway associated two
miRNAs, miR-135b-5p, targeting LIMD1, and miR-21-5p, targeting VHL, both of which were
upregulated during cervical cancer (CaCx) progression. These miRNAs exhibited a negative
correlation with their respective target genes. Several reports highlight the oncogenic potential
of miR-135b-5p and miR-21-5p, as they regulate genes involved in cancer-related pathways,
thereby promoting the progression of various malignancies, including CaCx [Lu et al., 2017;
Di et al., 2021; Zhang et al., 2022; Zhang et al., 2017; Tang et al., 2021; Cao et al., 2021; Luo
et al., 2020]. Due to its overexpression and functional relevance, miR-21-5p has already been
reported in several studies as a diagnostic biomarker for early detection of CaCx from various
non-invasive sample types such as plasma, urine, and cervical scrapes [Xin et al., 2016; Aftab
et al., 2021; Kawali et al., 2018; Ivanov et al., 2018]. In contrast, studies investigating miR-

135b-5p as a biomarker in cervical samples remain limited.

Based on these findings, we hypothesized that if these two miRNAs exhibit similar expression
patterns across different clinical stages of cervical swab samples, as observed in cervical tissue
samples, they could serve as potential triage biomarkers for the early detection of clinically
relevant cervical lesions, a need that remains unmet. Therefore, miRNA based molecular
biomarker tests on cervical swabs could be a valuable tool for triaging HR-HPV positive cases

with clinically relevant HSIL.

On the other hand, several traditional miRNA detection methods, such as northern blot,
microarray chips, and qRT-PCR, are available, but each has limitations [Ye et al., 2019; Lee,
2022]. Among these, qRT-PCR is the most widely used technique for identifying miRNA
biomarkers, which we have also utilized in our biomarker studies. However, it requires

specialized skills and is time-consuming [Ye et al., 2019; Lee, 2022]. In response to the need
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for a simplified technique that can screen larger populations in a shorter timeframe while
maintaining sensitivity comparable to qRT-PCR, we also applied a sensor-oligo-based signal
amplification method to facilitate miRNA detection from exfoliated cells of cervical swabs
(Figure 4.1) in a pilot study by following Yoo et al., 2014; thereby highlighting the translational

importance of this method.
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Figure 4.1 Detection of miRNA by sensor-oligo based signal amplification technique from exfoliated
cells of cervical swabs

4.2 Objective of the study:
Therefore, this study undertakes the following objectives:

1. Analysis of LIMDI-VHL targeting miRNA-based triage biomarkers to discern the women
with clinically relevant HR-HPV+ve HSIL with the propensity to develop CaCx.

i1. Detection of miR-135b-5p in intact cervical cells (cell lines), as well as, in a cell-free system
(exfoliated cervical swabs and SiHa cell pellet) utilizing a novel and more sensitive sensor-

oligo based signal amplification technique: a pilot study.

4.3 Materials and Methods:

4.3.1 Chemical and reagents:

4.3.1.1 Fine chemicals (molecular biology grade) used in the study:
Described in Section 3.3.1.1

4.3.1.2 Enzymes

Described in Section 3.3.1.2
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4.3.1.3 Primers

List of primers used for miRNA expression analysis were tabulated in Table 3.1b
4.3.1.4 Antibodies

List of the antibodies have been detailed in section 3.3.1.4

4.3.2 Collection of Clinical Samples:

For this study, cervical swab samples were collected from population-based cervical screening
camps organized by CNCI, Kolkata. Exfoliated cervical swabs were first screened for HR-HPV
by Hybrid Capture 2 (HC?2) test [a test that can detect 13 HR-HPV types (types 16, 18, 31, 33,
35,39,45,51,52, 56,58, 59, and 68) based on semi-quantitative detection of viral DNA] [Basu
et al., 2016]. HC2-ve samples were used as controls (N=54). Participants who tested positive
for HC2 were further recalled for cervical examination and treatment at CNCI, during which
HC2-positive samples were collected, categorized as follows: HR-HPV+ve asymptomatic
(N=52), HR-HPV+ve LSIL (N=50), HR-HPV-+ve HSIL (N=52), and HR-HPV+ve CaCx
(N=35).

Institutional Ethical Committee clearance and written informed consent were obtained from
each participant. The demographic details of the patients are presented in Figure 4.2; Table
4.1a and 4.1b.

Validation Phase
(Cervical swab; N=243)

Collected from population-based cervical
cancer screening camps

HR~-HPV by Hybrid Capture 2 Test
1

| | | | |

HPV-ve HR-HPV+ve HR-HPV+ve HR-HPV+ve HR-HPV+ve
Normal Asymptomatic LSIL HSIL CaCx
[N=54] [N=52] [N=50] [N=52] [N=35]

= gRT-PCR for miRNA

= ICC for LIMD1/VHL (from each group, N=10)

= Sensitivity and specificity checking of candidate
miRNAs

Figure 4.2 Utilization of clinical cervical swab samples (Validation phase) in this study design.
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Table 4.1a: Detailed history of the subjects participated in this study:

Age
at .
ID Age Sample type Stage HPV Status sexual Parity
debut

18593 33 Normal Not applicable -ve 16 2+0
18768 48 Normal Not applicable -ve 17 2+1
18787 43 Normal Not applicable -ve 18 3+0
28487 50 Normal Not applicable -ve 18 4+0
28944 35 Normal Not applicable -ve 13 2+1
29272 44 Normal Not applicable -ve 17 3+1
29273 40 Normal Not applicable -ve 18 2+1
29274 49 Normal Not applicable -ve 12 3+0
29275 44 Normal Not applicable -ve 18 4+0
29276 40 Normal Not applicable -ve 20 3+1
29277 39 Normal Not applicable -ve 15 3+1
29278 40 Normal Not applicable -ve 24 2+2
29279 55 Normal Not applicable -ve 18 5+1
29280 33 Normal Not applicable -ve 20 4+1
29281 40 Normal Not applicable -ve 17 3+1
29282 35 Normal Not applicable -ve 16 2+2
29283 33 Normal Not applicable -ve 16 2+1
29284 30 Normal Not applicable -ve 15 3+1
29285 35 Normal Not applicable -ve 20 5+0
29286 43 Normal Not applicable -ve 18 2+1
29287 30 Normal Not applicable -ve 20 2+1
29288 35 Normal Not applicable -ve 18 3+1
29289 32 Normal Not applicable -ve 26 2+0
29290 38 Normal Not applicable -ve 17 3+0
29291 30 Normal Not applicable -ve 16 3+1
29292 49 Normal Not applicable -ve 19 1+2
29293 45 Normal Not applicable -ve 17 3+0
29294 32 Normal Not applicable -ve 18 4+0
29295 56 Normal Not applicable -ve 17 6+0
29296 56 Normal Not applicable -ve 20 6+1
29297 53 Normal Not applicable -ve 20 3+0
29298 35 Normal Not applicable -ve 16 3+1
29299 42 Normal Not applicable -ve 18 4+0
29300 32 Normal Not applicable -ve 26 2+1
29301 34 Normal Not applicable -ve 22 2+0
29302 35 Normal Not applicable -ve 18 3+0
29303 42 Normal Not applicable -ve 20 3+1
29304 44 Normal Not applicable -ve 15 2+0
29305 49 Normal Not applicable -ve 12 3+0
29306 55 Normal Not applicable -ve 25 3+0
29307 50 Normal Not applicable -ve 13 3+1
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29308 44 Normal Not applicable -ve 18 4+1
29309 46 Normal Not applicable -ve 25 4+0
29310 37 Normal Not applicable -ve 19 2+1
5546 47 Normal Not applicable -ve 20 3+0
33434 45 Normal Not applicable -ve 22 2+1
17384 32 Normal Not applicable -ve 16 4+0
16995 34 Normal Not applicable -ve 16 3+1
17082 35 Normal Not applicable -ve 13 3+0
16812 35 Normal Not applicable -ve 18 2+2
16849 54 Normal Not applicable -ve 20 4+0
11221 53 Normal Not applicable -ve 19 2+1
16223 40 Normal Not applicable -ve 20 3+1
18865 56 Normal Not applicable -ve 23 5+0
3551 45 Asymptomatic Not applicable HR-HPV+ve 18 4+0
3650 46 Asymptomatic Not applicable HR-HPV+ve 17 3+1
3652 44 Asymptomatic Not applicable HR-HPV+ve 18 3+1
3653 54 Asymptomatic Not applicable HR-HPV+ve 18 4+0
18090 30 Asymptomatic Not applicable HR-HPV+ve 19 1+1
25064 37 Asymptomatic Not applicable HR-HPV+ve 22 1+2
25170 35 Asymptomatic Not applicable HR-HPV+ve 20 2+0
25222 30 Asymptomatic Not applicable HR-HPV+ve 21 1+2
25226 45 Asymptomatic Not applicable HR-HPV+ve 19 2+2
25233 33 Asymptomatic Not applicable HR-HPV+ve 18 2+1
25255 35 Asymptomatic Not applicable HR-HPV+ve 20 2+0
27334 31 Asymptomatic Not applicable HR-HPV+ve 21 240
27874 45 Asymptomatic Not applicable HR-HPV+ve 17 4+1
27885 38 Asymptomatic Not applicable HR-HPV+ve 17 3+0
27932 35 Asymptomatic Not applicable HR-HPV+ve 15 2+1
27966 55 Asymptomatic Not applicable HR-HPV+ve 19 4+1
27969 53 Asymptomatic Not applicable HR-HPV+ve 22 4+0
28002 57 Asymptomatic Not applicable HR-HPV+ve 21 3+1
28264 35 Asymptomatic Not applicable HR-HPV+ve 19 2+1
28271 35 Asymptomatic Not applicable HR-HPV+ve 18 3+0
28293 60 Asymptomatic Not applicable HR-HPV+ve 18 6+1
28334 30 Asymptomatic Not applicable HR-HPV+ve 17 2+0
28496 32 Asymptomatic Not applicable HR-HPV+ve 17 2+1
28498 38 Asymptomatic Not applicable HR-HPV+ve 19 2+2
18081 33 Asymptomatic Not applicable HR-HPV+ve 18 2+2
28768 54 Asymptomatic Not applicable HR-HPV+ve 18 4+1
28772 53 Asymptomatic Not applicable HR-HPV+ve 15 3+0
28907 41 Asymptomatic Not applicable HR-HPV+ve 20 2+1
29783 59 Asymptomatic Not applicable HR-HPV+ve 16 5+1
29807 32 Asymptomatic Not applicable HR-HPV+ve 22 2+0
30480 44 Asymptomatic Not applicable HR-HPV+ve 22 3+1
30743 35 Asymptomatic Not applicable HR-HPV+ve 20 2

