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Abstract

How cervical epithelium maintains homeostasis and repair, and how the high-risk human
papilloma viruses (HR-HPV) drive neoplasia at the cervical transformation zone (TZ) has been
poorly researched. The cervical TZ is thought to be a stem cell niche as it harbours a unique
cell population called reserve cells. Reserve cells (marked by KRT17) are believed to have a
dual fate ability depending on local microenvironment, in a process of metaplasia (1).
However, this belief was based on observational studies. Metaplasia is thought to be the way
that the cervical epithelium recovers after an injury (2). Developing an in vitro model that is
truly representative of normal cervical epithelium is crucial to address basic questions about
homeostasis mechanism and the role of reserve cells in HR-HPV infections. In recent years,
advances in modelling the human tissue in 3D manner using organoids have been made (3). In
this thesis, a 3D murine cervical organoid model was established. Two distinct
microenvironments for the growth of endocervix and ectocervix is defined. Generated cultures
retain their proliferative capacity over several months and are representative of the epithelial
population in vivo. Furthermore, steps were taken towards optimising human cervix organoids.
The established in vitro system was exploited along with in vivo samples to further to uncover
specific signalling pathways that regulate the different cervical lineages (endo and ectocervix)
using Affymetrix microarray and immunofluorescence techniques. Wnt signalling was found
to regulate the endocervical lineage, whilst Notch pathway was active in the ectocervix.
Moreover, a novel P75 NGF receptor was found to be expressed in the basal squamous
epithelium and in the reserve cells. Additionally, the established organoids were utilised
together with lineage tracing techniques to investigate the dual-fate potential of KRT17 cells
and their contribution in cervical TZ formation. Two transgenic mice strains were evaluated
Krt17tmy(creCeruleanMurr. pogA2G(CAGtTOMA0) - gng  Krt17CrefRT2; ROSA26 (CAG-ZsGreend). The
inducible regulation via tamoxifen in Krt17CrefR™ was found to have a confined KRT17

expression compared to the Cre/loxp only (Krt17tm1(ceCeruleanMurry gtrajn

(1) Martens JE, Arends J. Cytokeratin 17 and p63 are Markers of the HPV Target Cell, the Cervical Stem Cell. Anticancer
Res. 2004:6.

(2) Giroux V, Rustgi AK. Metaplasia: tissue injury adaptation and a precursor to the dysplasia—cancer sequence. Nat Rev
Cancer. 2017 Oct;17(10):594-604.

(3) Lancaster MA, Huch M. Disease modelling in human organoids. Dis Model Mech. 2019 Jul 1;12(7).
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1 General introduction

1.1 Development and anatomy of the cervix

1.1.1 Development of the cervix

Sex determination in placental mammals is genetic (1). The genetic sex of an embryo is
established during gamete fusion at fertilization (2). In a human embryo, the sex-determining
region Y gene (SRY) (3) upregulates Sox9, which induces sertoli cell differentiation driving
testis formation (4) in males. Whilst in the absence of the SRY gene, the embryo becomes a
female. Sexual differentiation of a female human embryo starts at week 7 gestational age (5).
The absence of testosterone allows the Mdillerian ducts (MD), also called paramesonephric
ducts, to continue to develop, while the Wolffian ducts (WD) or mesonephric ducts, do not (6).
MD are two simple tubes of pseudostratified columnar epithelium, that are believed to form
the fallopian tubes, uterus, uterine cervix, and the upper vagina by fusion (6). In mice, sexual
differentiation takes place after embryonic day 13.5 (E13.5). The absence of both androgen
and anti- Mullerian hormone, WD regresses, while MD differentiates into the oviduct, uterine

horns, cervix and upper vagina (7).

Homeobox genes (HOX) are a group of highly conserved genes that play a role in embryonic
development. The differential expression of Homeobox genes (HOX) plays a key role in the
development of the female reproductive tract in the MD (8). The HOXA9 expression gives rise
to the uterine tube, HOXA10 the uterus, HOXA11 is found in the lower uterus and the cervix,
whilst HOXA13 develops the ectocervix and vagina (8). This expression pattern is conserved

between mice and humans.
1.1.2 Anatomy and physiology of the adult cervix

The cervix (which translates to neck in Latin) is located at the lowermost portion of the uterus,
connecting it to the upper vagina. It is divided into three anatomically distinct regions:
ectocervix; which joins the cervical canal to the vagina via the external os (EO),
squamocolumnar junction (SCJ), and endocervix; which is separated from the uterine corpus
by an internal os (10) (9) (Figure 1.1).

The length and diameter of the cervix varies during a female's life, becoming mature during
puberty, the period when glands are formed (10). The cervix measures between 2.5 to 3.0 cm
in length in non-pregnant adults, and 3.0 to 4.0 cm during pregnancy with variations due to

age, parity and stage of the menstrual cycle (11,12). In the mouse, although anatomical
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differences between mice and humans in the uterine body exist, the SCJ is found. With two
cervical canals, connecting two lateral uterine horns to the vagina, rather than one body of

uterus in humans (13) (Figure 1.1).

Uterus

Ovary

Oviduct

Fallopian tube Ovary

Uterine horn

Cervix

Figure 1.1: Overview of the anatomical arrangement of the female genital tract. In humans (left) and the female
genital tract in mice (right), with two uterine horns that join leading to the vagina via two separate cervixes.

1.1.3 Histology and local organisation of the cervical epithelium

The endocervix is lined by a monolayer of tall columnar epithelial cells filled with mucin,
which are sporadically ciliated (14). The cervix has no glands, instead the cells of the
endocervix have infoldings that create gland-like structures called plicae palmatae (15). These
are secretory and act as a storage of sperm post coitus (12). Occasionally, a population of sub-
columnar cells (reserve cells) are observed (discussed in section 1.2.3). The stromal
components of the endocervix are twice as much as the SCJ and ectocervix stroma and is
composed of a thick layer of connective tissue and muscle fibres, with higher muscle fibres
rate at the internal os (continuous with the myometrium) (16). Although estrogen does not
stimulate proliferation of columnar cells, a profound increase in endocervical secretions is
observed (17). Cytokeratin’s (KRT) are the intermediate filament proteins that are found in the
intracytoplasmic cytoskeleton in tissue-specific manner (18) and are used to mark different
epithelia, including the cervix. KRT markers for endocervical tissue include KRTs 7,8,18 and
19 (19).

In contrast to the endocervix, the ectocervix is made of stratified non-keratinizing squamous
epithelium similar to the vagina. This squamous epithelium is divided into basal, parabasal,
intermediate and superficial, which is the most differentiated (20). These layers vary in the rate
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of cell division, as Ki-67 in normal epithelium is mostly active in the parabasal layer (21). The
different layers also respond differently to hormonal stimulation. When estrogen is present, it
drives proliferation and maturation of all layers and stimulates glycogenation. While
progesterone promotes the thickening of the intermediate layer only (21). In complete absence
of both hormones, atrophy takes place, and glycogen is lost. Cytokeratin expression in
ectocervical squamous epithelium is more complex than the endocervical epithelium, a
differential pattern is observed through the stratified epithelium; superficial and intermediate
layers express KRTs 4, 13 and occasionally 10 (22), while the parabasal layers expresses KRTs
13, 14 and a variable number of KRT10 (24). Lastly, the basal layer expresses KRT markers
5,14, 18 and 19 (22,23).

Endoocervix

8o%
-

A Transformation
"w}
g ,9;‘,:, Zone
Epithelial cells

Intermediate Superficial
squamous squamous
Parabasal

Basal squamous ' B

: squamous
ECtOCGrVIX Columnar . Transformi
ransforming

cuboidal cell
Reservecells @

Figure 1.2: The cervix is comprised of two distinct epithelial types; columnar and stratified.
The columnar epithelium of the endocervix, and the stratified epithelium of the ectocervix merge at
the squamocolumnar junction (SCJ). The reserve cells (shown in green), lie under the columnar
epithelium, and are believed to regulate the process of metaplasia, which results in the formation of
a new stratified epithelium, producing the transformation zone (TZ).
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The squamocolumnar junction (SCJ) is the area that links the simple columnar epithelium of
the endocervix to the stratified squamous epithelium of the ectocervix (24). Neonatal or
original SCJ is formed in late fetal stages in response to maternal hormones, when the uterine
cavity covered by columnar epithelium of the mullerian duct extends towards the cervical
canal, where contact with the vaginal squamous epithelium originating from the urogenital
sinus takes place. Subsequently, the site of SCJ changes during puberty, pregnancy and

menopause, by the process of squamous metaplasia (25) (discussed in section 1.2.2).

Similar to humans, mouse cervix is lined by single columnar epithelium at the endocervix and
stratified squamous epithelium at the ectocervical end. In contrast to humans, squamous layers
of the ectocervix are keratinized in mouse, with KRT8 marking the endocervix and KRTs 5,
13 and 14 marking the ectocervix with SCJ existing between the two (26,27). In contrast to
what has been documented in humans (28-31), there has been no publications about
physiological cervical metaplasia in mouse. However, there has been tissue recombination
studies showing the ability of uterine and vaginal mesenchyme to specify epithelial
differentiation in young mice (32). This suggests tissue plasticity and a possible dual

columnar/squamous cell fate resembling the metaplastic model.

1.2 Regulation and function of the Cervix

1.2.1 Function and hormones

The cervix plays an important role as the gatekeeper of the reproductive tract, a delicate balance
between the maintenance of immunological tolerance and biological defence. It also permits
the entry and transportation of sperm. The muscular canal of the cervix is plugged with thick
mucus secretions for most of the cycle and pregnancy. During the peak of ovulation, the
increase in estrogen causes softening, opening, rising and production of cervical fluid allowing
for smooth transit of sperm (33). These secretions also prevent pathogens ascending into the
uterus. In addition, the cervix is important for retaining the conceptus in utero and short cervical
length is associated with preterm delivery (34).

Estrogens, progestogens and prostaglandins regulate cervical function, cervical stroma has
receptors for estrogen a and f and progesterone (35). Estrogen acts on the cervical stroma by
changes in collagen and elastin promoting softening of the cervix, whilst progesterone acts on
increasing the tissue stiffness of the stromal ECM (36). Additionally, estrogens and
progesterone were found to influence the endocervical mucus composition during the

menstrual cycle (37), during ovulation the ratio of proteins to mucous glycoprotein was low
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(38). Whilst during the luteal phase, this ratio of proteins to mucous glycoprotein was increased

(38). The secretion of mucous glycoprotein was its highest during ovulation (38).

1.2.2 Cervix homeostasis and metaplasia occurs at the cervical transformation zone

Metaplasia is the benign change of cells from one mature form to another. In the cervix, a
migration of the SCJ occurs when the columnar epithelium of the endocervix is replaced by
stratified squamous epithelium, producing a new SCJ. The area between the original SCJ and
the current SCJ is called the transformation zone (TZ). The exact mechanism by which this
change occurs is not clear, however, it has been presumed that age, hormones, chronic irritation
and pH levels play a key role in the process (16,39) (Figure 1.2).