32655 37 Asymptomatic Not applicable HR-HPV+ve 21 2
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30957 34 Asymptomatic Not applicable HR-HPV+ve 19 2
31157 46 Asymptomatic Not applicable HR-HPV+ve 20 3+0
31261 34 Asymptomatic Not applicable HR-HPV+ve 19 2+1
31282 37 Asymptomatic Not applicable HR-HPV+ve 19 2+1
31684 44 Asymptomatic Not applicable HR-HPV+ve 17 3+0
31699 34 Asymptomatic Not applicable HR-HPV+ve 20 2+1
31764 36 Asymptomatic Not applicable HR-HPV+ve 19 2+2
31770 58 Asymptomatic Not applicable HR-HPV+ve 20 5+0
31860 46 Asymptomatic Not applicable HR-HPV+ve 19 4+0
32053 55 Asymptomatic Not applicable HR-HPV+ve 16 4+2
32055 31 Asymptomatic Not applicable HR-HPV+ve 21 2+1
32180 58 Asymptomatic Not applicable HR-HPV+ve 16 6+0
32221 58 Asymptomatic Not applicable HR-HPV+ve 17 3+0
32359 45 Asymptomatic Not applicable HR-HPV+ve 18 3+1
32402 48 Asymptomatic Not applicable HR-HPV+ve 17 3+0
33611 41 Asymptomatic Not applicable HR-HPV+ve 19 3+1
33625 56 Asymptomatic Not applicable HR-HPV+ve 14 4+1
33639 40 Asymptomatic Not applicable HR-HPV+ve 17 2+0
33419 35 Asymptomatic Not applicable HR-HPV+ve 20 2+1
187 45 LSIL Not applicable HR-HPV+ve 17 3+1
2920 40 LSIL Not applicable HR-HPV+ve 18 2+0
3098 30 LSIL Not applicable HR-HPV+ve 17 2+1
3988 48 LSIL Not applicable HR-HPV+ve 19 3+1
4077 46 LSIL Not applicable HR-HPV+ve 18 2+1
4969 58 LSIL Not applicable HR-HPV+ve 18 5+0
18217 35 LSIL Not applicable HR-HPV+ve 22 2+2
19635 48 LSIL Not applicable HR-HPV+ve 20 3+0
20200 48 LSIL Not applicable HR-HPV+ve 19 2+1
21001 30 LSIL Not applicable HR-HPV+ve 15 1+2
22140 30 LSIL Not applicable HR-HPV+ve 18 2+0
22557 30 LSIL Not applicable HR-HPV+ve 19 1+1
22584 36 LSIL Not applicable HR-HPV+ve 18 2+0
22823 30 LSIL Not applicable HR-HPV+ve 19 1+1
22885 31 LSIL Not applicable HR-HPV+ve 17 1+1
23095 57 LSIL Not applicable HR-HPV+ve 15 340
23855 33 LSIL Not applicable HR-HPV+ve 20 2+1
24036 32 LSIL Not applicable HR-HPV+ve 19 2+0
24455 35 LSIL Not applicable HR-HPV+ve 19 2+1
25123 52 LSIL Not applicable HR-HPV+ve 17 440
25852 40 LSIL Not applicable HR-HPV+ve 20 2+1
27927 55 LSIL Not applicable HR-HPV+ve 14 3+1
28683 41 LSIL Not applicable HR-HPV+ve 18 240
28764 55 LSIL Not applicable HR-HPV+ve 16 4+1
28766 46 LSIL Not applicable HR-HPV+ve 20 340
29208 45 LSIL Not applicable HR-HPV+ve 16 242
29414 48 LSIL Not applicable HR-HPV+ve 22 3+1
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29812 45 LSIL Not applicable HR-HPV+ve 17 2+0
30033 44 LSIL Not applicable HR-HPV+ve 19 3+0
31308 40 LSIL Not applicable HR-HPV+ve 19 2+1
31664 43 LSIL Not applicable HR-HPV+ve 20 2+1
31860 46 LSIL Not applicable HR-HPV+ve 17 3+1
32924 58 LSIL Not applicable HR-HPV+ve 17 5+1
34153 36 LSIL Not applicable HR-HPV+ve 19 240
35785 45 LSIL Not applicable HR-HPV+ve 18 240

385 30 LSIL Not applicable HR-HPV+ve 18 1+1
26827 41 LSIL Not applicable HR-HPV+ve 19 240
13922 46 LSIL Not applicable HR-HPV+ve 17 240
11702 37 LSIL Not applicable HR-HPV+ve 18 2+1
18645 30 LSIL Not applicable HR-HPV+ve 18 1+0

945 45 LSIL Not applicable HR-HPV+ve 18 2+1
33456 49 LSIL Not applicable HR-HPV+ve 18 3+0
30967 38 LSIL Not applicable HR-HPV+ve 18 1+1
28684 53 LSIL Not applicable HR-HPV+ve 17 440
28734 55 LSIL Not applicable HR-HPV+ve 14 5+1
29207 60 LSIL Not applicable HR-HPV+ve 16 5+0
3556 55 LSIL Not applicable HR-HPV+ve 17 4+1
35786 42 LSIL Not applicable HR-HPV+ve 15 340
34310 47 LSIL Not applicable HR-HPV+ve 20 2+1
34308 30 LSIL Not applicable HR-HPV+ve 18 3+1
28775 47 HSIL Not applicable HR-HPV+ve 20 3+1
31724 38 HSIL Not applicable HR-HPV+ve 19 240
27347 45 HSIL Not applicable HR-HPV+ve 17 3+2
28767 49 HSIL Not applicable HR-HPV+ve 21 3+0
33955 34 HSIL Not applicable HR-HPV+ve 18 2+1
36313 46 HSIL Not applicable HR-HPV+ve 16 2+1
33349 46 HSIL Not applicable HR-HPV+ve 19 3+1
32528 46 HSIL Not applicable HR-HPV+ve 19 3+0
31722 38 HSIL Not applicable HR-HPV+ve 20 2+2
22869 30 HSIL Not applicable HR-HPV+ve 18 1+2
23299 31 HSIL Not applicable HR-HPV+ve 17 1+1
21015 45 HSIL Not applicable HR-HPV+ve 16 340
21821 35 HSIL Not applicable HR-HPV+ve 14 440
25600 41 HSIL Not applicable HR-HPV+ve 22 2+1
25637 49 HSIL Not applicable HR-HPV+ve 17 2+0
24634 37 HSIL Not applicable HR-HPV+ve 20 2+2
27343 45 HSIL Not applicable HR-HPV+ve 19 3+1
32245 50 HSIL Not applicable HR-HPV+ve 18 4+1
18648 30 HSIL Not applicable HR-HPV+ve 18 1+2
28771 61 HSIL Not applicable HR-HPV+ve 19 540
18786 43 HSIL Not applicable HR-HPV+ve 17 4+0
25138 46 HSIL Not applicable HR-HPV+ve 17 3+1
24289 42 HSIL Not applicable HR-HPV+ve 19 3+1
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21610 32 HSIL Not applicable HR-HPV+ve 20 2+0
18594 51 HSIL Not applicable HR-HPV+ve 21 3+2
4949 60 HSIL Not applicable HR-HPV+ve 18 2+1
4862 45 HSIL Not applicable HR-HPV+ve 18 3+0
5229 45 HSIL Not applicable HR-HPV+ve 16 2+1
3801 52 HSIL Not applicable HR-HPV+ve 19 5+0
22313 60 HSIL Not applicable HR-HPV+ve 17 5+1
36320 44 HSIL Not applicable HR-HPV+ve 18 3+2
32530 45 HSIL Not applicable HR-HPV+ve 17 4+0
4321 49 HSIL Not applicable HR-HPV+ve 19 3+1
26642 49 HSIL Not applicable HR-HPV+ve 16 4+0
31859 40 HSIL Not applicable HR-HPV+ve 17 340
2391 60 HSIL Not applicable HR-HPV+ve 21 1+0
2350 74 HSIL Not applicable HR-HPV+ve 20 2+0
18756 46 HSIL Not applicable HR-HPV+ve 17 1+2
28774 55 HSIL Not applicable HR-HPV+ve 18 4+1
19786 60 HSIL Not applicable HR-HPV+ve 18 5+0
22877 44 HSIL Not applicable HR-HPV+ve 16 4+0
23289 47 HSIL Not applicable HR-HPV+ve 19 4+0
21115 49 HSIL Not applicable HR-HPV+ve 17 5+1
21901 49 HSIL Not applicable HR-HPV+ve 18 4+0
25654 42 HSIL Not applicable HR-HPV+ve 17 3+0
25638 60 HSIL Not applicable HR-HPV+ve 20 4+1
24644 72 HSIL Not applicable HR-HPV+ve 17 5+0
22403 39 HSIL Not applicable HR-HPV+ve 18 2+1
35311 46 HSIL Not applicable HR-HPV+ve 18 3+1
22345 54 HSIL Not applicable HR-HPV+ve 19 3+0
22389 50 HSIL Not applicable HR-HPV+ve 17 3+1
24649 48 HSIL Not applicable HR-HPV+ve 18 242
7212 52 CaCx CaCx 11B HR-HPV+ve 19 2+1
7996 34 CaCx CaCx IB1 HR-HPV+ve 19 3+0
6575 47 CaCx CaCx IA1 HR-HPV+ve 17 3+1
982 45 CaCx CaCx 1IB HR-HPV+ve 20 2+1
173 51 CaCx CaCx I11B HR-HPV+ve 19 3+1
5032 60 CaCx CaCx 11B HR-HPV+ve 16 4+4
7621 56 CaCx CaCx Il HR-HPV+ve 19 3+0
1498 45 CaCx CaCx lIB HR-HPV+ve 19 2+0
9086 54 CaCx CaCx I1IB HR-HPV+ve 20 4+0
601 48 CaCx CaCx 1B HR-HPV+ve 18 1+0
770 70 CaCx CaCx IIA1 HR-HPV+ve 17 2+1
5958 65 CaCx CaCx 11B HR-HPV+ve 16 9+1
4738 58 CaCx CaCx 1IB HR-HPV+ve 15 1+2
1086 30 CaCx CaCx 1B HR-HPV+ve 12 3+1
1293 79 CaCx CaCx 111B HR-HPV+ve 25 2+2
4897 35 CaCx CaCx 11B HR-HPV+ve 13 5+1
4914 46 CaCx CaCx IVA HR-HPV+ve 18 4+0
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3548 45 CaCx CaCx 11B HR-HPV+ve 25 0
5676 60 CaCx CaCx IIB HR-HPV+ve 18 5+0
4801 37 CaCx CaCx IIB HR-HPV+ve 18 3+1
1061 72 CaCx CaCx 11B HR-HPV+ve 17 4+0
1091 52 CaCx CaCx 11B HR-HPV+ve 19 1+1
2868 63 CaCx CaCx 11B HR-HPV+ve 16 2+0
5449 65 CaCx CaCx I11B HR-HPV+ve 17 2+1
3557 69 CaCx CaCx 11B HR-HPV+ve 19 3+2
4346 64 CaCx CaCx 1B HR-HPV+ve 20 2+1
4890 45 CaCx CaCx 1B2 HR-HPV+ve 18 3+1
6022 60 CaCx CaCx I1IB HR-HPV+ve 17 5+0
3056 37 CaCx CaCx 111B HR-HPV+ve 14 3+2
611 60 CaCx CaCX 1B HR-HPV+ve 16 3+2
4457 55 CaCx CaCx 111B HR-HPV+ve 17 1+0
944 62 CaCx CaCx 11B HR-HPV+ve 21 5+0
5406 56 CaCx CaCxllIB HR-HPV+ve 18 3+0
1467 49 CaCx CaCx 11B HR-HPV+ve 19 440
5153 46 CaCx CaCx 11B HR-HPV+ve 22 1+1

Table 4.1b: Summary of the demography and clinicopathological features of the

subjects participated in this study:

Validation phase samples [Cervical tissue; N=243]

Clinicopathological features

| No. of subjects

HC2 -ve samples:

HR-HPV-ve normal 54
Age range (Mean age):  30-56 yrs (40)
Parity
<5 48
>5 6
Age at sexual debut
Early (12-19) 36
Late (>19) 18
HC2 +ve samples:
HR-HPV+ve asymptomatic 52
Age range (Mean age):  30-60 yrs (41)
Parity
<5 43
>5 9
Age at sexual debut
Early (12-19) 34
Late (>19) 18
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HR-HPV+ve LSIL 50
Age range (Mean age):  30-60 yrs (40)
Parity
<5 44
>5 6
Age at sexual debut
Early (12-19) 41
Late (>19) 9
HR-HPV+ve HSIL 52
Age range (Mean age):  30-74 yrs (46)
Parity
<5 46
>5 6
Age at sexual debut
Early (12-19) 44
Late (>19) 8
HR-HPV+ve CaCx: 35
Age range (Mean age):  37-79 yrs (52)
Tumor stage
Stage I/11 23
Stage I1I/1V 12
Tumor grade
Well differentiated: 8
Moderate differentiated: 18
Poor differentiated: 9
Lymph node
Node+ 4
Node- 31
Parity
<5 27
>5 8
Age at sexual debut
Early (12-19) 25
Late (>19) 10

4.3.3 Cell culture:

Cell cultures were described in section 3.3.3
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4.3.4 miRNA expression analysis by quantitative real-time PCR (qRT-PCR):

Samples of exfoliated cervical swabs of different clinical stages and other clinical specimen
were first collected in 1x PBS. After pelleting down the cells at 2000 rpm, total RNA was
isolated by TriZol reagent (Invitrogen, USA), as described in section 3.3.8. Total RNA from
FFPE CIN tissue blocks was extracted using the miRNeasy FFPE kit (Qiagen, Maryland,
USA). To analyse the expression of candidate miRNAs, cDNA synthesis was performed on
total RNA (20ng), as described in section 3.3.8b. Primer lists were tabulated in Table 3.1b.