It is believed that the process of change starts with reserve cell hyperplasia, where sub-
columnar cells in the endocervix actively divide (30,31). Subsequently, these cells differentiate
into layers of immature stratified squamous epithelium, where components of both squamous
and columnar nature can be detected, these progressively mature hence, blending with the
original ectocervix. At the level of histology, mature squamous epithelium is largely
indistinguishable from the original squamous epithelium of the ectocervix, with the presence
of underlying endocervical crypts providing a convenient way of defining this region as the
transformation zone (39).

It should be mentioned that other theories that do not involve reserve cells have been
documented, in particular ‘’squamous epithelialization’’, in which the replacement eversion of
endocervical epithelium onto squamous epithelium (portio vaginalis) occurs by an ingrowth of
the basal squamous layer beneath the neighbouring columnar ones in response to a stimulus
(40).

1.2.3 Reserve cells

Reserve cells were described in 1910 by Meyers (41), but the use of the term “’reserve cells’’
was not widely used in the field until its reintroduction by Hellman in 1954 (42). In Meyers
earliest studies, he described rows of small polyhedral basal cells located between the columnar
epithelium and the basement membrane of the endocervix in a random manner (41,43). Since
then, the nature of these cells has been debated but still poorly understood, mainly because of
the lack of adequate experimental models. Earlier studies did however attempt to predict the
nature of these cells. In a human uterine endocervix explant study, Schurch et al., suggested
that they originated from the secretory endocervical epithelium (44). In another study,

microscopic analysis of early cervical metaplasia led to the hypothesis that these sub-columnar
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progenitor cells may have migrated from the subepithelial stroma (45). A different view
suggested that cervical reserve cells might be of embryonic remnants (30). Furthermore, some
believe they may originate from a population of cuboidal cells found at the SCJ (29). And more
recently, a publication suggests the possibility of reserve cells arising from the basal cells of
the ectocervix (120).

Although the origin of reserve cells is still controversial, recent advances have allowed
investigators to characterise these cells using immunohistochemical markers. Reserve cells
demonstrate expression of cytokeratin 17, BCL-2 and TP63, a P53 homolog that has been
described as a candidate marker of epithelial progenitor cells in multiple organs including the
cervix (31,46,47). The importance of cervical reserve cells, is due to the hypothesis that they
might be a possible progenitor of both squamous and columnar epithelia lineages (31,48), in
addition to speculations involving the role of reserve cells in cervical cancer (49) (discussed in
section 1.3.2).

1.3 Transformation zone and HPV

Human papillomavirus (HPV) infection drives cervical cancer (50). HPVs are a family of small
double-stranded DNA viruses that infect the epithelia (51). They can be subdivided into high-
risk (HR) and low-risk (LR) according to their association with neoplasia and cancer. LR types
including HPV6 and HPV11 generally cause only benign warts, while the HR types, including
HPV16 and HPV18 are potentially carcinogenic, and cause lesions that can progress to cancer.
Although HR-HPV is found in 90-100% of cervical neoplasia, most infections in fact manifest
as benign low-grade lesions that are cleared by the immune system (52). It is thought that in
the rare occasion where the virus fails to produce a productive infection the viral gene
expression becomes deregulated, and that over time, this deregulated viral gene expression
predisposes to the development of cancer (52).

Although our knowledge of the mechanism by which HR- HPV viruses causes neoplasia has
greatly increased in recent years, the target cell of the virus abortive infection remains
unknown. Nevertheless, it has been observed that HPV associated cancers arise primarily in
regions with epithelial transition zones such as: oropharyngeal-tonsils, gastro-oesophageal,
uterine-cervix and ano-rectal (53). Little is known about why these sites are more susceptible
to neoplasia. One reason may be that HPV infection starts with a micro-wound, which allows
the virus to infect epithelial basal cells (52). At particular sites such as SCJ/TZ, basal cells,

reserve cells and progenitor-like cells are more likely to be close to the epithelial surface and
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may be more prone to infection. In contrast, other sites might have different wound repair
machinery which might have facilitated the wound-healing process. In addition, recent data
suggests that the unique gene expression of these complex sites harbours a possible stem cell
niche. Claims have been based on the fact that stem cells have a unique cell cycle regulation to
maintain self-renewal and differentiation into mature cells. Progenitor cells also persist for life,
increasing the chances of accumulative mutations (49). Therefore, it may be presumed that the
target cell for HR- HPV infection is the stem cell of the uterine cervical epithelium.

Several views have linked the HPV-target cell to the reserve cells, arguments supporting is the
fact that high expression of cytokeratin 17 positive cells has been observed in high-grade
cervical lesions and cervical cancer cases (54,55).

Importantly, this proposes that reserve cells might represent an abortive site for HR-HPV
infections, in which deregulated viral gene expression is thought to drive HPV-mediated
neoplasia. Another view suggested that a population of actively dividing SCJ cuboidal cells,
with distinctive markers, one of which is Cytokeratin 7, are a possible site for HPV abortive
infections. Supported by an observation of overlapping of their biomarkers with ones seen in
high grade lesions (29).

1.3.1 Viral infection and immune response

HPV has evolved its life cycle to be linked to the epithelial differentiation program of the host,
hence, there is no virus-induced cell death nor inflammatory-induced response (56). When
stressed, keratinocytes can mediate immune responses by expressing toll-like receptors (TLRS)
on its cell surface (TLR1, TLR2, TLR4, TLR5, and TLR6) and intracellularly where it is
localised in the endosome (TLR3 and TLR9) (57). Activation of TLRs on keratinocytes leads
to type | interferon production, and later Thl-type cytotoxic responses (58). During infection
viral genome copy number is affected by type I interferons. The E6 and E7 viral oncoproteins
expressed by the HR-HPV types of alpha genera interfere with type | Interferon response by
inhibition of STAT. HR-E6 can also disrupt the Tyk2 downstream of the interferon signalling
pathway (59). In addition, E7 hinders IRF-1, a transcription factor involved in the activation of
interferon-stimulated genes (60). Also, E7 down-regulates the expression of components
LMP2 and TAP1 of antigen presentation, thus avoiding Natural killer cell cytotoxicity (61). It
is still debatable whether latency is a result of immune-mediated regression (62-64), but failure
to control infection allows chronic deregulated gene expression, and the development of

neoplasia and cancer.
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Figure 1.3: Life cycle of HPV types of alpha genera. (A) shows HPV16 gene expression
pattern in an infected cell, during epithelial differentiation, expression of the E6 and E7 early
genes is key for S-phase entry (red). In the higher epithelial layer’s viral replication proteins
(E1, E2, E4, ES) start to appear (green), and viral genome amplification is carried out (blue).
E4 marking viral production is shown in the upper epithelial layers (yellow). (B) Cells in
basal layers are S-phase state. Active proliferation and genome amplification appear in
intermediate layers, whilst packaging and release of the virus occurs in the upper layers
(adapted from Doorbar,2005).

1.3.2 Cervical neoplasia and its cellular origins

Most women infected with HR-HPV get viral clearance and resolution of infection via cell-
mediated immunity within months or years and the chances of cervical neoplasia rising is
relatively low (56). However, failure of the immune system to resolve the infection can lead to
deregulation in gene expression resulting in the development of neoplasia and cancer (52).
Whilst, early HPV proteins are associated with replication and maintenance of the viral
genome, late ones are associated with the formation of the viral coat (65). In alpha HPV types,
E6 and E7 genes regulate cell cycle entry (Figure 1.3), cell proliferation, and differentiation.
Although HR-HPV types can infect various epithelial sites, including the penis, vagina, and
vulva, cancer arising at these sites is rare (52).

Site-specific vulnerability for HPV associated neoplasia is not fully understood, however,
speculations suggested that the lack of protective layers of differentiating cells at these sites
and the presence of cells that cannot support the life cycle of the virus are to blame (66,67). It
is proposed that the diversity of HPV infection consequences depends on the site of infection.
With ectocervix, productive HPV infection and low grade squamous intraepithelial lesion
(LSIL) is supported, whereas TZ and endocervix are associated with deregulated HPV gene
expression leading to high grade squamous intraepithelial lesion (HSIL) (Figure 1.4). This was
based on observation using biomarkers including HPV-encoded E4 protein and p16'™K4a

tumour suppressor protein. Where in high-grade lesions, E4 is absent and p16'N%%? js extensive
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indicating an abortive infection. Whilst in low-grade lesions, E4 showed high expression and
p16'NK4 was mostly negative indicating a productive virus infection (52,121). This was also
investigated with organotypic raft culture derived from primary human keratinocytes showed
that infection of the basal epithelial layer of stratified ectocervix results in a productive HPV
infection (122). On the contrary, HPV infection of the columnar cells of the endocervix showed

deregulation of viral gene expression and the development of neoplasia (67,123).

ectocervix transformation zone endocervix endometrium
original SCJ current SCI active
metaplasia
productive infection abortive infection abortive infection non permissive
LSIL LSIL  HSIL HSIL
T IS T
R
3Ty
Cew
l L us cell carcinoma squamous cell carcinoma squamous cell carcinoma adenocarcinoma I

Figure 1.4: HPV Infection sites of the cervix and their possible associated consequence. (A) schematic
representation of the epithelial types in the cervix, the ectocervix lined with stratified epithelium, the transformation
zone, and the columnar epithelium of the endocervix. The reserve cells (turquoise) are under the columnar epithelium
of the transformation zone, and are associated with the process of metaplasia which forms a new SCJ by building a
new stratified epithelium when required. (B) The outcome of HPV infection differs depending on the site of infection.
It is believed that the ectocervix is a site of productive HPV infection where LSIL is supported, whilst the TZ and
endocervix are sites where deregulation of HPV gene expression occurs, leading to high grade lesions. E4 protein
marking productive cycle (in green), p16 (brown) and MCM/Ki67 (red). (adapted from Doorbar, 2019).
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1.4 Experimental models of the cervix

1.4.1 Invitro models: 2D and 3D

The tissue architecture of the cervix is complex and thus, has been challenging to study. In the
past, the use of 2D carcinoma lines such as; HeLa (68), an aggressive cervical adenocarcinoma
cell line, which is HPV18 positive (69), SiHa, a HPV16 positive grade Il squamous cell
carcinoma cell line (70), C33a, which is HPV negative and was derived from 3 poorly
differentiated carcinomas of the cervix (71), and CaSki (72) derived from a metastasised
squamous cell carcinoma of the human cervix, which is HPV16 positive. Although these 2D
cancer cell lines have the ability to divide indefinitely, they carry a variety of mutations and
chromosomal abnormalities, and do not represent the cervical cell-cell homeostasis.

Primary human foreskin keratinocytes (HFKSs), are a keratinocyte cell line derived from
newborn circumcisions (73), as these are primary cells, they have a limited lifespan with 15
population doublings, in addition to morphological changes which include flattening of cells
(74). Hence was the use of spontaneously immortalised keratinocyte cell lines, these include:
NM1 (75), HaCaT (76) and NIKS (77). NIKS are near diploid, that retain normal responses to
contact inhibition and have been widely used as an infection model for HPV16, HPV18,
HPV31, HPV45 and HPV58 (77). These cell lines offer an isogenic cell background that can
eliminate batch effects that might be seen primary keratinocytes from different patients,
however, as the cells are immortalised studying some viral functions can be more challenging.
Immortalised keratinocyte cell lines have several undesirable mutations, for instance, NIKS
carry a p53 mutation (78).

The development of immortalised keratinocytes allowed the development of organotypic raft
cultures (79,80), the use of rafts allowed many aspects of the HPV productive life cycle to be
studied and has provided a great insight about HPV proteins functions. Although a lot has been
unleashed about the HPV biology, the knowledge about the specific site of the infection and
the target cell is still limited and challenging to study, as the simplistic use of cells in culture,

doesn’t mimic the complex architecture of epithelial cells seen of the cervix.

1.4.2 In vivo models

Animal models for cervical dysplasia and cervical carcinoma are limited. Oncogenic HPV
subtypes only cause cancer in humans, however mice can be genetically modified to facilitate
the study of cervical carcinoma development. Targeted expression of E6 and E7 oncoproteins

has been shown to cause neoplasia in transgenic mice (81). Moreover, E7 was found to increase
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proliferation, whilst E6 contributed to p53 loss, and both E6 and E7 increased centrosome copy
number (82), using mice that expressed the HPV-16 E6 protein (Krtl4-E6), and E7 protein
(Krt14-E7), or both (Krt14-E6:E7). Although these models allowed the study of the individual
effect of each HPV oncogene in deriving cervical carcinogenesis, they are not without
limitations. Since mouse cells require less mutations to become cancerous, mouse models
exhibit less mutational diversity compared to human tumours, additionally, mouse cells
metastasise less (83). Furthermore, the expression is regulated by Krtl4 promoter (not the
endogenous PV promoter) which affects studying the role of hormones on viral
transcription. Additionally, viral proteins have evolved in humans, and many of their effects is
via protein-to-protein interactions, thus some differences can be expected when HPV protein
function is examined in mouse cells. Moreover, using E6/E7 transgenic models, carcinomas
were found to occur in other epithelial sites and only 40% were located at the TZ of the cervical
epithelium. additionally, differences between mouse and human metabolism limits drug
discovery experiments (84).

Xenograft models are when human cancer cell lines or biopsies are transplanted into animals,
usually, immunocompromised mice (85). Limited number of xenograft models has been
described for human cervical carcinomas. One model used primary tumour biopsies, both
squamous cell carcinoma (SCC) and adenocarcinoma (86), the model demonstrated features of
the tumour including growth and behaviour. Xenograft models can be useful for short-term
virus infection experiments, and drug discovery testing, however, as the host is

immunosuppressed, interactions between the tumour and the immune system was lacking.
1.4.3 Organoid models of human tissues

Three-dimensional cell culture that captures a near-physiological experimental environment
has become the new frontier of tissue modelling. In contrast to cells in 2D, which are composed
of undifferentiated cell types, organoids contain multiple differentiated cell types that are found
in the target organ in vivo (87).

Two different approaches have been used to establish organoid cultures, either induced
pluripotent stem cells (iPSC) derived organoids, or adult tissue epithelial (ATE) derived
organoids. In our context, we will be focusing on ATE organoids unless stated otherwise.
Organoids are a 3D culture system in which an extracellular matrix (ECM) hydrogel,
Matrigel® is used to give the cells a basement membrane to anchor to. After tissue dissociation,

progenitor cells within the mixture, if supplied with the right signalling, will self-assemble to
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form symmetric cyst structures (spheres), which have the potential to give rise to more complex
structures. The arrangement of these structures varies depending on the architecture of the
tissue of origin. For example, intestinal epithelium tends to generate budding structures, while
others have reported duct-like epithelial structures such as in liver organoids. The power of
these cultures is that they hold the promise of recapitulating near-physiological conditions -in
vitro- with no genetic alterations (87). Unlike in vivo models, organoids are fairly easy to
manipulate, which allow investigators to explore the use of this technology as a model for viral
infection, disease and in drug discovery.

Most of the published organoid cultures contain epithelial tissue only and lack the presence of
any stromal components, or immune cells. The first gut organoid culture was published by Sato
and Clevers in 2009 (88) and was derived from mouse small intestinal crypts. Since then, many
adaptations have been reported by others for different epithelial tissues, including stomach
(89), liver (90), colon (91), pancreas (92), Lung (93), prostate (94), and endometrium (95,96).
In organoid cultures, signals that may regulate the differentiation and maturation of progenitor
cells are supplied by adding extra-cellular factors, these factors should in theory mimic the
micro-environmental niche of the target cell population to support growth, and the right
organoid culture will express similar markers and functionality as the tissue of origin (97).
Most of the reported organoid cultures used EGF, Noggin and R-spondinl (ENR) medium (88)
as a base, then tailor the added cytokines/factors according to the signalling to that of the
desired tissue. ENR is enriched with EGF (promotes cell proliferation), R-Spondin (wnt
pathway activator) and Noggin (BMP antagonist). Although investigations of these pathways
in normal cervical epithelium is minimal in literature, there are reports about EGF and Wnt/p-

Catenin signalling in cervical cancer and early stages of neoplasia (98,99).

ECM

Matrigel is derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells and is used to
simulate the basement membrane matrix in vitro. Matrigel® is mainly composed of laminin,
collagen and entactin, in addition to growth factors naturally occurring in the EHS tumour.
These are kept to a minimum with the growth factor reduced matrigel® matrix. Having
Extracellular membrane (ECM) is crucial for epithelial cell contact, which is required for

integrin signalling preventing anoikis (100).
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Wnt pathway

There are 19 wnt protein in humans and mice that bind to two receptor families: LDL receptor-
related proteins 4, 5 and 6 (LRP4, LRP5 and LRP6) (101,102) and the Frizzled (Fz) seven-pass
transmembrane receptors (103). In the current wnt model, the presence of wnt ligand bind to
Fz/LRP receptor, which further prevents -catenin degradation, allowing it to enter the nucleus
and interacts with TCF/LEF proteins, thus activating wnt-regulated genes (102). In contrast,
the absence of wnt ligand allows the destruction complex (CKla, GSK3p, APC, Axin) to bind
to B-catenin leading to its phosphorylation and release targeting its ubiquitination and
degradation by proteasomes (87). R-spondin proteins are a group of secreted proteins that are
known for their regulation of wnt/p -catenin signalling (104). Although R-spondin does not
activate wnt, it is a potent wnt-signal enhancer (104). Upon binding to leucine-rich repeat-
containing G-protein-coupled receptor 4/5 (LGR4/LGR5), R-spondin sustains the expression
of wnt receptors by blocking RNF43/ZNRF3 mediated degradation, thus increasing cell surface
availability (105).

TGF-# and BMP

The transforming growth factor B (TGFp) superfamily are highly conserved cytokines that have
been linked to a variety of cell regulatory functions, importantly, embryogenesis and later in
life in growth regulation. Members of the family include; TGFp isoforms, activins, nodal,
inhibins and bone morphogenetic proteins (BMPs) (106). BMP4 and Activin A, have been
attributed as key factors in determining epithelial cell fate in the mullerian ducts, by inducing
the expression of ANp63 through SMAD4/RUNX1 (107).

The use of TGFp inhibitor -A83-01- has been shown to be important to sustain stem cell-like
population in several organoid cultures (106). Furthermore, Noggin, a BMP (bone

morphogenetic protein) antagonist, has also shown to allow for stem cell expansion (91).

EGF

Almost all long-term organoid cultures have reported the need for epidermal growth factor
(EGF) signal activation. EGF is a small protein -53 amino acids- which binds to epidermal
growth factor receptor (EGFR) (108). This binding promotes cellular proliferation,

differentiation, and survival (109).
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FGF

There are 18 mammalian fibroblast growth factors (FGF) that bind to 4 main tyrosine kinase
receptors (FGFRs). FGFs have an important role in organogenesis and tissue patterning and
organogenesis. FGF7/10-FGFR2111b-MAPK have been found to be indispensable for MD cell
fate in mice (110).

Notch

When Notch ligands bind to Notch receptors via y-secretase/ ADAM10-dependent regulation,
Notch Intracellular Domain (NICD) is released. NICD will further interact with
CBF1/Su(H)/Lag-1 complex (CSL), allowing the activation of Notch target genes (e.g. hesl)
(111). Notch signaling has also been reported to regulate secretory lineage differentiation
(112,113).

PGE2

Prostaglandin E2 (PGE2) has been reported to elevate -catenin expression via CAMP/PKA,
hence, enhancing wnt signaling. This PGE2/Wnt synergy has been found to control mouse stem
cells in vitro (114), and zebrafish progenitor cells in vivo (115). In addition to maintaining
LGR5+ colonic organoid culture viability (116). PGE2 has four receptors; EP1R to EP4R, the
activation of EP2R and EP4R increases cyclic AMP production, while EP3R activation can
have a diverse effect (117). PGF2a plays a key role in the regulation of the cervix by

stimulating contractions of the myometrium (36).

1.4.4 Cervical organoids

Advances in female reproductive tract (FRT) modelling have been made in the past years.
Organoids from the fallopian tubes (118), ovaries (119) and endometrium (95,96) have been
reported. The majority of the established organoids are derived from single-lineage epithelial
organs with simple or two-layered epithelia, thus cervical derivation is challenging to derive.
In a recent study, Chumduri and colleagues (120) have generated organoids that recapitulate
the site-specific epithelial architecture of the cervix, starting from adult cervical tissues. The
term ‘cervical organoids’ describes both endo- and ecto-cervical organoids. The protocol
generates organoids from anatomically normal tissues. Derivation of endocervical lineage
required the presence of WNT signalling, while inhibition of Wnt was found critical for
maintaining stratified squamous phenotype (79). Additionally, the paper reported that Notch

signalling was key for squamous lineage differentiation in the junction (79). Although it is in
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the early stages, cervical organoids if achieved right, can allow the study and understanding of
the process of metaplasia, the technique could also assist identifying the origin of the progenitor

cell in the cervix, in addition to settling the debate about HPV target cell.