4.3.5 Protein expression analysis by immunocytochemistry (ICC) in exfoliated cells of

cervical swabs:

For this study, samples of exfoliated cervical swabs were extracted from the validation phase
[HPV-ve normal (N=10), HR-HPV+ve asymptomatic (N=10), HR-HPV+ve LSIL (N=10), and
HR-HPV+ve HSIL (N=10)]. Briefly, exfoliated cervical swabs were first collected in 1x PBS,
followed by centrifugation at 2000 rpm to pellet the cells. The cell pellets were resuspended in
the remaining 1x PBS and spread onto albumin-coated slides. The cells were then fixed in
methanol at —20°C for 30 minutes. Subsequently, endogenous peroxidase activity was
quenched using 0.5% H:0: in 1x PBS. Following quenching, the cells were blocked with 3%
BSA in 1x PBS for 1 hour and incubated overnight at 4°C with specific primary antibodies
(previously mentioned in section 3.3.1.4) at a 1:100 dilution. After washing with 1xPBS, the
slides were incubated with FITC-conjugated specific secondary antibodies for 2 hours in the
dark at 4°C. Finally, the cells were counterstained with 1 pg/mL DAPI, a fluorescent nuclear
staining dye. The slides were then visualized under a fluorescence microscope (Olympus,
Model: U-LHI00HG). For negative control staining, the same procedure was performed
without the addition of any primary antibody [Roy et al., 2019] and the fluorescence intensity

of the nucleus and cytoplasm was measured by Image-J software.
4.3.6 Candidate miR-135b-5p specific novel sensor oligonucleotide development:

The sensor oligo was designed against miR-135b-5p (5°-
Cy5/tCrArCrArArArUrUrCrGrGrUrUrCrUrArCrArGrGrGrUrA/IAbRQSp-37), composed of
RNA bases (fully complementary to mature miR-135b-5p) with Cy5 (fluorescent dye) at the 5°
and Iowa Black RQ (quencher) at the 3’ end, modified after Yoo et al., 2014 (Figure 4.3) [Yoo
et al., 2014]. Additionally, anti-miR-135b-5p (Qiagen, Gene Globe ID: YI04101769) and
scrambled RNA (Qiagen; GeneGlobe ID - YI00199006) were also used to check the specificity

of sensor-oligo.
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Fluorescent dye Quencher
miR-135b-5p sensor oligo Py
UCACAUAGGAAUGAAAAGCCAUA/ABRQSP-3'

miR-135b-5p sensor oligo

Fluorescent dye Ouencher

’ CCAUA/AbROSp~3

mlR-135b-5p

Fluorescent dye J’ Quencher

_ AGUGUAUCCUUACUUUUCGGUAU

miR-135b-5p

Figure 4.3 Designing strategy of the sensor-oligo for detection of miR-135b-5p using signal

amplification technique
4.3.7 Detection of miR-135b-5p by novel sensor oligo in SiHa and HEK293T cell lines:

SiHa and HEK293T cells were cultured on chambered slides at a density of 30,000 cells per
well in 0.5 mL of DMEM supplemented with 10% FBS and incubated at 37°C. After 24 hours,
the growth medium was discarded and replaced with 0.5 mL of antibiotic-free, serum-free
medium. The cells were then transfected with sensor-oligo against miRNA-135b-5p (100 nM)
using Lipofectamine 3000 (Invitrogen, California, USA) in accordance with the manufacturer's
protocol. Following a 4-hour transfection period, the transfection medium was removed, and
complete growth medium was added. After an additional 24-hour incubation, fluorescence was
examined in the Cy5 channel using a fluorescence microscope (Olympus, Model: U-

LH100HG) and analyzed with ImageJ software (Figure 4.4) [ Yoo et al., 2014].

95|Page



Chapter 4

SiHa and HEK293T
Seeded (30,000 cells/ well) and incubated at 37°C for 24 hrs

I

Replacement of complete DMEM media with antibiotic free,
serum-free media

|

Transfection with sensor-oligo against miR-135b-5p (100nM)
by Lipofectamine 3000

!

Incubation for 4 hrs after replacing transfection media with
complete DMEM media

|

Final incubation for 24 hrs

!

Detection of fluorescence at Cy5 channel using a fluorescence
microscope

!

Quantification of fluorescence intensity by Image-) software

Figure 4.4 Flowchart for direct detection of miR-135b-5p by novel sensor-oligo in intact cells (in cell
lines)

4.3.8 Detection of miR-135b-5p by novel sensor-oligo in SiHa and exfoliated cells of

cervical swabs:

For detection of miR-135b-5p by novel sensor-oligo in a cell-free system, SiHa cells (culture
conditions in DMEM described in Section 3.3.3) were pretreated with either scrambled RNA
(Qiagen; GeneGlobe ID: YI00199006) or anti-miR-135b-5p (Qiagen; GeneGlobe ID:
Y104101769). Pretreated SiHa cells and exfoliated cells of cervical swabs of different clinical
stages [HR-HPV+ve asymptomatic (N=10); HR-HPV+ve HSIL (N=12); and HR-HPV+ve
CaCx (N=11)] were first placed in ice-cold 1x PBS. After two washes with PBS, the cells were
pelleted and lysed by adding four packed cell volumes of lysis buffer, followed by incubation
on ice for 10 minutes. To separate the nuclear fraction, the lysates were centrifuged at 760 x g
for 10 minutes at 4°C. The resulting supernatant was transferred to a fresh Eppendorf tube and

mixed with cold buffer B (0.11 volume). Cytoplasmic extracts were then aliquoted and stored
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at -80°C for further analysis. Protein concentration was determined using the Bradford assay

[Roy et al., 2019].

To assess the specificity of the sensor-oligo, different concentrations of sensor-oligo (10, 25,
50, and 100 nM) were incubated with cell extracts. The reaction mixture was incubated at 37°C
for 2 hours in buffers C and D (composition tabulated in Table 4.2), with a final reaction
volume of 25 pL containing 40% cell extract (80 pg). To terminate the cleavage reactions, eight
volumes (200 pL) of Proteinase K buffer were added, and the mixture was incubated at 37°C
for 15 minutes. Fluorescence intensity was subsequently measured using a SpectraMax® 13x
device at an excitation wavelength of 649 nm and an emission wavelength of 670 nm (Figure

4.4) [Yoo et al., 2014]. The compositions of all buffers used are listed in Table 4.2.

SiHa cells
(pretreated with scrambledRNA/  Exfoliated cells of
anti-miR-135b-5p) cervical swabs

\ /

Collected in 1xPBS

|

Pelleting down the cells at 2000 rpm

!

Cell lysis by adding lysis buffer and incubation for 10 min on ice

Separation of nuclear fraction
(Centrifugation at 760xg, 10 min, 4°C)

I

Collection of supernatant and stored at -80°C by adding buffer B

Measurement of protein concentration
(Bradford Assay)

!

Incubation of sensor-oligo with cell extract by adding buffer C and D
(37°C for 2 hrs)

|

Cleavage termination by Proteinase K buffer
(37°C for 15 min)

|

Fluorescence measurement
(SpectraMax® i3x, Excitation: 649 nm and Emission: 670 nm)

Figure 4.4 Detection of miR-135b-5p by novel sensor-oligo in SiHa cell pellet and exfoliated cells of
cervical swabs
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Table 4.2: Compositions of all buffers used for detection of miR-135b-5p using sensor-

oligo in SiHa and exfoliated cells of cervical swabs:

Used Buffer Composition Working Concentration
_ NaCl 10 mM
s MgCI2 1mM
@ Sucrose 0.5 M
= EDTA 0.2 mM
= DTT 0.5 mM
8 PMSF 0.5 mM

Triton X-100 0.35% (V/v)
HEPES (pH:7.9) 20 mM
NaCl 10 mM
@ MgCI2 1 mM
£ Sucrose 0.35M
@ EDTA 0.2 mM
DTT 0.5 mM
PMSF 0.5mM
ATP 1 mM
GTP 0.2 mM
© Rnasin 1U/pl
s Creatine Kinase 30 pg/ml
@ Creatine Phosphate 25 mM
MgCI2 2 mM
NaCl 20 mM
A KCI 100 mM
= HEPES 20 MM
= Glycerol 2% (vIVv)
= EDTA 0.2 mM
¢ Tris-HCL (pH:7.5) 200 mM
8 5 EDTA 25 mM
= £ NaCl 300 mM
5™ SDS 2% (W/V)
o Proteinase K 0.6 mg/mi
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4.4 RESULT:

4.4.1 miR-135b-5p/miR-21-5p upregulation and their target genes LIMDI1/VHL

downregulation in cervical swabs with progressive lesions

To extrapolate our findings (described in section 3.4) from cervical tissue samples to non-
invasive cervical swab samples, we performed expression analysis of the two candidate
miRNAs, miR-135b-5p and miR-21-5p along with their target genes in samples collected from

CaCx screening camps.

Gradual upregulation of miR-135b-5p and miR-21-5p was observed during disease
progression. Interestingly, significant upregulation of miR-135b-5p (p=0.002, p=0.0096, and
p=0.006) and miR-21-5p (p=0.035, p=0.041, and p=0.016) was observed in HSIL samples
(N=52) than in HPV-ve normal (N=54)/ HR-HPV+ve asymptomatic (N=52)/ HR-HPV+ve
LSIL samples (N=50), respectively (Figure 4.5A and 4.5B).

To correlate the effect of miR-135b-5p/miR-21-5p on LIMDI1/VHL expression, ICC for
LIMD1 and VHL proteins was performed in 20% of samples of each cervical swab type from
the validation phase. The nuclear and cytoplasmic expression of LIMDI1 was significantly
downregulated (p=0.004 and p=0.004, respectively) in HR-HPV+ve HSIL samples (N=10)
compared to earlier stages samples (Figure 4.5C and 4.5E). On the other hand, a significant
down-expression of VHL was also observed in the nucleus (p<0.0001 and p=0.004,
respectively) and cytoplasm (p=0.005 and p=0.005, respectively) in HR-HPV+ve HSIL
samples (N=10) compared to HPV-ve normal (N=10) and HR-HPV+ve asymptomatic samples
(N=10) (Figure 4.5D and 4.5F). Furthermore, the nuclear expression of VHL was also
significantly decreased (p=0.003) in HR-HPV+ve HSIL samples (N=10) compared to HR-
HPV+ve LSIL (N=10) (Figure 4.5D and 4.5F). Therefore, a similar inverse correlation

between miRNAs and their targets was detected in non-invasive cervical swab samples.
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Figure 4.5 Expression validation of miR-135b-5p/ miR-21-5p and their target genes LIMD1/ VHL
in cervical swab samples: Dot-plot represents the distribution of log 2*-dCt value of (A) miR-135b-5p
and (B) miR-21-5p in HPV-ve normal, HR-HPV+ve asymptomatic, HR-HPV+ve LSIL, HR-HPV+ve
HSIL, and HR-HPV+ve CaCx swab samples, the horizontal line represents mean with SD, where, *,
and ** indicate a significant p-value <0.05, and <0.01 respectively and ‘ns’represents non-significant.
Representative images of immunocytochemical analysis of (C) LIMDI and (D) VHL in HR-HPV+ve
asymptomatic, HR-HPV+ve LSIL, and HR-HPV+ve HSIL swab samples in 40x magnification, where,
the scale bar is 20 um with red arrow denoting cytoplasmic staining and a blue arrow denoting nuclear
staining DAPI: 4', 6-diamidino-2-phenylindole. The histogram represents the quantification of nuclear
and cytoplasmic staining intensity of (E) LIMDI1 and (F) VHL by Image J (**, and **** represent a
significant p-value <0.01, and <0.0001, respectively).

4.4.2 Effective diagnosis of HR-HPV+ve HSIL from earlier clinical stages by miR-135b-
S5p and miR-21-5p:

To identify the diagnostic usefulness of miR-135b-5p and miR-21-5p, ROC curves were
evaluated to differentiate HR-HPV-+ve HSIL patients (N=52) from those with earlier clinical
stages. Heat maps were generated to represent the ability of miR-135b-5p and miR-21-5p for
distinguishing different clinical stages by analyzing their concordance and discordance with
histopathological reports in a sample-wise manner, based on the ROC curve cut-off value
(Figure 4.6A, 4.6D, and 4.6G). To distinguish HR-HPV-+ve HSIL patients (N=52) from HPV-
ve normal (N=54), miR-135b-5p has a sensitivity of 92.6% and a specificity of 96.2% with an
AUC of 0.979 (95% confidence interval (CI): 0.958-1). In contrast, miR-21-5p had a higher
sensitivity (96.3%) but lower specificity (94.2%) than miR-135b-5p, with an AUC of 0.985
(95% confidence interval (CI): 0.968-1) (Figure 4.6B; Table 4.3). To distinguish HR-HPV+ve
HSIL patients (N=52) from HR-HPV+ve asymptomatic (N=52), miR-135b-5p revealed 90.4%
sensitivity and 94.2% specificity, with an AUC of 0.969 (95% confidence interval (CI): 0.940-
0.988), whereas, miR-21-5p demonstrated higher sensitivity (94.2%) and lower specificity
(92.3%) than miR-135b-5p, with an AUC of 0.977 (95% CI: 0.956-0.999) (Figure 4.6E; Table
4.3). Furthermore, miR-135b-5p and miR-21-5p were also able to distinguish HR-HPV+ve
HSIL (N=52) patients from HR-HPV+ve LSIL (N=50) with good sensitivity (86% and 86%,
respectively) and specificity (88.5% and 78.8%, respectively), with AUCs of 0.925 and 0.898,
respectively (95% confidence interval (CI): 0.874-0.976 and 0.837-0.960, respectively)
(Figure 4.6H; Table 4.3). More interestingly, when the two miRNAs were used in
combination, they showed better AUC values of 0.995 (95% CI: 0.986-1), 0.996 (95% CI):
0.989-1), and 0.969 (95% CI): 0.942-0.996) to distinguish HR-HPV+ve HSIL from HPV-ve
normal, HR-HPV+ve asymptomatic, and HR-HPV+ve LSIL, respectively, because of the better
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sensitivity of miR-21-5p and better specificity of miR-135b-5p (Figure 4.6C, 4.6F, and 4.61;
Table 4.3).