1.5 Research objectives and thesis aims

The aim of this project is to understand the specific characteristics that renders the cervical
epithelium to be vulnerable to the development of high-risk HPV-associated cancers. Like in
other transition zones, the cervical transformation zone (TZ) is more liable to the development
of HPV-associated cancers (49). The reason behind this is not clear, however, TZs are regions
where the physiological change from columnar to squamous cell types takes place in a process
of metaplasia (49). Additionally, it is thought to be a stem cell niche as it harbours a unique
cell population called reserve cells (31). This has influenced hypotheses questioning the
involvement of the TZ stem cell as a HPV target cell, however, the identity of this stem
population is yet to be determined. Previous models of the cervix were mainly based on 2D
cell lines, either carcinoma cells or primary immortalised, and can carry variety of mutations
and chromosomal abnormalities. Such models do not represent the normal cervical cell-to-cell
interaction, and since the main target of my project is to address basic questions about the role
of reserve cells in maintaining the cervical TZ and in high-risk-HPV infections, the
development an in vitro model that is truly representative of normal cervical epithelium is
crucial. In recent years, advances using organoids to model the human tissue have been made
(88). Organoids are 3D cell culture system that closely mimic the in vivo tissue of origin. At
the time of starting this project, no established organoid model of the cervix has been reported.
Therefore, | have followed the line of developing an in vitro organoid tissue culture model of
the cervix. To do so, | planned my work in stages, with each stage contributing to my
understanding of cervical biology and infection. The key steps in my research program are

listed below:

e | start off by testing the validity of the current TZ progenitor theories (detailed in section
3.2.2) by examining a wide range of cervical tissue and using a panel of
immunofluorescent antibodies.

e Second, | explored the utility of mouse models to study human cervical renewal
dynamics, by following a time course of cervical development and used a set of

immunofluorescent markers to identify epithelial lineages (section 3.2.3).
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Since having a physiologically relevant model is key for understanding the cellular to
viral expression discrepancies, | start optimising the cervix organoids. Many organoid
cultures start with mouse since it is more obtainable compared to human tissue (in
chapter 4).

The generation of murine cervix organoids provided a first insight as to how local
factors may control the endocervix, the TZ, and the ectocervix. The goal was to utilise
the model to study changes in cytokine expression, the patterns of signal transduction
stimulation, and changes that are locally present at the site of metaplasia. This will
provide insight into the mechanistic changes that regulates metaplasia and the role of
reserve cells in this process.

This was followed by optimisation of human cervical organoids (chapter 5). since the
developed organoid model would also offer an indispensable HPV infection tool to
study the different patterns of viral gene expression depending on the site of infection
(ecto/endo/TZ).

Last, | have also explored the use of lineage tracing transgenic mice (in 6.2.2), which
will allow understanding the complex nature of the cervical transformation zone and

the mechanisms that underlie HPV life cycle deregulation and progression to neoplasia.
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2 Materials and methods

2.1 Tissue samples and cell culture

2.1.1 Human

Human samples used for immunohistochemistry, were provided from cervical biopsies of
hysterectomy patients for benign, HPV unrelated conditions from Odense University Hospital,
Demark. Local ethical approval for the study was obtained from the Institutional Review Board
of Odense University Hospital. Tissue samples were transferred to the Department of
Pathology, University of Cambridge under an agreement with the Region Syddanmark.

For human cervical organoid derivation and immunofluorescent images, samples were
obtained via ethical approval to for fresh cervical benign hysterectomy tissue from the human

tissue bank at Addenbrooke’s University Hospital in Cambridge.

2.1.2 Mice

For mouse time course images and murine cervical organoid derivation, C57BL/6J (JAX®,
000664) adult mice between the age of 2 to 14 weeks were used.

For lineage tracing and transgenic mice immunofluorescent images Krt17tm(Cre.CeruleanMurr
(JAX®, #018151) X B6.Cg-Gt(ROSA)26Sormo(CAGtTomato)Hze/y  (JAX®, #007909) And
Krt17CERT2 (1) X B6.Cg-Gt(ROSA)26Sorme(CAC-2sGreen)Hze 5 (JAX®, #007906) lines were
used. Husbandry and experimental work were done conducted according to local ethical
committee and UK Home Office regulations and were carried out under the licence of

J.Doorbar.

2.1.2.1 Tamoxifen injections

Tamoxifen (Sigma-Aldrich) was dissolved in sunflower oil and was injected at final of 2 mg/mi

intraperitoneally according to experimental protocol. Oil only was injected to controls.

2.1.3 Cell isolation
2.1.3.1 Human

Several approaches have been tested for isolating cells from human cervical tissue
(optimisation described in chapter 5). The method that proved best at extracting human cervical
cells was to first separate the dermis from the epidermis mechanically (with curved surgical

scissors), followed by finely mincing the epidermis strip with surgical blade. The minced tissue

28


https://www.zotero.org/google-docs/?pi6De6

is then incubated for 30 min Trypsin (0.15%) at 37°C with shaking (this process is repeated
twice, with collecting the produced cells from the 1% round). The remaining epidermis mince
is then incubated with 0.4mg/mL Collagenase V (Sigma, C-9263) diluted in DMEM at 37°C
with shaking. The suspension is collected with the suspension produced from trypsin.

2.1.3.2 Mice

Mice cervixes were minced and placed in basal media (Table 2.2) with dispase (0.5ug/ml
Roche-applied-science, 04942078001) and amphotericin B (2.5ug/ml Sigma, A2942)
overnight at 4°C. The following day, the suspension was centrifuged (0.5 relative centrifugal
force (rcf) for 5 minutes) then trypsinised in 10 mL of 0.15% trypsin for 10 minutes at 37°C.
The suspension was subsequently centrifuged, and the supernatant was collected, the process
was repeated again before filtration through a 100um Cell Strainer (Falcon, catalogue no.
352360). Cells were further pelleted and washed with DMEM/F12, then plated in 20yl droplets
of Matrigel® (Corning, 536231) using 48 well plates (costar, catalogue no. 3548) and incubated
at 37.5°C for 15 minutes to allow the Matrigel® to set (Figure 2.1) 250ul of corresponding
medium was added to each well and placed at 37.5°C in a 5% CO?2 incubator. Culture medium
was changed every 24-72 hours depending on the rate of cell growth and the change of pH

indicated by phenol red.

2.1.4 Cell culture

EGF, Noggin and R-spondinl (ENR) medium (4) was used as a basal medium (Table 2.1)
Additional factors listed (Table 2.2) were added depending on the experiment. Cells were
passaged approximately every 7-9 days, this was done when the cells were too dense, the
Matrigel® became unstable, or the cells started to attach to the well. Passaging was performed
by vigorous pipetting using an Eppendorf Xplorer® plus automated pipette at a volume of
150pl/maximum speed operated 300 times, washed with cold DMEM/F12 and repeated three
times before plating again. The magnitude of splitting was estimated from the density of the
plate and the size of the pellet before plating (estimated to 1:20 dilution). For ectocervical
squamous organoids and additional dissociation step was carries out post manual pipetting with
TrypLE® (Gibco, 12604021).
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1-Harvest the cervix

2- Dispase overnight 4°c

3- Mince and trypsinize (x2)

4- Wash in DMEM/F12

5- Resuspend in Matrigel and plate

Figure 2.1: Summary of murine cervical epithelium
isolation procedure for the generation of cervical
organoids. Dispase incubation follows cervix harvest, then
trypsin digestion the next day before medium wash and
plating with Matrigel®.

Table 2.1: Components of ENR basal medium.

Reagent

DMEM/F12
HEPES
B27
L-Glutamine

N2
N-Acetyl-L-
cysteine (NAC)
Primocin
Noggin
R-spondin

EGF

Volume for

10mL
9.5mL

95 pL
200 pL
100 pL
100 pL

25 uL

20 pL
10 pL
10 pL
5L

Stock Final .
concentration
X1 X1
1M 10 mM
X50 X1
X100 2mM
X100 X1
X400 1.25 mM

X500 100 pg/mL
X1000 50 ng/mL
X1000 500 ng/mL
X2000 50 ng/mL

30

Manufacturer

Invitrogen
Gibco
Invitrogen
Gibco

Invitrogen
Sigma

Invitrogen
Peprotech
Peprotech

Peprotech

Catalogue

number

12634010
15630080
12587010
25030081
17502048

A9165-5G

Ant-pm-1
250-38
120-39

PMG8043



Table 2.2: Additional factors added to ENR.

Reagent stock Final . Manufacturer Catalogue
concentration number
A83-01 (TGFBi) 1 mM 500 nM Tocris Bioscience 2939
FGF-10 100 pg/mL 100 ng/mL PeproTech 100-26
Prostaglandin E2 L
(PGE2) 25 mM 25 nM Tocris Bioscience 2296
MAPK p38 -|nh|b|tor 10 mM 10 uM Tocris Bioscience 1264
(p38i)
Nicotinamide 1M 10 mM Sigma-Aldrich NO0636
Activin A X500 20 ng/mL R&D systems 338-AC-010
HGF 50 pg/mL 50 ng/mL Peprotech 100-39H
FGF-2 50 pg/mL 50 ng/mL Peprotech 100-18B
CHIR99§31 (GSK- 1 mM 1M Tocris Bioscience 4423
BMP7 100 pg/mL 100 ng/ml Peprotech 120-03

Table 2.3: Different media tested for murine cervical organoid culture.

Factor ENR ENR-A ENR-F ENR-AF
A83-01 (TGFpi) - + - +
Fgf10 - - + +

2.1.5 Freezing media

For freezing of organoid cultures, 70% of corresponding organoid medium was added to 20%
FBS and 10% DMSO.

2.1.6 Organoid formation efficiency

For organoid formation efficiency quantification, organoid cultures were dissociated to

single cells using TrypLE Express (Thermo fisher) for Smin at 37°C before passed through a
0.2um strainer. Cells were counted and a total of 1000 cells were seeded per well, with a total
of 3 wells per condition. Medium was changed every three day and the organoid number was

counted using optical microscopy 7-10 days post seeding.
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2.2 Genotyping

2.2.1 DNA isolation from ear biopsies

Ear notches from mice were treated with 100 ul Chelex solution at 50°C for 45 minutes.
Subsequently, samples were boiled at 95°C for 30 minutes to inactivate proteinase K enzyme.
The resin was pelleted at 13,000 rpm and DNA was collected from the supernatant.

2.2.2 Genotyping by polymerase chain reaction (PCR)

For Krt17tm(Cre.CeruleanMurr t5,,chdown PCR genotyping assay (2) with accordance to Jackson
lab suggestion, the following primers were used in the PCR reaction (Table 2.4) forward:
CTTCCATGCAGGGGACTGA, wild type reverse: TTCACTTCAGGTCAG CAAGC,
mutant reverse: AATCGCGAACATCTTCAGGT, with expected band readout being, 460 bp
for mutant , 310 bp and 460 bp for heterozygote and 310 bp for wild type. The initial annealing
step of the reaction was done at 94°C, followed by touchdown 10 cycles of (94°C, 65°C, 68°C)
where the annealing temperature is dropped by 0.5°C per cycle, followed by 28 cycles of (94°C,
60°C, 72°C) then a final extension at 72°C.

Table 2.4: PCR reaction components and final concentrations used to carry out transgenic mice genotyping.

Reaction component Final concentration
ddH20 X
Kapa 2G HS buffer 1.30 X
MgClI2 2.60 mM
dNTPS-kapa 0.26 MM
Forward primer 0.50 uM
Reverse primer 0.50 uM
Glycerol 6.50 %
Dye 1.00 X
Kapa 2G HS taqg polym 0.03 U/ul
DNA X

Same touchdown PCR approach described above was done for tdTomato, using the reaction
components in table 2.1 with accordance to Jackson lab suggestion, with the following primers
used; wild type forward: AAGGGAGCTGCAGTG GAGTA, wild type reverse:
CCGAAAATCTGTGGGAAGTC, mutant reverse (WPRE):
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GGCATTAAAGCAGCGTATCC and mutant forward (tdTomato): CTGTTCCTGTACGGC
ATGG.