The diagnostic value of miR-21-5p alone was also investigated to distinguish HR-HPV+ve
asymptomatic (N=52) from HPV-ve normal (N=54); however, the value (sensitivity of 68.5%
and specificity of 65.4% with an AUC of 0.677 (95% CI: 0.57-0.77) was insufficient to
distinguish the two types of samples (Figure 4.7A and 4.7B; Table 4.4). Moreover, the
diagnostic accuracy of miR-135b-5p, miR-21-5p, and their combination was analyzed to
differentiate HR-HPV+ve CaCx (N=35) from HR-HPV+ve HSIL (N=52); however, the results
did not show any significant differences between these two groups (Figure 4.7C-4.7E; Table
4.4). Hence, it can be concluded that the expression of miR-135b-5p, miR-21-5p, and their
combination has better diagnostic value for distinguishing HR-HPV+ve HSIL from earlier

clinical stages.

102|Page



Chapter 4

HR-HPV+ve HSIL vs HPV-ve normal

ROC curve

Sensitivity

AUC (miR-135b-5p): 0.979
AUC (miR-21-5p): 0.985

0.0 T T T T
00 02 04 06 08 10

1-Specificity

ROC curve

4 =
0 S
]

o
2

Sensitivity

o
i

AUC (Combined): 0.995

=

02 04 06 08 10

1-Specificity

o
o

HR-HPV+ve HSIL vs HR-HPV+ve LSIL

ROC curve ;

/

v

Sensitivity

AUC (miR-135b-5p): 0.925
AUC (miR-21-5p): 0.898

0.0+ T T T T
00 02 04 06 08 10

HR-HPV+ve HSIL vs HR-HPV+ve asymptomatic

g
- S Q
S, ,:.f;? Ra ROC curve
Fees lr“'
0.8
>
=
%} 2 0.61
g 3
5 S04
Q
= w
> 0.2 i
Z AUC (miR-135b-5p): 0.969
P AUC (miR-21-5p): 0.977
z 0.0 ——
& 00 02 04 06 08 10
& 1-Specificity
F ROC curve

1.0 r,- /,

Sensitivity

=3
>
2

AUC (Combined): 0.996

2
=

00 02 04 06 08 10

1-Specificity

— miR-21-5p
—— miR-135b-5p
—— miR-21-5p & miR-135b-5p combined

[ HPV-ve normal
|| HR-HPV+ve asymptomatic

1-Specificity [si
ROC curve B s
L0 I concordance HSIL vs HPV-ve normal
> o.s-r[rr'— [ Discordance HSIL vs HPV-ve normal
E 0% J [ Concordance HSIL vs HR-HPV+ve asymptomatic
% - ]_] Discordance HSIL vs HR-HPV+ve asymptomatic
n o

[l Concordance HSIL vs LSIL

0 [ | Discordance HSIL vs LSIL
AUC (Combined): 0.969

00 02 04 06 08 10
1

-Specificity

Figure 4.6 The diagnostic performance of miR-135b-5p and miR-21-5p from cervical swabs: The
diagnostic usefulness of miR-135b-5p and miR-21-5p was represented to distinguish HR-HPV+ve HSIL
from HPV-ve normal (A-C); HR-HPV+ve HSIL from HR-HPV+ve asymptomatic (D-F); HR-HPV+ve
HSIL from HR-HPV+ve LSIL (G-1), where the heatmap represents the concordance and discordance of
miR-135b-5p and miR-21-5p expression with histopathological reports (A, D, G). The ROC curve
represents the sensitivity and specificity of miR-135b-5p and miR-21-5p individually (B, E, H) and in
combination (C, F I).
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Figure 4.7 The diagnostic performance of miR-135b-5p and miR-21-5p from cervical swabs: The
diagnostic usefulness of miR-21-5p alone to distinguish HR-HPV+ve asymptomatic from HPV-ve
normal (A-B), where (A) The heatmap represents concordance and discordance of miR-21-5p with
histopathological grade and (B) the ROC curve represents the sensitivity and specificity of miR-21-5p
alone. The diagnostic usefulness of miR-21-5p and miR-135b-5p to distinguish HR-HPV+ve HSIL from
HR-HPV+ve CaCx (C-E), where, the heatmap represents concordance and discordance of these two
miRNAs with histopathological grade (C) and the ROC curve represents the sensitivity and specificity
of miR-135b-5p and miR-21-5p individually (D) and in combination (E).
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Chapter 4

4.4.3 Detection of miR-135b-5p expression using novel sensor oligo both in cell lines and

cell-free system (exfoliated cells of cervical swabs as well as in SiHa cell line):

To further validate miR-135b-5p expression in vitro, we have used a novel sensor oligo,
labelled with a fluorescent dye-quencher pair, so that upon cleavage of the oligo by the
microRNA-RISC, fluorescence enhancement is detected (Figure 4.8A). At first, we transfected
the SiHa and HEK293T cells with sensor oligo against the endogenous miR-135b-5p. The
result showed significantly (p=0.035) higher detection of miR-135b-5p by the sensor oligo in
SiHa compared to HEK293T cells (Figure 4.8B). Furthermore, to confirm the detection
sensitivity of sensor oligo for miR-135b-5p, different concentrations of the sensor oligo were
titrated into SiHa cells pretreated with anti-miR-135b-5p or Scrambled RNA. When
endogenously overexpressed miR-135b-5p was inhibited by anti-miR-135b-5p in SiHa cells,
the fluorescence intensity of sensor oligo was lower than the Scrambled RNA-pretreated

condition, even with gradually increasing concentrations of the sensor oligo (Figure 4.8C).

To translate this miRNA-direct detection method into clinical practice, we detected miR-135b-
5p on a few cervical swab samples [i.e. cell-free system, N=33; HR-HPV+ve asymptomatic
(N=10); HR-HPV+ve HSIL (N=12); and HR-HPV+ve CaCx (N=11)] that were previously
analyzed for miR-135b-5p expression by qRT-PCR. Interestingly, a significant increase in
sensor oligo fluorescence intensity was observed in HR-HPV+ve HSIL (p=0.034) and HR-
HPV+ve CaCx (p=0.048) samples, compared to the HR-HPV+ve asymptomatic controls
(Figure 4.8D). This data showed a significant (p<0.0001) positive correlation with our qRT-
PCR data (Figure 4.8E) showing significant upregulation of miR-135b-5p in the HR-HPV+ve
HSIL and CaCx samples, compared to HR-HPV+ve asymptomatic.
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Figure 4.8 Direct detection of miR-135b-5p expression using sensor oligo in intact cells (in vitro)
and cell-free system (cervical swab samples). (A) Representative images of the direct detection of miR-
135b-5p using sensor oligo, composed of RNA bases, are cleavable around the seed region, and are
labeled with a fluorescent dye-quencher pair, so that, upon cleavage of the oligonucleotide by the
miRNA-RISC, fluorescence enhancement is observed. (B) Representative image of the detection of miR-
135b-5p molecule in SiHa and HEK293T cell line using sensor oligo against miR-135b-5p. Histogram
representing the fluorescence intensity of sensor oligo for the detection of miR-135b-5p. (C) Plot
representing quantification of radiant efficiency as a function of sensor concentration. (D) Violin plot
representing radiant efficiency for the detection of miR-135b-5p molecules in HR-HPV+ve
asymptomatic control, HR-HPV+ve HSIL, and CaCx swab samples. (E) Scatter plot representing the
Pearson correlation coefficient between miR-135b-5p expression analysis by qRT-PCR and direct
detection of miR-135b-5p by sensor-oligo based. where *, **, *** gnd **** yepresents a significant
p-value < 0.05, <0.01, <0.001 and <0.0001, respectively.
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4.5 Discussion:

In this study, we investigated the miRNAs, associated with regulation of the stress-induced
proteins LIMD1 and VHL, in relation to HR-HPV infection in transforming cervical lesions to

develop miRNA-based triage biomarkers for early detection of CaCx.

Upon validating our findings in a large number of cervical swabs, similar trends of significant
over-expression of miR-135b-5p/ miR-21-5p and down expression of LIMD1/VHL were found
in HR-HPV+ve HSIL than its earlier clinical stages (Figure 4.5).

Even though a number of potential miRNA-based triage biomarkers for CaCx screening have
already been reported from various body fluids, such as plasma, urine, and cervical scrapes
[Xin et al., 2016; Aftab et al., 2021; Kawali et al., 2018; Ivanov et al., 2018], identification of
miRNA from exfoliated cervical cells would be more appropriate because of its extensive use
in CaCx screening and for being minimally invasive method [Kawai et al., 2018; Ivanov et al.,
2018]. However, a number of miRNAs or their panel in cervical mucus have already been
identified as potential biomarkers for differentiating high-grade CIN and CaCx, where the
control arm has not always been uniform (HPV status was not reported in every case) [Kawai
et al., 2018; Ivanov et al., 2018; Kotani et al., 2022]. There are only a very few reports where
miRNA panel from cervical mucus was used to discriminate CIN II+ stages from <CIN II
stages, however, with moderate sensitivity and specificity [Ivanov et al., 2018; Kotani et al.,
2022]. Therefore, there was a lack of potential biomarkers that could even differentiate LSIL
from HSIL, especially from the Indian population where CaCx incidence is very high. Here,
we reported the sensitivity and specificity of LIMD1/ VHL stress response pathway associated
two miRNAs, miR-21-5p and miR-135b-5p, in cervical swabs to discern HSIL from other
earlier stages of CaCx (<HSIL) rather than focusing only on CaCx stages. We specifically
aimed the HR-HPV+ve CIN II+/HSIL, the critical stage of "no-return" when treatment is
essentially required. Though, miR-21-5p is reported as a well-known diagnostic biomarker that
has already been reported from plasma, and cervical scrapes for early diagnosis of CaCx
[Kotani et al., 2022; Okoye et al., 2019; Wang et al., 2019], individually, miR-21-5p showed
comparatively lower specificity (78.8%) to discern HR-HPV+ve HSIL from LSIL which was
subsequently overcome by introducing miR-135b-5p (specificity 88.5%). To the best of our
knowledge, this is the first report of combined triage application of two miRNAs in discerning
HR-HPV+ve pre-malignant (CIN II+/HSIL) lesions from HR-HPV+ve LSIL with considerably
enhanced sensitivity (90.4%) and specificity (94%) [Figure 4.6 and Table 4.3].
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On the other hand, we have also focused on the direct detection of miRNAs from non-invasive
samples. While several traditional miRNA detection methods, such as northern blot,
microarray chips, and qRT-PCR, were accessible; each had some drawbacks [Ye et al., 2019;
Lee, 2022]. The most widely used technique for identifying miRNA biomarkers was gRT-PCR;
however, it requires expert skill sets and time [Ye et al., 2019; Lee, 2022]. To facilitate miRNA
detection as a screening triage tool, a more facile, quick, and concurrent detection approach is
required for accurate detection of candidate miRNA from non-invasive swab samples during
CaCx screening. Here, we developed a novel technique to detect miR-135b-5p directly in intact
cells and in a cell-free system using a sensor oligo against miR-135b-5p (Figure 4.8B and
4.8C), just to check the efficiency of sensor-oligo based signal amplification technique as a
preliminary study.

The detection of higher fluorescence intensity in swabs from HR-HPV+ve HSIL and CaCx
patients compared to the HR-HPV+ve asymptomatic control implies that this novel technique
could be translated into clinical settings for miRNA biomarker detection during high-
throughput cervical screening, rapidly and sensitively (Figure 4.8D). Validating this technique
in a small study setting is a limitation of our study that needs to be overcome by testing in
larger sample number at each clinical stage. Due to its high sensitivity in detecting miR-135b-
5p, this sensor-oligo-based technique could be extended to other miRNAs, broadening its

utility in molecular diagnostics.
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4.6 Inference points:
i. miR-21-5p, miR-135b-5p, and their combination could serve as potential triage
biomarkers for HR-HPV+ve, clinically relevant CIN II+/HSIL lesions during cervical
screening in low-middle income countries and thus could decrease the CaCx patient

burden (Figure 4.9).

Population based Cervical screening

HR-HPV DNA test on Cervical Swab
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IMPLICATION OF THE
\ I STUDY
Molecular triaging with miR-
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Figure 4.9 Combined application of miR-135b-5p and miR-21-5p as a triage biomarker for detection
of HR-HPV+ve women having higher risk of developing cervical cancer

ii. The novel sensor oligo against miR-135b-5p is able to detect the miRNA both in cell-free
system as well as in intact cells, rapidly and sensitively, and could be applied to miRNA

biomarker detection directly from non-invasive samples (Figure 4.10).
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Figure 4.10 Detection of candidate miRNA as biomarker in non-invasive cervical swabs using sensor-
oligo based signal amplification technique
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In vitro functional validation of the -candidate

miRNA(s) in target gene expression

5.1 Introduction:

High-risk HPV (HR-HPV) modulates the cellular response to hypoxia by inhibiting HIF-1a
ubiquitylation, leading to its stabilization [Nakamura et al., 2009; Bodily et al., 2011; Ravi et
al., 2000]. HIF-1a, a key transcription factor, regulates the expression of several angiogenic
factors, including VEGF, MMP9, and TGF-a, thereby promoting cancer progression [Ziello et
al., 2007]. Under normoxic conditions, HIF-1a is primarily regulated by two tumor suppressor
genes (TSGs), LIMDI1 and its interacting partner VHL (as described in Section 1.3.1). These
TSGs, along with prolyl hydroxylase domain-containing proteins (PHDs), facilitate the
ubiquitylation and subsequent proteasomal degradation of HIF-la [Foxler et al., 2012]
(described in section 1.3.1). Other tumor-suppressive functions of LIMD1 and VHL are also

discussed in Section 1.3.1.

In Chapter 3, we analyzed data from the TCGA/GEO (GSE86100) and CGH-microarray
(GSE76911) databases to identify upregulated and amplified miRNAs involved in cervical
cancer (CaCx) progression. Among these, miR-135b-5p (targeting LIMD1) and miR-21-5p
(targeting VHL) were linked to the HIF-1a stress response pathway. We further validated the
expression of these miRNAs in primary tissue samples, confirming significant upregulation in

CIN and CaCx samples compared to normal cervical epithelium.

Moreover, as detailed in Chapter 4, our group proposed the diagnostic potential of these
miRNAs as triage biomarkers, both individually and in combination, for the early detection of
CaCx in LMICs such as India. By individually targeting several proteins, the upregulation and
functional roles of miR-135b-5p and miR-21-5p as oncomiRs have already been reported in
various human tumors [Lu et al., 2017; Di et al., 2021; Zhang et al., 2017; Tang et al., 2021;
Caoetal., 2021; Luo et al., 2020], including cervical cancer [Xu et al., 2015; Wang et al., 2019;
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Cai et al., 2018]. However, the specific regulatory mechanisms of these miRNAs on LIMD1
and VHL, particularly in the context of the HIF-1a-induced cellular stress response pathway,
as well as their potential synergistic effects within this pathway and its downstream signalling,

has not been fully elucidated (Figure 5.1).

SiHa cell

Effects on LIMD1, VHL, HIF-10. expresﬂon

AT

Cell proliferation ?  Cell cycle?  Cellular apoptos|s7 Cell migration and ?
invasion

Figure 5.1 Investigating the functional role of miR-135b-5p and miR-21-5p inhibition in regulating
different cellular phenotypes of SiHa cells via LIMDI-VHL-HIF-1o pathway.

5.2 Objective of the study:

Since the activation of the LIMD1-VHL-HIF-1a pathway is a key event in HR-HPV-induced
cervical carcinogenesis, the functional roles of its key regulatory miRNAs, miR-135b-5p
(targeting LIMD1) and miR-21-5p (targeting VHL), remain poorly characterized during the

development of CaCx. To address this gap, our study focuses on the following aspect:

(a) Analysis of the effects of miR-135b-5p and miR-21-5p knockdown on the tumorigenicity

of SiHa cells, with a focus on cellular proliferation and apoptosis

(b) Exploring the effects of miR-135b-5p and miR-21-5p knockdown on epithelial-

mesenchymal transition (EMT), including migration and invasion, in SiHa cells
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5.3 Materials and Methods:

5.3.1 Chemical and reagents:

5.3.1.1 Fine chemicals (molecular biology grade) used in the study:

Described in Section 3.3.1.1

5.3.1.2 Enzymes

Described in Section 3.3.1.2

5.3.1.3 Primers

Table 5.1: List of primers used for mMRNA expression analysis

Gene . s . ) 2 Primer PCR Product
Name Forward Primers (5°-3”) Reverse Primer (5°-3’) location conditions Size (bp)
LIMD1 > >
(RT) GTAAATTCATCGGAGGAC | CCATCCACAGTCAGC | 3UTR 58°C/40 cy 268
CTG-3° TTG-3°
5- 5’-
VHL (RT) | TCACCTTTGGCCCTCTTC | CTGGCAGTGTGAAT Exon2 58°C/40 cy 122
AGAGAT-3’ ATTGGCAAA-3’
TGF-a > "
(RT) CCATGAAAGGGGGACCA | GTTTTTGTTAATAAA 3'UTR 58°C/40 cy 180
GTCA-3’ GCCGGCAT-3’
MMP9 > > Exon7-
(RT) TGACAGCGACAAGAAGT | ACATAGGGTACATG Exons 58°C/40 cy 131
G-3 AGCGCC-3’
. 5’-AACACCAGCTCC 5’-GTCTCCTTCATC o
CyclinD1 TGTGCTGCGAA-3’ TTAGAGGCCACG-3 | BXonl- | 60°C/0cy | 343
(RT) Exon2
> > Exon1-
B2M (RT) | GTGCTCGCGCTACTCTCT | TCAATGTCGGATGG Exon? 58°C/40 cy 143
CT-3° ATGAAA-3’
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5.3.1.4 Antibodies

Table 5.2: List of antibodies used for western blot analysis

SI.No. | Antibody | Primary antibody Dilution Secondary antibody | Dilution

) Rabbit anti-Mouse )
1 LIMD1 Mouse, sc-271448 1:500 l9G (sc-516102) 1:10000

) Rabbit anti-Mouse )
2 VHL Mouse, sc-135657 1:1000 IgG (sc-516102) 1:10000

Goat Anti-Rabbit 1gG

3 HIF-1A | Mouse, Orb-38400 |  1:1000 (s¢-2004)

1:10000

) Rabbit anti-Mouse .
4 VEGF Mouse, sc-7269 1:1000 lgG (sc-516102) 1:10000

. ) Rabbit anti-Mouse .
5 E-cadherin | Mouse, CST14472 1:500 lgG (sc-516102) 1:10000

Rabbit anti-Mouse

6 N-cadherin | Mouse, sc-59987 1:500 IgG (5c-516102)

1:10000

. ) Rabbit anti-Mouse )
7 Cyclin D1 Mouse, sc-20044 1:500 lgG (sc-516102) 1:10000

) Rabbit anti-Mouse )
8 Bax Mouse, sc-7480 1:1000 lgG (sc-516102) 1:10000

) Rabbit anti-Mouse )
9 Bcl-2 Mouse, sc-7382 1:1000 lgG (sc-516102) 1:10000

. . Rabbit anti-Mouse i
10 o-tubulin Mouse, sc-5286 1:1000 lgG (sc-516102) 1:10000

5.3.1.5 Kit:

CytoSelect™ 24-well Cell Invasion Assay kit (Cell Biolabs, San Diego, California, USA) used

to check SiHa cell invasion phenotype

QuickChange Site-Directed Mutagenesis kit (Agilent Technologies, US) used to rapidly and

efficiently introduce targeted mutations into double-stranded plasmid DNA.
5.3.2 Cell culture:

Cell cultures were described in section 3.3.3

5.3.3 Candidate miRNA knockdown experiments in vitro:

To knock down the miRNAs, SiHa cells were first cultured in DMEM medium (as described
in Section 3.3.3) and seeded into six-well plates for 24 hrs (Corning, NY, USA). Once the cells
reached 50%-70% confluence, transfection was performed using Lipofectamine 3000
(Invitrogen, USA) in Opti-MEM (Gibco, Paisley, Scotland, UK) media with varying
concentrations (25nM and 50nM) of specific inhibitors: miRCURY LNA anti-miR-135b-5p
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(Qiagen; GeneGlobe ID: YI04101769) and anti-miR-21-5p (Qiagen; GeneGlobe ID:
Y104100689) [Xu et al., 2015; Tang et al., 2020]. After six hours of treatment, the Opti-MEM
media was replaced with complete DMEM, and the expression of target genes was analyzed at
different time points (0, 24, and 48 hours) to determine the optimal dose and time for inhibition.
Scrambled RNA (negative control A, Qiagen; GeneGlobe ID: YI00199006) was used as a
control. Finally, the effects of anti-miR-135b-5p and anti-miR-21-5p were evaluated by
transfecting SiHa cells individually or in combination (50 nM each for dual inhibition) to assess

various cellular phenotypes. The sequences of the anti-miRs are provided in Table 5.3.

Table 5.3: List of anti-miRs used for knock down of candidate miRNAs

anti-miR (miRNA inhibitor) Inhibitor sequence
anti-miR-135b-5p 5'-UAUGGCUUUUCAUUCCUAUGUGA
anti-miR-21-5p 5'-UAGCUUAUCAGACUGAUGUUGA
Scrambled RNA (negative control) TAACACGTCTATACGCCCA

5.3.4 RNA expression analysis by quantitative real-time PCR (qRT-PCR):

mRNA expression from cell lines (SiHa and HEK293T) were analysed by qRT-PCR, as
described in section 3.3.8a. List of primers used for mRNA expression analysis were given in

Table S.1.
5.3.5 Luciferase Reporter assay for candidate miR-135b-5p target validation:

To check miR-135b-5p mediated deregulation of LIMD1, we identified the region of LIMD1
3’UTR (position 2340-2346 of LIMDI 3' UTR), which could be recognized by miR-135b-5p
using TargetScan and performed luciferase reporter assays. We have designed two luciferase
constructs by cloning the identified region of LIMD1 3’UTR in psiCHECK2 vector: one
containing the wild-type (WT) LIMD1 3’ UTR (AAGCCAU) and another containing a mutated
(Mut) LIMD1 3° UTR (AATTTAU), generated by QuickChange Site-Directed Mutagenesis kit
(Agilent Technologies, US) [Figure 5.2]. After sequence confirmation, these cloned vectors
were co-transfected with anti-miR-135b-5p (50nM) and scrambled RNA (50nM) within the
SiHa cells as described in section 5.3.3. After 48 hours of transfection, the relative luciferase
activity of each sample was assessed using the Dual-Luciferase Assay Kit (Promega, USA),

following the manufacturer’s guidelines [Xu et al., 2015]. The activity was determined by
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calculating the ratio of Renilla luciferase to Firefly luciferase. All experiments were performed

in triplicate.

LIMD1 mRNA (11 kb)

miR-135b-5p binding site
(Position 2340-2346 of LIMD1 3' UTR)
|

AAAAA(n)

LIMD1 3°'UTR WT CAGGCCCUUACACAA??CI:(E(I:AII{G
miR-135b-5p AGUGUAUCCUUAUUUllJlIJCGG}JAI‘U
LIMD1 3°UTR Mut CAGGCCCUUACACAAAATTTAUG

Figure 5.2 Schematic representation of LIMD1 3 UTR, highlighting putative miR-135b-5p binding site
along with Wild type (WT) and Mutated (mut) seed sequence.

5.3.6 Analysis of the effect of candidate miRNA knockdown on different cellular
phenotypes:

To check the effect of candidate miRNA knockdown on different cellular phenotypes,

following functional validation has been done:

a. Colony Formation Assay:

To assess the colony-forming ability of SiHa cells, 1,000 cells per well were seeded
into six-well plates. After 24 hrs, the cells were transfected with anti-miR-135b-5p (50
nM), anti-miR-21-5p (50 nM), or both (50 nM each for dual inhibition). The medium
was refreshed every two days. After 14 days, the colonies were fixed with 4%
paraformaldehyde and stained with 0.05% crystal violet. Colony numbers were
quantified using ImagelJ software. This experiment was performed independently three
times [Wang et al., 2021].

b. Cell cycle analysis:

To analyze cell cycle distribution, SiHa cells (3x10° per well) were seeded into six-well
plates and cultured for 24 hrs. To get a clear picture of cell cycle distribution, cells were
first synchronized using 2.5 mM thymidine (Sigma, USA) for 18 hrs, followed by an
8-hrs release in prewarmed DMEM. A second 2.5 mM thymidine treatment was applied
for an additional 18 hrs [Amin et al., 2017].