For Krt17CreERT2, Cre detection was done using standard PCR using the following primers;
cre forward: GCGGTCTGGCAGTAAAAACTATA and cre reverse:
AGCGTTTTCGTTCTGCCAAT. And for R26RZsGreen, touchdown PCR approach described
above was applied wusing the following primers; wild type forward:
AAGGGAGCTGCAGTGGAGTA, wild type reverse: CCGAAAATCTGTGGGAAGTC,
mutant forward (ZsGreen): AACCAGAAG TGGCACCTGAC and mutant reverse (WPRE):
GGCATTAAAGCAGCGTATCC.

2.3 Laser capture

Laser Microdissection (LCM) method was optimised based on the protocol published by
Erickson et al. (3). 3, 11-week-old mice were harvested and collected in Optimal cutting
temperature compound (OCT compound) and subsequently frozen in -80°C. Frozen mouse
cervix sections were later cut to a thickness of 8um using a cryostat and mounted on
Polyethylene naphthalate (PEN) membrane frame slides (Life Technologies, Carlsbad, CA,
USA), and stored in a 50ml falcon tube with silica beads to avoid moisture before stored in -
80°C. Before the laser cut, Cresyl Violet stain was used to visualise the structure of the
epithelium (0.02mg of Cresyl Violet stain powder was mixed with 5ml of 100% ethanol, then
strained by 0.2um filter). LCM was performed using the ZEISS PALM MicroBeam (P.A.L.M.
Microlaser Technologies, Bernried, Germany), infrared laser was used to melt the cap polymers
to areas of interest and a UV laser was used to cut these selected cell populations, which were
then collected on the cap. Collected cuts were incubated in the lysis buffer, and RNA extraction
was carried out using the Arcturus PicoPure RNA Isolation Kit (Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Approximately a total area of 50,000um
was aimed for within 30 minutes from the beginning to end of the procedure to ensure RNA

integrity.

2.4 Cell sorting

To obtain single cell suspension from organoids, manual pipetting was carried out as described
above in organoid formation protocol, followed by enzymatic digestion with TrypLE™ before

passing the cells in 0.2um strainer. Cells were blocked in 1% FBS in DPBS without Calcium
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and Magnesium (ThermoFisher Scientific, 14190136). Cells were sorted using a

DakoCytomation MoFlo cytometer and Summit 4.3 software.

2.5 Imaging and immunofluorescence

25.1 Human

For immunohistochemistry slides, the biopsies were fixed in 10% Neutral buffered formalin
(NBF) and embedded in paraffin. Biopsy blocks were sequentially sectioned every 8um and
were stained for Krtl7 (Cytokeratin 17) antibody followed by detection using horseradish
peroxidase (HRP) and development with by 3,3’-Diaminobenzidine (DAB) at UCL Advanced
Diagnostics using Leica automated system.

For Immunofluorescence, drying of paraffin embedded sections was carried out by overnight
incubation in a 60°C oven. Subsequently, sections were de-waxed in xylene for 10 minutes and
then once again for 5 minutes. Gradual rehydration was then performed; twice in 100% ethanol,
followed by 80%, 50% and 30% ethanol for two minutes for each step, then hydrated in dH20
for five minutes before being washed with PBS twice; 10 minutes then 5 minutes (rocking).
Slides were then soaked in antigen retrieval solution (10mM citric acid, 0.05% Tween 20,
pHO6), and boiled in a pressure cooker at 110°C for 15 minutes. After the antigen retrieval step,
slides were washed twice in PBS (as described above), before marking around the tissue with
a hydrophobic pen (ImMmEdgeTM by Vector). Slides were then blocked in 2.5% horse serum/in
PBS for 30 minutes in a humidity chamber. Antibody binding was detected using tyramide
signal amplification (TSA) method using an InmPRESS™ HRP Anti-Rabbit IgG (Peroxidase)
Polymer Detection Kit (Vectorlabs, catalogue no. MP-7401) and ImmPRESS™ HRP Anti-
Mouse IgG (Peroxidase) Polymer Detection Kit (Vectorlabs, catalogue no. MP-7402).

2.5.2 Mouse
2.5.2.1 Paraffin-embedded sections

Mouse cervixes were fixed in NBF and embedded in paraffin overnight. Organoids were
incubated in Corning Cell Recovery Solution (Catalogue no.354253) for 1 hour on ice to
dissolve the Matrigel®. Cells were then washed in ice cold PBS and centrifuged for 6 minutes
at 0.6rcf, before being fixed in NBF for 20 minutes at room temperature. Organoids were
subsequently suspended in liquid agar (2% agarose in PBS), poured into cloning rings (7mm
diameter) and left to set. Once solidified, they were embedded in paraffin and the same protocol

described in section 2.8.1 was applied.
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2.5.2.2 Frozen sections

Mouse cervixes were fixed in cutting temperature compound (OCT) and allowed to freeze on

pre-cooled acetone (-20°C) for 5-10 minutes, before transferred to -80°C until needed.
2.5.3 Cytospin Technique

Cell suspension of 5x10%/ml was prepared with 10% Fetal Calf Serum, and the slides were
mounted with the paper pad and the cuvette in the metal holder, 200ul of cell suspension was
loaded and cytocentrifuged at 800 rpm for 5 min. slides were left to dry at room temperature
for 24 hours.

Table 2.5: Primary antibodies used to characterise murine cervical organoids and follow up experiments.

Antibody Dilution Host =~ Amplification Manufacturer C:J?T:%%l;e
Pan-keratin 1:100 Mouse - A?I_Igll\?/lléH C2562
Cytokeratin 17 1:250 Rabbit - abcam ab51056
Cytokeratin 15 1:50 Rabbit - abcam ab52816
Cytokeratin 13 1:100 Mouse - abcam ab16112
Cytokeratin 8 1:50 Mouse - Santa Cruz ac-374275
Cytokeratin 7 1:100 Rabbit - abcam ab181598
Cytokeratin 5 1:500 Rabbit - BioLegend PRB-160P
Vimentin 1:100 Mouse - NeoMarkers MA5-11880
Tp63 1:100 Mouse Yes abcam ab735
P75 1:50 Rabbit - abcam ab52987
MCM7 1:100 Rabbit Yes abcam ab52489
Ki-67 1:200 Rabbit - abcam ab16667
Mucin 1 1:50 Rabbit - abcam ab109185
Mucin 5AC 1:500 Rabbit Yes Altlas HPAO040615
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Table 2.6: List of the secondary antibodies used.

Antibody Dilution Host Manufacturer = Catalogue number
Alexa Fluor® 488 1:150 Donkey anti-mouse 1gG Invitrogen A21202
Alexa Fluor® 488 1:150 Goat anti-rabbit 1gG Invitrogen A11034
Alexa Fluor® 594 1:150 Goat anti-rabbit 1gG Invitrogen A11037
Alexa Fluor® 594 1:150 Goat anti-mouse 1gG Invitrogen A11032

DAPI (4',6-diamidino-2-phenylindole) was added to all slides with the secondary antibodies at
a 1:1000 dilution (600nM) in order to visualise cell nuclei.

2.5.4 Microscopy

Monitoring the growth of the cell cultures was achieved using bright field illumination with an
EVOS XL Core microscope (Life Technologies, ZP-PKGA-0665). Fluorescent images were
captured by either Zeiss Axiovert 100M microscope or Pannoramic MIDI scanner and
3DHISTECH software (3DHISTECH Ltd, Budapest, Hungary).

2.6 Molecular Biology
2.6.1 RNA Extraction

For organoids, pellets were snap-frozen in matrigel and subsequently homogenized using RLT
buffer (guanidine thiocyanate buffer with Mercaptoethanol (B-ME) and 27-gauge syringe.
RNA was then retrieved using a Qiagen RNeasy® Micro kit (catalogue no. 74004) according
to the manufacturer's Protocol using on-column DNAse digest. RNA was eluted in 14l of

nuclease-free water and evaluated by NanoDrop spectrophotometer.

2.6.2 cDNA synthesis

100ng of total RNA was retro-transcribed using the Invitrogen™ SuperScript® III First-Strand
Synthesis System (catalogue no. 18080051) following the manufacturer’s protocol, using a
DNA Engine Tetrad® 2 Thermal Cycler. A genomic DNA control was included which was
prepared from a sample containing the same amount of RNA but without retrotranscriptase

enzyme was (-RT control).
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2.6.3 gPCR

gPCR was carried out using the Applied Biosystems® TagMan® Fast Advanced Master Mix
(catalogue number: 4444557) with TagMan® probes (Table 2.7) on a 384 plate ViiA™ 7 Real-
Time PCR System with the following reaction parameters: 50°C for 2 minutes, 95°C for 20
seconds and 40 cycles of (95°C for 1 second, 60°C for 20 seconds). For each sample, 5ng of
cDNA was used per reaction, and each was performed in triplicate. Reaction components are
shown in Table 2.8.

Tata binding protein (TBP) was used as a housekeeping gene, and fold-change was calculated
using the delta-delta-CT method (5). For each primer (Table 2.7), both —RT and non-template
controls (NTC) were included. Each reaction was run in triplicates.

Table 2.7: Tagman probes used for relative quantification.

Probe/primer Product code
Cytokeratin 17 Mm00495207_m1
Cytokeratin 8 = Mm00835759_m1
LGR5 Mm00438890_m1
EpCAM Mm00493214 m1

Tbp Mm00446973_m1

Table 2.8: qPCR reaction reagents and their final concentrations.

Reagent Final concentration = Volume per well
TagMan® Fast Advanced Master Mix X1 5uL
TagMan probes X1 0.5 puL
cDNA 5 ng/well 4.5 pL
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2.7 Microarray

A total of 3 ectocervical samples, 3 endocervical pieces, 4 stromal samples derived from mouse
cervix, 4 ectocervical organoids and 4 endocervical organoids. RNA was assessed for
concentration and quality using a SpectroStar (BMG Labtech, Aylesbury, UK) and a
Bioanalyser (Agilent Technologies, Cheadle, UK). Microarray experiments were performed
according to manufacturer’s instructions by the Cambridge Genomic Services at the University
of Cambridge, using a Clariom S Mouse HT Array Plate (Affymetrix, Wooburn Green, UK) in
combination with WT PLUS amplification kit (Affymetrix).

2.7.1 Bioinformatics

The data was processed by the Cambridge Genomic Services at the University of Cambridge,
in R using the lumi package for normalisation and the limma package for comparisons.
Heatmaps were generated using the heatmap.2 function of the R package 'gplots' the input is a
correlation matrix based on samples’ expression profile.