After washing with 1x PBS, the cells were transfected (as described in section 5.3.3)

with anti-miR-135b-5p (50nM), anti-miR-21-5p (50nM), or both (50nM each for dual
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inhibition) and incubated for 48 hrs. Cells were then fixed in 70% ice-cold ethanol at
4°C for 24 hrs. Following RNase treatment, cell cycle distribution was assessed by
staining with 30uL of 0.05g/L propidium iodide (Sigma, USA) and analyzed via flow
cytometry (BD Biosciences, Germany) at room temperature. The experiments were
performed in triplicate, and cell cycle distribution was quantified using flow cytometry
(BD Biosciences) [Hwang et al., 2023].

c. Apoptosis assay:

To assess apoptotic cell fate, SiHa cells (3x10° per well) were seeded into six-well
plates and cultured for 24 hrs. After 48 hrs of transfection (as described in Section 5.3.3)
with anti-miR-135b-5p (50 nM), anti-miR-21-5p (50 nM), or both (50 nM each for dual
inhibition), apoptosis was analyzed using flow cytometry (BD Biosciences) and FlowJo
software with the Annexin V-FITC Apoptosis Detection Kit (Sigma-Aldrich), following
the manufacturer’s protocol [Pigault et al., 1994]. Cells were harvested and washed
twice with xPBS, then stained with propidium iodide (PI) and Annexin V. After 15
minutes of incubation in the dark at room temperature, apoptotic cells were quantified
by flow cytometry (BD Biosciences) using FlowJo software. The experiments were
conducted in triplicate.

d. Cell viability Assay:

To further verify cellular apoptosis, SiHa cell viability was assessed using the MTT
assay (Himedia, India) [Mohammaddoust et al., 2023]. Briefly, 10x10* cells per well
were seeded into a 96-well plate and cultured for 24 hrs. After 48 hrs of transfection (as
described in Section 5.3.3), with anti-miR-135b-5p (5 nM), anti-miR-21-5p (50nM), or
both (50nM each for dual inhibition), MTT solution (5mg/mL) was added and
incubated at 37°C for 4 hrs. Subsequently, 100 pL of DMSO was added to dissolve the
formazan crystals. Finally, optical absorbance was measured at 570 nm using a
MULTISKAN  SkyHigh microplate reader (Thermo Scientific, Waltham,

Massachusetts, USA). The experiment was performed independently three times.
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e. Wound healing assay:

To assess cellular migration, SiHa cells (0.05x10° per well) were seeded into a 24-well
plate and cultured for 24 hrs. Once the cells reached 70%—-80% confluence, a straight-
line was created using a sterile 200 pL pipette tip [Mohammaddoust et al., 2023]. The
cells were then washed with 1x PBS to remove debris. Next, the cells were transfected
(as described in Section 5.3.3) with anti-miR-135b-5p (50nM), anti-miR-21-5p
(50nM), or both (50nM each for dual inhibition). Images were captured at 0, 24, and 48
hrs using an inverted microscope. Cell migration was quantified by measuring wound
closure using Imagel software. The experiment was performed independently three
times.

f. Invasion assay:

The cell invasive ability was assessed using the CytoSelect™ 24-Well Cell Invasion
Assay Kit CytoSelect™ 24-well Cell Invasion Assay kit (Cell Biolabs, San Diego,
California, USA). Transfected SiHa cells (0.05x10° per well) were seeded into the
upper chamber containing serum-free DMEM, while the lower chamber was filled with
DMEM supplemented with 10% FBS, serving as a chemoattractant. After 48 hrs of
incubation at 37°C, non-invasive cells were carefully removed using cotton swabs, and
invasive cells were stained with 0.1% crystal violet for 10 minutes at room temperature.
Images of the invasive cells were captured using a light microscope (Olympus, Japan).
Subsequently, the upper chamber was transferred to an empty well, and extraction
solution was added per well, followed by 10 minutes of incubation on an orbital shaker.
Finally, optical absorbance was measured at 560 nm using a MULTISKAN SkyHigh
microplate reader (Thermo Scientific, Waltham, Massachusetts, USA) [Polo-Generelo

et al., 2022].

5.3.7 Protein expression analysis by Western Blot:

To confirm variations in cellular phenotypes, Western blot analysis was performed to assess

the protein expression of specific markers. SiHa cells (3x10° per well) were cultured until they

reached approximately 70%—80% confluence. After transfection for 48 hours with anti-miR-
135b-5p (50nM), anti-miR-21-5p (50nM), or a combination of both (50nM each), cells were
lysed using ice-cold RIPA buffer. The buffer composition included 25 mM Tris-HCI (pH 7.6),
1 mM EDTA (pH 8.0), 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM

PMSF, and 1-2pg/uL of protease inhibitors (leupeptin and aprotinin). Sonication was used for
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lysis, followed by centrifugation at 4°C to collect the supernatant, which was then quantified

using the Bradford assay, as previously reported by Roy et al. (2019).

For Western blot analysis, 60 ug of total protein per sample was separated using SDS-PAGE
and transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Burlington,
MA), following established protocols (Islam et al., 2020). Membranes were then blocked with
3%—5% bovine serum albumin (BSA) at room temperature for one hour. This was followed by
overnight incubation at 4°C with specific primary antibodies. Secondary detection was
performed using horseradish peroxidase (HRP)-conjugated antibodies (anti-mouse or anti-
rabbit), and the labeled protein bands were visualized with luminol reagent (Advansta, San
Jose, California). Band intensities were measured using ImagelJ software, with normalization
to a-tubulin as a loading control. The relative expression levels of the target proteins were
graphically represented in comparison to the control group. A detailed list of antibodies and

dilutions used for the Western blot analysis is provided in Table 5.2.
5.3.6 Statistical analysis:

Fisher’s exact t-test was used to analyse the level of significance in the samples categorized
based on their molecular features. Z-score was used to determine the significance level between
the groups of a single population. The histogram, dot plots, and box plots were organized using
either GraphPad Prism 8 software (GraphPad Software) or Microsoft® Excel 2019. A

probability value (P) <0.05 was taken into consideration as statistically significant.
5.4 Result:

5.4.1 Validation of LIMD1 and VHL as direct targets of miR-135b-5p and miR-21-5p,

respectively, in SiHa cells:

At first, we have checked the expression of miR-135b-5p and miR-21-5p and their targeting
LIMD1/VHL in SiHa and HEK293T cell lines, where HEK293T is used as a control. A
significant upregulation of miR-135b-5p and miR-21-5p was observed in SiHa cells (p=0.002
and 0.001, respectively) compared to HEK293T cells (Figure 5.3A and 5.3B). Whereas, the
expression of miR-135b-5p and miR-21-5p respective target genes LIMD1 and VHL was
significantly decreased (p=0.012 and 0.031) in SiHa cells (Figure 5.3C and 5.3D). This
indicates that LIMD1 and VHL expression might be regulated by their respective targeting
MIiRNAs, miR-135b-5p and miR-21-5p. To confirm the target of miR-135b-5p, vectors
containing either the WT or Mut LIMD1 3' UTR were transfected into SiHa cells along with
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anti-miR-135b-5p. After 48 hours, luciferase activity was measured. Interestingly, cells
transfected with the WT LIMD1 3' UTR exhibited that downregulation of miR-135b-5p
significantly increased (p=0.012) the relative luciferase activity compared to control cells
(Figure 5.3E). Whereas, mutation of the miR-135b-5p binding site in the LIMD1 3°-UTR
abolished this effect, indicating that miR-135b-5p directly and specifically binds to LIMD1
3’UTR, regulating mRNA expression. On the other hand, the miR-21-5p-mediated regulation
of VHL has already been experimentally proved in cervical cancer cells by Cai et al., 2018. As
miR-135b-5p and miR-21-5p were higher in SiHa cells, they were further treated with
respective inhibitors against miR-135b-5p and miR-21-5p to check their effect on different

SiHa cell phenotypes.
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Figure 5.3 Regulation of LIMD1 and VHL expression by their respective targeting miRNAs, miR-
135b-5p and miR-21-5p, in SiHa cells: (A-D) The mRNA level of LIMD1 and VHL was determined by
real time-PCR in cell lines. Bar-plot displaying the distribution of 2! value of (A) miR-135b-5p, (B)
miR-21-5p, (C) LIMD1, and (D) VHL mRNA in SiHa and HEK293T cell lines, where B2M and
SNORDA44 used as endogenous control for mRNA and miRNA expression, respectively. (E) Schematic
representation of LIMD1 3 UTRs showing putative miRNA target site to verify LIMDI as a direct target
of miR-135b-5p. Sequence verification of LIMD1 WT and Mut 3 'UTR. The analysis of the relative
luciferase activities of LIMD1 WT and LIMD1 Mut in SiHa cells by co-transfecting with anti-miR-135b-
5p or anti-miR-NC for 48 hours.
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5.4.2 Optimization of anti-miR-135b-5p and anti-miR-21-5p treatment to assess the

functional role of the respective miRNAs in SiHa cells:

Initially, the dose and timepoint of anti-miR-135b-5p or anti-miR-21-5p were selected for
treatment. For this purpose, two doses of each inhibitor (25nM and 50nM) were taken into
consideration through a literature survey to check their effect on LIMD1/ VHL mRNA
deregulation in SiHa cells at different time intervals (6 hours, 24 hours, 48 hours, and 72 hours)
(Figure 5.4A and 5.4B). The inhibitors were most effective at a 50nM dose after 48 hours, as
evidenced by a prominent increase in LIMD1 and VHL mRNA expression (Figures 5.4A and
5.4B). This finding was further corroborated by corresponding increases in protein expression
levels (Figures 5.4C and 5.4D), with significant upregulation observed for LIMD1 (p=0.018)
and VHL (p=0.003) at the selected dose and time point (Figure 5.4C and 5.4D). Subsequently,
treatment with a 50nM concentration of each individual inhibitor, as well as dual inhibition for
48 hours, demonstrated a significantly higher expression of LIMD1/VHL mRNA [p=0.019
(individual inhibition) and p=0.014 (dual inhibition) for LIMDI1, and p=0.025 (individual
inhibition) and p=0.032 (dual inhibition) for VHL] at this dose and timepoint (Figure 5.4E).
Since these two miRNAs regulate LIMD1 and VHL, thereby affecting HIF-1a stabilization.
Immunoblot analysis demonstrated a significant downregulation (p=0.025 and p=0.022) of
HIF-1a when the cells were treated with anti-miR-135b-5p and anti-miR-21-5p, respectively.
A further significant reduction (p=0.026) in HIF-1a was observed upon dual inhibition of miR-
135b-5p and miR-21-5p compared to the control cells (Figure 5.4F).
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Figure 5.4 Dose selection of anti-miR-135b-5p and anti-miR-21-5p treatment to check functional
role of these two miRNAs in SiHa cells: Dot plot showing the relative fold change of (A) LIMD1 and
(B) VHL mRNA determined by real-time PCR at different time intervals with two doses (25nM and
50nM). Western blot depicting the protein expression of (C) LIMD1 and (D) VHL at a 50 nM
concentration of inhibitor treatment after 48 hours. (E) The mRNA level of LIMD1 and VHL was
determined by real time-PCR after 48 hours of anti-miR transfection, where bar-plot displaying the
distribution of 2% value of LIMD1 and VHL mRNAs with B2M used as a loading control. (F) The
protein expression of HIF-/a was determined by Western blot after inhibiting miR-135b-5p and miR-
21-5p. Quantification of HIF-1a band intensities using ImageJ software after normalised with a-tubulin
(All data are presented as mean with standard deviation (SD), where Error bars represent the SD; *,
** and *** represent a significant p-value < 0.05, <0.01 and <0.001, respectively)
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5.4.3 Effect of anti-miR-135b-5p and anti-miR-21-5p on the proliferation of SiHa cells:

To acquire a better understanding of the roles played by these two miRNAs in the development
of cervical cancer, the effect of miR-135b-5p and miR-21-5p, alone and in combination, were
evaluated in SiHa cells by treating respective inhibitors against these two miRNAs. To
investigate the role of miR-135b-5p and miR-21-5p on SiHa cell growth, the colony-forming
ability of these two miRNAs was first studied on SiHa cells. The transfection of anti-miR-
135b-5p and anti-miR-21-5p in SiHa cells showed a significantly lower number (p=0.006 and
p=0.0003, respectively) of colonies compared to the scrambled-RNA treated control cells
(Figures 5.5A and 5.4B). In addition, dual inhibition of these two miRNAs markedly reduced
(p=0.0005) colony-formation capacity (number of colonies) compared to the control cells

(Figure 5.5A and 5.5B).
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Figure 5.5 Impact of miR-135b-5p and miR-21-5p Suppression on SiHa Cell Proliferation: SiHa
cells were transfected with anti-miR-135b, anti-miR-21-5p, or anti-miR-NC to examine their effects on
cell proliferation. (A) A colony formation assay was conducted to assess the proliferation of SiHa cells.
(B) A histogram illustrates the number of cell colonies, quantified using Image-J software.

5.4.4 Effect of anti-miR-135b-5p and anti-miR-21-5p on cell cycle of SiHa cells:

In light of these observations, it was pertinent to test if miR-135b-5p and miR-21-5p can
deregulate the cell cycle, via downregulation of the two TSGs, LIMD1 and VHL, eventually
culminating in HIF-la accumulation and aid in G1-S transition. At first, SiHa cells were
synchronized at GO/G1 phase by double thymidine block (Figure 5.6A and 5.6B). A significant
arrest (p=0.002) was observed in GO/G1 phase upon treatment with double thymidine (Figure
5.6A and 5.6B). The synchronized cells were transfected separately with anti-miR-135b-5p
and anti-miR-21-5p. Interestingly, a significant increase (p=0.024 and p=0.029, respectively)

in the number of cells in the G1 phase was observed, indicating G1-S cell cycle arrest (Figure
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5.6C and 5.6D). This observation was further validated by significantly decreased cyclin D1
protein expression (p=0.048 and p=0.027, respectively) in the cells, upon treatment with anti-
miR-135b-5p and anti-miR-21-5p, compared to the control cells (Figure 5.6E and 5.6F). This
data indicates that miR-135b-5p and miR-21-5p promote cellular proliferation.

(A) Control Treated (B)

*E

® 2
S 8

@
e

nt

Cout
s ST 3 AP
s

N
S

0
% OF CELL POPULATION

0 30

o

Control Treated

®

bis
e P

- . PN T e LR AT T AT eaM
= s
H GO/G1
1l cycle analysi
© Serambled RNA @) % Cell cycle ysis
80 *
5009 = *
g g B Scrambled RNA
2 = 60
© B B antimiR-135b-5p
S
200 :n. | PR -
S 40 anti-miR-21-5p
0 P T T T “5
0 150K 200K 250K ¢\° 30
20
anti-miR-135b-5p 0 I :
= o =M I [ |
L SubGl GO/G S G2M
o
=
Z s
“ ® ®
Scrambled RNA o = =
200 1.5 G s
anti-miR-135b-5p - + - £ Cyclin D1
° Z
o 50K 1 Jlﬂl\ 1 SID)‘. 2 jlﬂk 25'0}\ a nti-miR_z l _Sp _ - + ;‘;;
(Marker) E
anti-miR-21-5 i - __ Cylinpl E
3 kD —. e d (36 KDa) =
£
800 K s (-tubulin %
45 kba _’t R — (50 kDa) ~
b 500
z Scrambled RNA + - -
(& 400
© anti-miR-135b-5p -  + -
200
anti-miR-21-5p - -+
0

Figure 5.6 Influence of miR-135b-5p and miR-21-5p Inhibition on the SiHa Cell Cycle: (A-B) Cell
cycle progression was evaluated using flow cytometry following double thymidine synchronization. (C)
Post-synchronization, cells were transfected with anti-miR-135b, anti-miR-21-5p, or anti-miR-NC and
analyzed for cell cycle distribution using flow cytometry. (D) A histogram presents the percentage of
cells in different phases of the cell cycle. (E) Western blot analysis was performed to assess Cyclin D1
protein expression, using a-tubulin as a loading control. (F) Cyclin D1 protein band intensities were
quantified using ImageJ software and normalized to a-tubulin. (All data are shown as the mean +
standard deviation (SD), with error bars representing SD; *, **, and *** denote statistically significant
p-values of < 0.05, < 0.01, and < 0.001, respectively.)
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5.4.5 Effect of anti-miR-135b-5p and anti-miR-21-5p on the apoptosis of SiHa cells:

To further analyze the effect of miR-135b-5p and miR-21-5p on the apoptosis of the SiHa cells,
annexin V/propidium iodide (PI) staining and flow cytometry analysis were conducted. After
transfection of anti-miR-135b-5p and anti-miR-21-5p, the percentages of total apoptotic cell
numbers (both early and late apoptotic) were significantly increased (p=0.017 and p=0.03,
respectively) compared to the scrambled-RNA treated cells (Figure 5.7A and 5.7B).
Interestingly, dual inhibition of the two miRNAs showed a further significant increase
(p=0.007) in cellular apoptosis, compared to the control cells (Figure 5.7A and 5.7B).
Together, these data indicate that SiHa cells with individual upregulation of miR-135b-5p and
miR-21-5p escape apoptosis, and this cellular phenotype is more prominent upon combined
upregulation of the two miRNAs. Conversely, the downregulation of miR-135b-5p and miR-
21-5p showed a significant decrease in (p=0.002 and p=0.001, respectively) SiHa cell viability
by MTT assay, compared to the control cells (Figure 5.7C). Notably, SiHa cells showed greater
reduction (p=0.008) in viability upon dual inhibition of miR-135b-5p and miR-21-5p (Figure
5.7C), corroborated with cellular apoptosis data discussed previously. Additionally, a
significant upregulation of proapoptotic Bax (p=0.008 and p=0.011. respectively), down
expression of anti-apoptotic Bcl-2 (p=0.002 and p=0.014, respectively) and a significant
increase in Bax/Bcl-2 ratio (P=0.008 and p=0.027, respectively) were observed when the cells
were treated with anti-miR-135b-5p and anti-miR-21-5p (Figures 5.7D, S5.7E and 5.7F).
Moreover, dual inhibition of these two miRNAs resulted in a more pronounced increase in Bax
expression (p=0.021), a greater reduction in Bcl-2 expression (p=0.0004) and a further increase
in Bax/Bcl-2 ratio (p=0.03) compared to the control cells (Figures 5.7D, 5.7E and 5.7F). Thus,
our findings suggest that SiHa cells upregulating miR-135b-5p and miR-21-5p can effectively

escape cellular apoptosis.
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Figure 5.7 Effect of miR-135b-5p and miR-21-5p Inhibition on Apoptosis in SiHa Cells: SiHa cells
were transfected with anti-miR-135b, anti-miR-21-5p, or anti-miR-NC to examine their impact on
apoptosis. (A) Flow cytometry was used to analyze apoptotic cells. (B) A bar graph quantifies the total
number of apoptotic cells (early and late apoptosis) using FlowJo sofiware. (C) An MTT assay was
performed to determine cell viability, with a bar graph illustrating the proportion of viable cells. (D)

Western blot analysis was conducted to assess the expression of Bax and Bcl-2 proteins, using a-tubulin
as a loading control. (E-G) Histograms depict the relative expression levels of (E) Bax, (F) Bcl-2, and

(G) the Bax/Bcl-2 ratio. Band intensities were measured using Image-J software and normalized to a-
tubulin. (All data are presented as the mean £ SD, with error bars representing SD; *, ** and ***

denote statistically significant p-values of < 0.05, < 0.01, and < 0.001, respectively.)
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5.4.6 Effect of anti-miR-135b-5p and anti-miR-21-5p on the epithelial-mesenchymal
transition (EMT) in SiHa cells:

Owing to the above observations, it was pertinent to test if miR-135b-5p and miR-21-5p
upregulation can further contribute to aggressive malignant phenotypes viz. cellular migration
and invasion. The knockdown of miR-135b-5p and miR-21-5p, individually, showed
significantly lower wound healing [wound size (%)] capability (p=0.004 and p=0.002 at 48
hours, respectively) of the SiHa cells compared to the control (Figure 5.8A and 5.8B).
Interestingly, when the cells were treated with both inhibitors, wound healing capability
decreased significantly with progression of time (p=0.003 at 24 hours and p=0.0004 at 48
hours) (Figure 5.8A and 5.8B). Furthermore, the SiHa cells lost their invasiveness when
treated with anti-miR-135b-5p and anti-miR-21-5p inhibitors, as we observed significantly
fewer cells (p=0.016 and p=0.021, respectively) at the bottom of the chambers from the
invasion assay (Figure 5.8C and 5.8D). More interestingly, dual inhibition of miR-135b-5p
and miR-21-5p caused a greater decrease (p=0.004) in the number of invasive cells than the
individual miRNA inhibition (Figure 5.8C and 5.8D).

To further verify the effect of miR-135b-5p, and miR-21-5p in the EMT transition of SiHa
cells, the expression of the principal key EMT markers were evaluated. Our data confirmed the
up-regulation of epithelial marker E-cadherin (p=0.021, p=0.013, and p=0.0385, respectively)
and down-expression of mesenchymal marker N-cadherin (p=0.036, p=0.04 and p=0.018,
respectively) when the cells were treated with anti-miR-135b-5p, anti-miR-21-5p, individually
and in combination by immunoblotting, suggesting a reduction of EMT (Figures 5.8E-5.8G).
Together, this data indicated that miR-135b-5p and miR-21-5p promote the EMT transition of

SiHa cells.
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Figure 5.8 Influence of miR-135b-5p and miR-21-5p Suppression on Epithelial-Mesenchymal
Transition (EMT) in SiHa Cells: SiHa cells were transfected with anti-miR-135b, anti-miR-21-5p, or
anti-miR-NC to examine their effects on EMT. (A) A wound healing assay was performed at 0, 24, and
48 hours to evaluate cell migration. (B) A dot plot represents the wound closure rate after transfection
with anti-miR-135b, anti-miR-21-5p, or anti-miR-NC. (C) Cell invasion was assessed using the
CytoSelect™ 24-Well Cell Invasion Assay Kit. (D) A bar graph quantifies the number of invasive cells.
(E) Western blot analysis was used to evaluate the expression of E-cadherin and N-cadherin, with a-
tubulin serving as a loading control. (F-G) The relative band intensities of (F) E-cadherin and (G) N-
cadherin were measured using ImageJ sofiware and normalized to a-tubulin. (A1l data are shown as the
mean £ SD, with error bars representing SD; *, ** and *** indicate statistically significant p-values
of < 0.05, < 0.01, and < 0.001, respectively.)
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5.4.7 Effect of anti-miR-135b-5p and anti- miR-21-5p on the expression of HIF-1a target

genes expression:

As HIF-1a expression becomes altered, it was postulated that HIF-1a target genes may become
deregulated following transfection with inhibitors against these two miRNAs. Immunoblot
analysis demonstrated a significant decrease in the expression of the downstream angiogenic
factor VEGF (p = 0.025, p = 0.023, and p = 0.021, respectively) when cells were treated with
anti-miR-135b-5p, anti-miR-21-5p, or the dual inhibition of both miRNAs, compared to
control cells (Figure 5.9A and 5.9B). Additionally, a significant down-expression of other
HIF-1a target genes that could be used as tumor markers, such as growth factor, TGF-a
(p=0.037 and p=0.048, respectively), proteolysis marker of extracellular matrix wound healing
maker, MMP9 (p=0.034 and p=0.016, respectively); and G1-S cell cycle marker, Cyclin D1
(p=0.008 and p=0.007, respectively) showed significant down-expression following treatment
with anti-miR-135b-5p or anti-miR-21-5p (Figure 5.9C-5.9E). A more pronounced decrease
in the expression of TGF-1a (p=0.033), MMP9 (p=0.032), and Cyclin D1 (p=0.008) mRNA
was observed with the dual inhibition of these two miRNAs (Figure 5.9C-5.9E). Together,
this data indicated that miR-135b-5p and miR-21-5p promote cervical cancer progression by

inducing HIF-1a target gene expression.
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Figure 5.9 Role of miR-135b-5p and miR-21-5p Inhibition in HIF-1a Target Gene Expression: SiHa
cells were transfected with anti-miR-135b, anti-miR-21-5p, or anti-miR-NC to investigate their effects
on HIF-1a target gene expression. (A) VEGF protein expression was analyzed using Western blot, with
a-tubulin as a loading control. (B) Band intensities of VEGF were quantified using ImageJ software
and normalized to a-tubulin. (C-E) Bar plots display the 2-4Ct values for (C) TGF-a, (D) MMP9, and
(E) Cyclin D1 mRNA, with B2M used as an endogenous control. (All data are shown as the mean + SD,
with error bars representing SD; *, **, and *** indicate statistically significant p-values of < 0.05, <
0.01, and < 0.001, respectively).