The cluster analysis was done using the R sva package, expression values from all genes were
transformed by removing the baseline differences between samples due to host origin. Then,
cluster analysis was done on a selected group of genes (those differentially expressed between
the compared groups using the R stats package. The distance matrix was computed using 1-
correlation as the distance measure, and hierarchical clustering was performed using the

complete linkage method.
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3 Investigation of KRT17+ reserve cells and its role in the
homeostasis of the cervical epithelium in mouse and humans

3.1 Introduction

The cervix contains three distinct epithelial regions: the endocervix, which is lined by a simple
columnar secretory epithelium; the ectocervix, which is comprised of a stratified squamous
epithelium that is non-keratinized in humans; and a transformation zone (TZ) at the
endocervical-ectocervical junction. The TZ is a unique site where two different types of
epithelia meet and is found in different tissues including the cornea-conjunctiva, the esophago-
gastric, the ano-rectal and the endo-ectocervix junctions. Numerous human TZs have been
reported to be susceptible to tumour development (1-4).

This increased cancer prevalence in the TZ led to the notion that these sites have an inherent
susceptibility to dysregulation and disruption of homeostasis (5). The cervix is a particularly
striking example with highest global rates of carcinoma with over 500,000 cases per year (6).
All cervical carcinomas are due to HPV infections and arise in TZ (6). The cervical TZ is not
abrupt but rather it is continuous and varies in length during a woman’s life. This continuity
requires the transformation from one epithelium into the other by means of a process called
metaplasia. Several factors have been linked to drive metaplasia, including direct exposure of
the low pH of the vagina and parity (7). Metaplasia is believed to be mediated by a type of stem
cell that is located at the TZ that has also been proposed as the target cell for HPV infection
(8). However, the identity of the TZ stem cell that maintains the homeostasis of this region
and the molecular pathways that are involved in the regeneration of the cervical epithelium are
poorly understood. Three main models have been hypothesized. The first proposes that a
specialised type of stem cells called ‘reserve cells’ (marked by expression of KRT17) are
present under the columnar epithelium of the TZ and drives the process of cervical metaplasia
(8). A second theory suggests that cervical metaplasia is driven by a distinct group of cuboidal
cells at the SCJ marked by KRT7 (9). The most recent hypothesis, which was reported towards
the completion of my project, proposes that reserve cells are squamous basal cells that acquire
a different behaviour under the influence of the stromal microenvironment (10).

In this chapter, | explore these with a focus in the KRT17 reserve cell theory as the published
evidence that | examined seems to suggest this is the most likely (8,11). To do so, | used tissue

sections from benign hysterectomies from women of reproductive or pre-menopausal age.
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These hysterectomies were carried out for non-HPV-associated reasons, at the human tissue
bank at Addenbrooke’s University Hospital in Cambridge. In addition, I explore the utilisation
of the mouse as a potential experimental model for cervical metaplasia. To identify similarities
and differences between mouse and human cervix | designed an extensive panel of markers
that would allow me to distinguish the different epithelial cell types proposed in the models,
including: KRT17 to identify reserve cells; KRT7 to identify potential cuboidal cells; KRT8 as
a columnar marker; and TP63 as a squamous cell marker. This approach will allow me to: 1)
identify the location of the different epithelial subtypes; ii) analyse the similarities and

differences between the murine and human cervix.

3.2 Results

3.2.1 Characterisation of KRT17 expression in the normal human cervix

KRT17+ reserve cells are reported to be located in areas of cervical metaplasia based on studies
by Martens and colleagues (8,11). | set out to examine the pattern of KRT17 expression and its
validity as a marker in 49 biopsy sections from benign hysterectomies carried out for non-HPV-
associated pathologies. Initially, I used Panoramic MIDI automatic digital slide scanner to
identify and examine the TZ using H&E staining. Based on this | selected only those samples
that had a clear area of TZ for further analysis. | subsequently performed
immunohistochemistry (IHC) using an anti-KRT17 antibody peroxidase-conjugate and DAB
(3,3'-Diaminobenzidine) chromogen system on these samples to analyse its pattern of
expression.

For each sample, | identified areas of metaplasia morphologically, with the use of H&E, and
KRT17 staining to mark the reserve cells (11). KRT17 in the normal cervical epithelium is
mostly restricted to the sub-columnar cells in the TZ and in the endocervix (Figure 3.1).
Furthermore, | observed KRT17 positivity in metaplastic stratified squamous epithelium at the
squamocolumnar junction (Figure 3.1) which is associated with reserve cell hyperplasia. This
is in agreement with the reports of Martens and colleagues (11,12). Therefore, using these large
sample numbers of the normal cervix from women of (range) age, | confirmed the utility of

KRT17 as a marker of cervical reserve cells.
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Figure 3.1: Cervical reserve cells marked by KRT17. Representative H&E and IHC images showing
KRT17+ subcolumnar reserve cells in the endocervix (a,b), scale bar=50um. Additionally reserve cells
are seen in areas of immature metaplasia at the TZ (c,d), scale bar=100 pum. And in reserve cell
hyperplasia in TZ (e,f), scale bar=50um. Black arrows indicate KRT17+ cells (positive staining in brown
by DAB) and the corresponding regions are shown by white arrows in the H&E staining. Abbreviations:
Endo=endocervix, TZ=transformation zone and L= lumen.

3.2.2 Using KRT17 to identify stages of cervical metaplasia

Although metaplasia is a physiological process, it is generally regarded as a precursor to low-
grade dysplasia (7). There have been theories on how cervical metaplasia can progress to
dysplasia, but a clear staging of this process has never been done. Understanding the molecular
events of metaplasia and how reserve cells might potentially build a new squamous epithelium
will not only pave the way to understand how cervical TZ is regulated but also why is it
vulnerable for HPV-derived neoplasia. Thus, to address this, | subsequently select samples that
show well-defined areas of metaplasia (both mature and immature) and carried out
immunofluorescence (IF) staining with a more extensive panel of molecular markers
(explained in table 3.1).

To identify metaplasia, | examined samples for those with a distinct TZ in which both elements
of squamous and columnar epithelia are found, using H&E staining. | then assessed the sections
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carefully for small cuboidal cells either under the columnar crypts or at the SCJ, as the presence
of reserve cells in these areas has been long noticed by pathologists and reported by many
(8,13,14). Mature metaplasia is when the transformation process from columnar to squamous
is complete and can only be distinguished as a new squamous epithelium by the presence of
columnar crypts in the stroma. Whilst immature metaplasia is when the process of
transformation is still in progress (15).

| found that in metaplastic squamous epithelium, the distribution of KRT17 expressing cells is
dependent on the stage of the metaplastic process. In regions of immature metaplasia, | detected
KRT17 cells in the basal and parabasal layers (Figure 3.2) but as the epithelium matures, its
expression is only detected at low levels or is even absent (Figure 3.2). This supports the idea

that reserve cells may give rise to TZ layers, creating the new squamocolumnar junction.

Table 3.1: IF markers used to characterise human immature metaplasia.

Marker Expected pa_t tern of Rationale behind use
expression
Localizes in th lasm of .
KRT17 ocalizes in the cytoplasm o Reported marker for cervical reserve cells (11).
reserve cells
Localizes in the cytoplasm of . s
KRTS8 yt p_ Marker for endocervical columnar epithelia (16).
columnar epithelia
Localizes in the cytoplasm of . .
KRT7 yt p_ Marker for endocervical columnar epithelia (17).
columnar epithelia
Localizes in the nuclei in the . . .
. Tumour suppressor transcription factor, that is active
basal layers of stratified . .
TP63 . . in embryonic stages of development (18) and
squamous epithelia and in . . ;
thought to be important in stem cell regulation (19).
reserve cells (5).
MCM?7 Localizes in the nucleus of Cell cycle activity marker and a component of
marking cells in proliferation. cellular replication complex (20).
Nuclear protein expressed in
Ki-67 cells undergoing active phases Essential role in mitosis (21).
of the cell cycle
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Figure 3.2: KRT17 cells pattern in metaplasia. Representative IF images
showing stages of metaplastic cervical epithelia, rows of reserve cells (marker by
KRT17 in red) align underneath the columnar epithelium (marker by KRT8 in
green) of the endocervix (a,b), and the start of hyperproliferation of reserve cells
in (c,d), which give rise to immature metaplasia in the TZ (e,f), which eventually
matures (i,h). Blue colour indicates DAPI nuclear staining, scale bar=100 pum.
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KRTS8 is a marker of simple columnar epithelium and therefore is a marker of endocervix (16).
| found that they are often present in the cell population above the KRT17 positive cell layers
in the TZ as the process of metaplasia occurs (Figure 3.2). These results correspond with those
from previous studies, which suggested a similar epithelial keratin pattern in immature
sguamous metaplasia (22).

TP63 is a transcription factor expressed in basal/parabasal layers of squamous epithelium and
was reported to be expressed by reserve cells (11,14,23). To further characterise the KRT17+
cells I also investigated the pattern of TP63 expression in these samples. | often found TP63
expression in KRT17+ cells. These KRT17+TP63+ were found in the basal and parabasal cells
of immature squamous metaplasia of the cervix (Figures 3.3, 3.5) and in the basal layers of the
ectocervix. Additionally, TP63 staining was also apparent in the sub-columnar reserve cells in
TZ and endocervix (Figures 3.3, 3.5).

Figure 3.3: TP63 in the human cervix. Representative
IF images showing TP63 pattern of TP63 is seen in
parabasal layers of the ectocervix (top), scale bar=200
pm. And was found to have a similar pattern to KRT17+
cells (i.e. under KRT8+ cells) in an area of immature
metaplasia (bottom) in human sample. White dotted lines
indicated epidermis-dermis junctions, blue colour
indicates DAPI nuclear staining and the scale bar=100

pm.
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In order to examine the proliferative status of the KRT17+ cells, | performed IF staining for
Mini-Chromosome Maintenance protein 7 (MCMY7), is a marker of cells that are progressing
through the cell cycle (20,24), and the a marker of cells that are actively cycling, Ki-67 (21,25).
MCM?7 staining was strongly positive in the parabasal layers of the stratified squamous
epithelium of the ectocervix and sporadic in both the ectocervical glands and the TZ (Figures
3.4, 3.5). This agrees with others reporting restricted Ki-67 immunoreactivity in TZ with

immature metaplasia (26), which we also confirmed by IF staining (Figure 3.4).

Figure 3.4: MCMY staining in the human TZ. Representative
IF images showing MCM?7 staining (top) expression pattern in
areas of immature metaplasia in a human cervical TZ, scale
bar=500um. Ki-67 (bottom) is shown in a different TZ section
with sporadic positivity in areas of reserve cell hyperplasia and
also in endocervical glands, scale bar=200pum. White dotted lines
indicated epidermis-dermis junctions and the blue colour indicates
DAPI nuclear staining.
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Figure 3.5: An area of human cervical immature metaplasia. (a) Representative H&E
of cervical human biopsy, scale bar=500um. (b) Magnified H&E of an area with immature
metaplasia, scale bar=100um. (c) IF staining with columnar marker KRT8 (green) and
reserve cell marker KRT17 (red), scale bar=100 um. (d,e) TP63 pattern (red) of expression
is showing a similar pattern to KRT17+ with cells showing positivity under KRT8+ (grey)
cells in an area of immature metaplasia in human sample, scale bar=50um and 100um
respectively. (f,g) MCMY7 staining (red) showing low expression in areas of immature
metaplasia in a human sample, scale bar=50um and 100um respectively. White dotted
lines indicated epidermis-dermis junctions and the blue colour indicates DAPI nuclear
staining.
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Herfs cuboidal cell theory suggests that there is a discrete KRT7+ cell population found near
the SCJ which gives rise to reserve cells (9). To examine this hypothesis, | stained for KRT7
in sections with different stages of metaplasia. |1 found that KRT7 had the same pattern of
expression as KRT8 and did not find a special junctional population as the Herfs theory
suggested (Figure 3.6).