5.5 Discussion:

In this study, we demonstrated that anti-miR treatment targeting these miRNAs reduced the
metastatic phenotypes of SiHa cells (Figure 5.10), offering new insights into the oncogenic

roles of miR-135b-5p and miR-21-5p in regulating the LIMD1-VHL-HIF-1a pathway.

Consistent with previous reports [Chakraborty et al., 2018; Xu et al., 2015; Cai et al., 2018],
we confirm that LIMDI1 and VHL are downregulated by their respective targeting miRNAs,
miR-135b-5p and miR-21-5p, in SiHa cells, as demonstrated by a luciferase reporter assay
(Figure 5.3). The mechanisms driving tumor initiation and progression are complex and
multifactorial, with uncontrolled cell proliferation being a hallmark of malignancy [Swanton

et al., 2024]. Investigating molecular mechanisms that disrupt the balance between cell
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proliferation and apoptosis provides critical insights for developing targeted therapeutic

strategies.

We observed that anti-miR-135b-5p treatment induced GO/G1 cell cycle arrest (Figure 5.6),
likely due to the restoration of LIMD1, a key tumor suppressor known to stabilize the pRB-
E2F interaction, thereby repressing E2F-mediated transcription [Sharp et al., 2004]. Similarly,
VHL upregulation following anti-miR-21-5p treatment also induced GO/G1 arrest (Figure
5.6C and 5.6D), likely due to HIF-1a destabilization, which in turn reduced transcription of its
downstream target gene CCND1 (cyclin D1) [Wen et al., 2010]. These findings correlate with
increased proliferation (Figure 5.5) and reduced apoptosis (Figure 5.7) in SiHa cells following

miR-135b-5p and miR-21-5p upregulation.

Furthermore, knockdown of miR-135b-5p and miR-21-5p reduced the aggressiveness of SiHa
cells, as evidenced by increased E-cadherin and decreased N-cadherin expression (Figure 5.8),
consistent with previous reports [Xu et al., 2015; Cai et al., 2018]. This effect is likely mediated
through HIF-la destabilization, leading to reduced transcription of Snail and Slug, direct
repressors of CDHI1 (E-cadherin). Simultaneously, HIF-1a destabilization reduces CDH2 (N-
cadherin) expression, thereby inhibiting epithelial-to-mesenchymal transition (EMT) and
reducing the invasive potential of tumor cells (Tam et al., 2020; Shen et al., 2024). Additionally,
downregulation of miR-135b-5p and miR-21-5p reduces the expression of other HIF-1a target
genes—VEGF, TGF-a, MMP9, and CCNDI (cyclin D1)—which are known to drive cancer
progression (Figure 5.9) [Wen et al., 2010; Unwith et al., 2015].

Although previous studies have reported both oncogenic and tumor-suppressive roles of miR-
135b-5p in various cancers, including gastric [Lu et al., 2017], esophageal [Di et al., 2021],
colorectal [Zhang et al., 2022], pancreatic [Zhang et al., 2017], and breast [Pu et al., 2019]
cancers, miR-21-5p has been consistently recognized as an oncogene across multiple
malignancies [Tang et al., 2021; Cao et al., 2021; Luo et al., 2020], including cervical cancer
[Cai et al., 2018]. While the oncogenic function of miR-135b-5p in cervical cancer has
previously been attributed to FOXOI targeting [Xu et al., 2015], our study expands on this by
elucidating its role in LIMD1 regulation. Although miR-21-5p-mediated VHL repression has
been previously reported in cervical cancer [Cai et al., 2018], our study is the first to
comprehensively detail its functional role, particularly highlighting its downstream effects on

HIF-1a regulation.
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In conclusion, miR-135b-5p and miR-21-5p function as dual oncomiRs by downregulation of
LIMDI and VHL along with stabilization of HIF-1a protein, resulting in enhanced cellular
proliferation and migration as well as reduction of apoptosis to promote cervical

carcinogenesis.

SiHa Cell
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Figure 5.10 A schematic illustration depicting the impact of miR-135b-5p and miR-21-5p inhibition on
cervical cancer metastasis through the LIMDI1-VHL-HIF-1A4 pathway. In the diagram, a red upward
arrow signifies upregulation, while a green downward arrow represents downregulation.

134|Page



Chapter 5

5.6 Inference points:

ii.

miR-135b-5p and miR-21-5p, independently and synergistically exerts its
regulatory effect on the LIMDI-VHL-HIF-1la pathway, thereby, promote
cervical cancer metastasis by driving cellular proliferation, transformed cell
migration, and invasion, while simultaneously suppressing cellular apoptosis.

Thus, miR-135b-5p and miR-21-5p acts as oncomiR during cervical

carcinogenesis.
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General Discussion

Cervical cancer (CaCx) remains a significant public health concern, particularly in low- and
middle-income countries (LMICs), where limited access to early detection and treatment
contributes to high mortality rates [Hull et al., 2020]. Persistent infection with high-risk human
papillomavirus (HR-HPV) is a prerequisite for CaCx development [Doorbar et al., 2006;
Wright et al., 2013; Duefias-Gonzalez et al., 2005]. HR-HPV-induced stabilization of hypoxia-
inducible factor-1 alpha (HIF-1a) plays a crucial role in tumor progression by regulating
angiogenic factors that promote tumor growth [Ziello et al., 2007]. Under normoxic conditions,
HIF-1a is regulated by the tumor suppressor genes (TSGs) LIMDI1 and VHL (described in
section 1.3.1) [Foxler et al., 2012], which are frequently altered in cervical cancer. While
reduced expression of LIMD1 and VHL is often attributed to promoter methylation and genetic
deletions, some CaCx samples exhibit low expression of these genes without detectable
promoter methylation and genetic deletions [Chakraborty et al., 2018], suggesting the

involvement of additional regulatory mechanisms, not yet explored.

Given the pivotal role of the LIMDI-VHL-HIF-1a pathway in HR-HPV-induced cervical
carcinogenesis, we hypothesize that miRNAs targeting these two key TSGs (LIMD1 and VHL)
could serve as triage biomarkers for distinguishing HR-HPV+ve pre-malignant lesions, such
as CIN II+/HSIL, from less severe stages. This approach could address critical gaps in CaCx
screening protocols while also elucidating the molecular mechanisms underlying the
deregulation of the LIMDI1-VHL-HIF-1a pathway in cervical carcinogenesis, which remain

inadequately documented.

Through in silico analysis, this study first identifies miR-135b-5p and miR-21-5p as candidate
miRNAs upregulated in CaCx, that target two important TSGs, LIMD1 and VHL, respectively
(as discussed in Chapter 3 and Figure 3.6) [Figure 6.1A]. We showed that the overexpression
of miR-135b-5p and miR-21-5p correlates with the progressive stages of cervical lesion

severity, from normal epithelium to CIN to CaCx (as shown in Chapter 3 and Figure 3.8)
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[Figure 6.1B]. We also explored the genetic mechanisms underpinning upregulation of miR-
135b-5p, identifying amplification of MIR135B locus as a primary driver. This novel finding
extends our understanding of miRNA regulation in CaCx and reinforces the value of integrating

genomic data with functional assays (as evident from Chapter 3 and Figure 3.7) [Figure 6.1B].

Moreover, through validation in a large cohort of cervical swabs (N=243), we revealed
consistent overexpression of these miRNAs and under-expression of their target genes (LIMD1
and VHL) in HR-HPV+ve HSIL compared to earlier clinical stages (as discussed in Chapter 4
and Figure 4.5) [Figure 6.1C]. This underscores the potential of miR-135b-5p and miR-21-5p
as triage biomarkers capable of distinguishing LSIL from HSIL, addressing an area where
current diagnostic tools often lack precision. While miR-21-5p has been widely reported as an
oncogenic miRNA in multiple cancers [Qu et al., 2017; Gao et al., 2016], including CaCx
[Okoye et al., 2019; Wang et al., 2019], the combined use of miR-21-5p and miR-135b-5p in
our study represents a novel approach. Although miR-21-5p alone exhibited moderate
specificity (78.8%) for distinguishing HR-HPV+ve HSIL from LSIL, the addition of miR-
135b-5p significantly improved specificity (94%) and sensitivity (90.4%) (Figure 6.1D),
demonstrating their effectiveness as triage biomarkers through this study (as shown in Chapter
4, Figure 4.6 and Table 4.3) [Figure 6.1E]. The use of exfoliated cervical cells rather than
tissue biopsies or other body fluids (e.g., serum, urine) highlights the practical and scalable
nature of this approach, particularly in population-level screening programme as it provides a
precise and non-invasive diagnostic option [Xin et al., 2016; Aftab et al., 2021; Kawai et al.,
2018; Ivanov et al., 2018]. Additionally, we introduced a novel sensor-oligo-based fluorescence
detection technique for miR-135b-5p by following Yoo et al., 2014, enabling rapid and
sensitive detection of miR-135b-5p in both cell lines and exfoliated cells of cervical swabs (as
described in Chapter 4 and Figure 4.8) [Figure 6.1F]. Hence, our pilot study on novel sensor
oligo-based miR-135b-5p detection in clinical settings indicates a significant contribution in

high-throughput cervical cancer screening and precise clinical decision.
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Figure 6.1: The application of miR-135b-5p and miR-21-5p in triaging HR-HPV+ve samples: (4) In
silico identification of LIMDI1/ VHL targeting upregulated miRNAs, miR-135b-5p and miR-21-5p, in
CaCx. (B) Gradual down regulation of LIMDI1/VHL and upregulation of their targeting miR-135b-5p/
miR-21-5p expression as well as increasing (%) of samples showing amplification of MIR135B locus
during development of CaCx. (C) Validation of miR-135b-5p/ miR-21-5p expression and their targeting
LIMD1/ VHL expression in different clinical stages of cervical swab samples. (D) Combined sensitivity
and specificity of miR-135b-5p and miR-21-5p to discern HR-HPV+ve HSIL from earlier clinical
stages. (E) Molecular triaging with miR-135b-5p and miR-21-5p on cervical swabs (F) Sensor-oligo

based direct detection of miR-135b-5p expression in swab samples for CaCx screening.
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The dual oncogenic role of miR-135b-5p and miR-21-5p, on the other hand, in modulating the
LIMDI1-VHL-HIF-1a pathway provided deeper insights into HR-HPV-induced cervical
carcinogenesis. Therefore, we have analyzed the mechanistic role of these two miRNAs in
regulating two key TSGs (LIMD1 and VHL) during the progression of CaCx. This analysis
demonstrates the impact of these miRNAs on CaCx cell proliferation, invasion, migration, and
apoptosis. Dual inhibition of miR-135b-5p and miR-21-5p resulted in GO/G1 cell cycle arrest
through the restoration of LIMDI1 and VHL expression, enhanced apoptosis, reduced
migration, and invasion of CaCx cells (as discussed in Chapter 5) [Figure 6.2A, B]. These
effects were mediated by the downregulation of HIF-1a target genes, including VEGF, MMP9,
TGF-a and cyclin D1, elucidating their roles in CaCx progression. Experimental validation
through dual-luciferase assays confirmed LIMDI as direct target of miR-135b-5p, further
strengthening the mechanistic understanding of their role in cervical carcinogenesis (as shown

in Chapter 5, Figure 5.3).
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Figure 6.2 Knock down of miR-135b-5p and miR-21-5p on SiHa cells by anti-miR treatment: (4)
Effect on LID1-VHL-HIF-1a pathway (B) Effect on different cellular phenotypes of SiHa cells
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To conclude, this study identifies miR-135b-5p and miR-21-5p as oncomiRs that drive a more
aggressive cervical cancer phenotype by promoting metastasis through HIF-1a stress response
pathway via LIMD1 and VHL deregulation. On the other hand, miR-135b-5p and miR-21-5p
could be used as promising triage biomarkers for HR-HPV+ve CIN II+/HSIL detection,
particularly in low-resource settings. The novel insights into their mechanistic role in cervical
lesion progression and the development of a rapid detection method underscore their
translational potential. This dual biomarker strategy bridges the gap between basic research
and clinical application, paving the way for more effective, personalized approaches to CaCx
management. These two candidate miRNAs could be further investigated for their involvement
in additional cellular pathways contributing to cervical carcinogenesis, potentially uncovering
new therapeutic targets. Moreover, the sensor-oligo-based technique could be refined and
validated for use with other non-invasive sample types, broadening its application in clinical
diagnostics and precision medicine. This approach may enhance early detection strategies and
personalized treatment options, ultimately improving cervical cancer management and patient

outcomes.
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