To summarise, during a metaplastic process, reserve cells residing at the cervical TZ are
positive for KRT17 and TP63, however expression declines as the metaplastic progresses into
mature metaplasia (fully formed squamous epithelium). MCM7/Ki-67 activity during
metaplasia differs from the adjacent ectocervix, where the MCM?7 activity is occasionally seen
in confined areas of the basal layer, compared to an active MCM?7 expression in the parabasal
of the ectocervix and its expression is restricted in the basal layers (slow cycling). KRT8+
columnar cells are seen on top of an immature metaplasia in the normal human cervix. KRT7

co-localises with KRT8 and did not mark a different population.
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Figure 3.6: IF staining pattern of KRT7 in the different regions of the cervix.
Representative KRT7 IF staining (red) in the endocervix near the SCJ (A), in reserve cell
hyperplasia (green) (B) and in immature metaplasia (red) (C). White dotted lines indicated
epidermis-dermis junctions, blue colour indicates DAPI nuclear staining and the scale
bar=100um.
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3.2.3 Using the mouse model to study the process of metaplasia

Cervical metaplasia is a poorly understood process due to the lack of physiologically relevant
experimental models. Although there are anatomical differences between the human and mouse
cervix as described in the introduction (section 1.1), the mouse model may be a viable
alternative to study cervical metaplasia due to the fact that mice have been used previously to
provide insight of female genital chlamydial infections (27). Additionally, mice are easy to
handle, breed and modify genetically.

Here, | explore the possibility to use the mouse model to study the dynamics of the human
cervical epithelium by systematically defining their similarities and differences. | examined
several timepoints during the development of the mouse cervixes from the ages of 2 weeks
(pre-puberty) to 14 weeks (adult). | dissected the cervix and oriented it flat to obtain a cut that
contains the all the regions of interest: the endocervix, SCJ and the ectocervix (Figure 3.7). |
subsequently stained the sections with haematoxylin and eosin stain and with
immunofluorescence using the same panel of markers described above (Table 3.1).

| found that in mouse cervix, two SCJs exist. Unlike humans, it has two uterine horns and thus
at the lower end of each horn there is an SCJ. The SCJ link the uterine horns to the vaginal
opening. At the earliest time point at two weeks, | saw a clear definition of the horns with a
SCJ that is still developing as it shows the columnar lineage marker KRT8 extending to the
ectocervix (Figure 3.8). Following the development of SCJ into week 4, | observed rows of
KRT17+ cells under the developing endocervix resembling the resting reserve cell pattern |
detected in the human endocervix (Figure 3.9). In post-natal week 6 samples, the endocervical-
ectocervical junction is more defined, and by week 8 a complete SCJ is formed with two

distinct epithelial lineages merging.
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Figure 3.7: H&E of mouse cervix development time-course from 2 to 14 weeks post-birth. Defined SCJ is seen clearly
post 8 weeks with haematoxylin and eosin, with full development of the squamous ectocervix, scale bar=100um, L=lumen.
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Figure 3.8: KRT17 cells in underdeveloped cervix. (a) Representative H&E images of an early mouse
reproductive tract (week 2) showing underdeveloped SCJ region. (b) Representative IF staining showing
both squamous and columnar markers (KRT17 (green) and KRT8 (red), respectively) in the lower area of
the genital tract, scale bar=100um, L=lumen and the blue colour indicates DAPI nuclear staining.

In the first few weeks after birth, the developing cervical epithelium shows high proliferative
capacity throughout its length, with extensive positivity of MCM?7 proliferative marker in the
columnar epithelium at week 2 post-birth. At week 6, the SCJ is more defined and the pattern
of MCMY7 changes, with confined positivity appearing in the columnar cells of the endocervical
crypts (Figure 3.10). The proliferative cells in mature stratified squamous tissues are located in

the parabasal layer as seen in the ectocervix and other sites (28).
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Figure 3.10: KRT17 cells in mouse resembles reserve cells seen in the human cervix. Representative IF images
showing rows of KRT17+ cells (red) seen under the developing cervix in week 4 mouse (a), scale bar=100um, which
resembles what is observed in human endocervix (b), scale bar=50um, L=lumen and the blue colour indicates DAPI
nuclear staining.
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Figure 3.9: IF expression pattern of MCM7 and KRT8 in mouse cervix. Representative IF images of (a) Post-
natal week 2 mouse uterine cervix with extensive positivity of MCM?7 (red) proliferative marker in the columnar
epithelium (marked by KRT8 in green), scale bar=100um. (b) Post-natal week 6 mouse cervical SCJ, with
confined positivity is observed in the columnar cells of the endocervical crypts, scale bar= 200 um. Blue colour
indicates DAPI nuclear staining, L=lumen.
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In the cervix of an adult mouse (week 8 onwards), KRT17 is expressed in the basal and
differentiated ectocervical squamous epithelium (Figure 3.11). This is in contrast to what |
observed in the human cervix, where KRT17 is only seen in the basal layers of forming
squamous epithelium. The endocervical columnar epithelium, was mostly negative for KRT17
except near the SCJ where an occasional KRT17+ cell was detected (Figure 3.11). In the SCJ,

both keratin elements are present, with KRT8 sometimes appearing above the KRT17 cells,

similar to what | found in human immature metaplasia (Figure 3.11).
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Figure 3.11: Expression of KRT17 and KRT8 in adult mouse cervix. Representative IF images of (a) SCJ of
adult mouse (8 weeks), both keratin elements are present, with KRT8 (green) seen on top of the KRT17 cells
(red), similar to what is seen in human immature metaplasia (b). White dotted lines indicated epidermis-dermis
junctions, blue colour indicates DAPI nuclear staining and the scale bar=100pm.

As observed in human immature metaplasia, TP63 expression pattern co-localises with
KRT17+ cells (Figure 3.12). Furthermore, their cell cycle activity determined by MCM7
expression, was remarkably low in the SCJ of adult mouse (week 8) when compared to the
ectocervical epithelium (Figure 3.12). This is similar to in the patterns of expression human

immature metaplastic epithelium (Figure 3.4).
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Figure 3.12: Expression of MCM7 and TP63 in mouse SCJ. Representative IF images of (a) MCM7 (red)
KRT8 (green) expression in SCJ of adult (week 8) mouse, showing low MCM7 expression at the SCJ. (b)
TP63 (red) KRT17 (green) expression in SCJ of adult murine SCJ, with TP63 expression pattern localises
with KRT17 positive cells in the basal and parabasal layers of the squamous epithelium. Blue colour indicates
DAPI nuclear staining, scale bar=100um and L=lumen.

To summarise, when | observed the development of mouse cervix in the context of KRT17
expression, | found a row of KRT17 cells under the developing cervical epithelium (at week
4). This pattern bears a resemblance to the reserve cell pattern | found in the human TZ. The
expression of KRT17 changes later in development of the cervix as the adult SCJ (week 8)
forms, | see multi-layered KRT17 cells underneath the KRT8, similar to what I saw in human
immature metaplasia. Additionally, TP63 colocalises with KRT17 cells closely recapitulating
my observations in human cervix. Moreover, the developed SCJ has confined MCM7 activity

like human metaplasia.

3.2.4 Examining KRT17 expression in mouse cervix post-injury

KRT17 has been reported as an early marker of keratinocyte activation after injury (24). To
understand KRT17+ expression in context of cervical injury, | decided to investigate a
physiological process injury, which is the cervix after birth. Therefore, | harvested and
examined the postpartum murine cervix. As revealed by H&E staining of mouse postpartum
cervix, the cervical epithelium was folded at 24 hours postpartum (Figure 3.13). When | stained
postpartum mouse cervix with KRT17 | saw a row of reserve cell emerging underneath the
columnar glands of the endocervix near the junction (Figure 3.14), and occasional KRT17
colocalised in columnar cells and not underneath them (as normally seen in adult mouse cervix)
(Figure 3.14).
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Figure 3.13: H&E of 24h postpartum mouse cervix. Representative H&E images showing epithelial
folding, one of the implantation sites is seen and the lumen (L) of the endometrial and endocervical glands is

filled with red blood cells (RBCs). Scale bar=1000um.
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Figure 3.14: KRT17 IF staining of 24h postpartum mouse cervix. Representative IF images of KRT17+ cells (red) in
postpartum mouse cervix, scale bar=1000um. Two patterns of KRT17 are seen, underneath the columnar glands (right),
scale bar=100um, and also in columnar cells (left), scale bar=50um. Blue colour indicates DAPI nuclear staining and

L=lumen.
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3.3 Discussion

This chapter is focused on the characterisation and staging of reserve cells along the uterine
cervical canal in humans and mouse. Reserve cells have been described previously (13,29),
and the possibility of reserve cells being a population of cervical stem cells have been proposed
(12), but never proven. | screened cervical sections for KRT17 expression, and | confirmed the
presence of a discrete population of KRT17 positive cells (KRT17+) in the cervical TZ. | found
KRT17+ cells as individual small flat cells either under the columnar cells of the endocervical
crypts or in groups near the TZ. After | selected slides with positive KRT17, | used a defined
set of markers (Table 3.1) to understand the distribution pattern of reserve cells. The findings
suggest that reserve cells contribute to the formation of a new squamous epithelium via the
process of metaplasia, in order to build a new SCJ. It appears that reserve cells, marked by both
KRT17 and TP63, reside in a quiescent state (based on proliferation markers MCM7/Ki-67) in
the endocervix (marked by KRTS8, close to SCJ) (Figures 3.2, 3.3, 3.4 and 3.5). Once they are
stimulated to proliferate, these cells form rows that continue to build a squamous epithelium
(immature metaplasia) (Figures 3.2 and 3.5). Reserve cell hyperplasia continues and over time
a fully matured stratified squamous epithelium is formed (mature metaplasia) (Figure 3.2).
These findings support the theory of reserve cells being the progenitor cell of columnar and
squamous lineages in the cervical epithelium (11). In addition, | have examined the cell
proliferative pattern using MCM7. MCM7 was highly positive in the parabasal layers of the
squamous epithelium of the ectocervix, and occasionally in the endocervix and TZ.

To explore the alternative reserve cell theory, | have also investigated the junctional KRT7
cuboidal cells theory (9). Contrary to the report by Herfs et. al., my staining did not show a
special population at the SCJ that is highly positive for KRT7. Although using the same
antibody, | found that KRT7 was abundant and co-localised with columnar marker KRT8.
Possible reason for this contradictory data is the sample size analysed by Herfs and colleagues.
To be able to test the dual fate ability of the KRT17+ reserve cells in generating both columnar
and squamous lineages, | explored the utility of the mouse model. Some anatomical differences
are apparent, for example mice have two uterine horns, therefore two SCJs exists, unlike one
in humans. However, when | compared the human and mouse cervical epithelium, a number
of fundamental similarities were noticed. At two weeks post-birth, the cervix was developing
and the SCJ was not well defined (Figure 3.7), at week 4 a row of KRT17 cells appear under

the columnar epithelium of the developing uterine horns, similar to the reserve cell pattern 1
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observed in human cervix (Figure 3.9). At week 8, columnar and squamous lineages are
histologically distinct, with KRT8+ columnar cells occupy the endocervical end, and KRT17+
TP63+ cover the ectocervical end, the two lineages meet in a junction where KRT17 cells
underly columnar marker KRT8 cells, similar to what | saw in human immature metaplasia
(Figure 3.10). Another important difference is the persistence of KRT17 expression along the
squamous cells of the ectocervix in mice unlike humans. However, there are enough similarities
that suggest that murine cervical epithelium may serve as a useful model to study some aspects
cervical metaplasia, in particular the regulatory mechanisms that control the potential ability
of the KRT17+ reserve cell to differentiate into either a single layered columnar epithelium, or

the multi-layered epithelium of the squamous transformation zone.

| investigated the proliferation patterns in the mouse cervix during its development. MCM7 in
adolescent mice (2-week-old mice) showed a high proliferative capacity throughout its length
(Figure 3.11), with extensive positivity of MCM7 proliferative marker in the columnar
epithelium. At week 6, the SCJ is more defined and the patter of MCM7 changes, with
positivity only in the endocervical crypts and throughout the endocervical epithelium (Figure
3.11).

Postpartum repair is poorly studied, and since metaplasia is a form of physiological injury
response, | decided to examine the cervical epithelium response postpartum. At 24 hours
postpartum, the uterine horns were folded with blood cells infiltrations (Figure 3.13). When |
stained with KRT17 | observed two types of expression patterns: small flat cells underneath
the columnar crypts; and those localised in columnar cells (Figure 3.14). Based on my results,
| hypothesize that two forms of KRT17 activation is found, one where small flat progenitor
cell derive the metaplastic process and building a new squamous epithelium, and that is
triggered by wound healing response and arise away from the SCJ (Figure 3.14). However
further experiments must be carried out to confirm this as it was only performed twice. This is
in agreement with what was observed in the human skin keratinocytes that express KRT®6,
KRT16 and KRT17 when wounded (30-32).
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Graphical summary for chapter 3

» The clinical outcome of HPV
infections is highly dependent on
the infected site. Productive HPV
infection with low grade squa-
mous intraepithelial lesion is seen
when HPV infects the ectocervix,
whereas in the TZ and endocervix
deregulation of HPV genes leads
to high grade squamous intraepi-
thelial lesion.

MCM HPV16 E4 §
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Adapted from Kranjec and Doorbar 2016

* The stem cell and target cell of
cervical cancer is unkown. Sever-
al theoeies exist including
KRT17+ reserve cells and KRT7+
cuboidal cells. Here my data
agrees with the KRT17 theory
with presence of KRT17+TP63+
in the metaplastic TZ. And no
KRT7 specific pattern was found.

« Next, | wanted to find tools to test
the KRT17 as a stem/target cell of
HPV infection. Mouse is accessible
and easy to genetically manipulate.
Hence | examined the similarities
of mouse and human cervix and
found similar patterns with
KRT17+TP63+ cells in SCJ but also
in ectocervix. Additionally, devel-
oping mouse cervix 2-4 weeks
showed a pattern similar to human
metaplasia.
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4 Generation and characterisation of Organoid Cultures of the
Murine Cervix

4.1 Introduction

Many in vitro models, including immortalised keratinocytes cell lines and have been
established for the study of the cervix. Although these are important tools and have shed light
on many aspects of the cervix, particularly the study of HPV proteins functions, they have
numerous caveats as discussed in the introduction (chapter 1). They often lose epithelial
phenotype and harbour chromosomal abnormalities. Primary cells cannot be cultured long-
term, thus there is a lack of a physiologically relevant model system of the cervix. This has
hindered progress in our understanding of the physiology of the normal cervix and the
regulation of epithelial renewal and metaplasia.

Organoids are 3D cell culture system that closely resemble the in vivo tissue from which they
are derived. This technology was first established in 2009 by Sato and Clevers, where they
described a 3D culture system of the murine small intestine. This study has paved the way for
the generation of organoids from many different organs in a systematic manner from both
mouse and human (1). The organoid technology has several key advantages over conventional
2D cell lines, including genetic stability of the propagated primary cells, self-organisation into
tissue-like structures, recapitulation of the molecular and functional characteristics of the
original tissue, the ability to freeze/thaw thus allowing bio-banking, and the ability to be
manipulated experimentally (2).

Organoids are cultured in Matrigel®-based systems enriched with signals that regulate the
differentiation and propagation of progenitor cells of the organ/epithelium of interest. These
signals are supplied by the extracellular factors and cytokines added to the medium which
mimic the microenvironmental niche of the target cell population (3). Thus, in this way,
primary cells can be grown indefinitely. At the start of this thesis, cervical organoid models
have yet been reported. The establishment of cervical organoids not only provides an essential
model to study the normal cervix, but it will also be a tool to investigate the responses to HPV
infection and progression through pre-neoplasia to carcinoma and understanding the specific
characteristics that render it vulnerable to these HR-HPV-associated cancers. The aim of the
experiments described in this chapter is to establish an organoid model of both regions of the

murine cervix: the endocervix and ectocervix.
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4.2 Results

4.2.1 Optimisation of murine cervical organoids culture conditions

The key challenge in the establishment of any in vitro system, is to identify the optimal
conditions that allow the growth of the primary cells whilst maintaining key in vivo
characteristics. Furthermore, they must also permit differentiation so that the cells are able to
acquire their full functional properties. To identify the culture conditions for the generation and
expansion of murine cervical organoids, | first collated a list of potential growth factors to test
based on: (i) existing organoid systems and (ii) reports on the signalling pathways involved in
cervix development (table 4.1). Although tissue-derived organoid models established from
different tissues each require specific culture conditions, there are some signalling pathways in
common. The essential factors for maintenance of stem cells are EGF, Noggin and R-spondin
(ENR) (1,2). The use of EGF enhances proliferation signals of intestinal progenitors when
binding to their receptors (EGFR). Inhibition of BMP signalling by Noggin is used to induce
expansion of crypt numbers, and R-spondin, a Wnt agonists to increase crypt proliferation (1).
Other organoid models (4-8) have used ENR media successfully suggesting that these
pathways are used across the epithelial populations from different tissues. Therefore, | decided
to use ENR as my basal culture medium on which to test additional factors.

Organoids have been derived from other regions of the female reproductive tract: the fallopian
tubes and endometrium (6,7,9). Although these are not stratified epithelia, there may be
commonalities in the way the tissues are regulated and furthermore, these may be directly
relevant for modelling the endocervix, which is continuous with the endometrium. The models
have similar culture conditions including the use of ENR as a basal media, inhibition of TGFf
signalling and the addition of FGF10 (6,7,9). The use of R-spondin increased the size of
organoids in the fallopian tube organoid culture (6) and helped expand endometrium organoids
(7,9). The addition of EGF increased the number of formed organoids in both fallopian and
endometrium organoids (6,7). Noggin allowed long-term expansion of endometrium organoids
.

In the cervix, Wnt expression has been reported to play a role in the normal cervical epithelium.
Stromal expression of Wnt4, Wnt5a and Wnt-7a has been reported throughout the Miillerian
duct epithelium in mice. This expression gradually disappears from the vaginal epithelium after
birth. This change in Wnts may play a role in the differentiation and development of the female

reproductive tract (10). In humans, Wnt3a has been reported to be expressed in basal/parabasal
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layers of normal cervix (11). Additionally, Wnt5a knockout mice lack normal cervical
development (12).

Additionally, TGF-§ signalling has been reported in normal cervical epithelium (including
immature and mature metaplasia) (13). TGF-p1, TGF-p2, TGF-p3, TGF-BRI and TGF-BRII
were detected by Immunostaining in normal endo-cervix (14). Epidermal growth factor
receptor (EGFR) has been reported to be expressed in the lower layers of normal squamous
epithelium of the cervix, but over-expressed reaching upper epithelial layers in dysplasia (15).
Furthermore, the activation of MAPK signalling pathway through Fibroblast growth factor
(FGF10) is important for epithelial progenitor expansion during organogenesis (16) and a key
player in uterine/vaginal lineage determination in young mice (17).

To understand the ideal conditions to grow cervix organoids and to optimise the tissue from
which to isolate cells for culture, 1 decided to use mouse cervixes (Figure 4.1) between the ages
of 8-14 weeks as the starting point. This is because the full formation of SCJ and clear

distinction between the two cervical lineages is seen from week 8 onwards (Figure 3.7).
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Figure 4.1: Dissection of mouse SCJ for the derivation of organoids. (a) Gross view of the murine female genital
tract post dissection and harvest. (b) Gross view of the SCJ after removal of the uterine and vaginal ends. (c) A
representative H&E section, showing the selected region used to derive murine cervical organoids, scale bar=100um.

The derivation procedure consists in culturing cells isolated by dispase (for 24 hours) followed
by a trypsin enzymatic dissociation of the cervical tissue (see methods section 2.1.5). Dispase
separates the epidermis from the dermis and trypsin is then needed for further cell dissociation.
This protocol allowed the isolation of all epithelial populations from the cervix, that | then
embed into the Matrigel® droplet. Finding the optimal digest protocol is important for my

experimental approach as the identity and location of the stem cells of the cervix are unknown.
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Thus, my starting digest must be enriched in all epithelial populations to ensure that if the
correct culture conditions are used, it will expand the stem cells and allow the establishment of
culture. In order to verify that this protocol allows the isolation of all epithelial cells, | first
performed a cytospin smear of the cervical tissue digest and stained for pan-keratin and
vimentin markers to determine the epithelial vs stromal cells ratio. The digest contained mostly
epithelial cell, shown by pan keratin IF staining (Figure 4.2). Next, to ensure that both cervical
lineages are present, | assessed the cytospin smear for both KRT17 squamous/reserve cell
marker and KRT8 columnar marker via IF. The digest was a mix of both (Figure 4.2). Thus,
the sequential digest protocol using dispase and trypsin allows the isolation of the two major

epithelial lineages from cervical tissues. Subsequently, | pelleted the digest by centrifugation

and resuspended in ice-cold Matrigel® at a ratio of 1:20 in a 20uL drops into 48-well plate

(detailed in methods section 2.1.6).

Figure 4.2: Cytospin of the mice cervixes harvest post digestion, stained with pan-keratin antibody as an epithelial
marker and vimentin as mesenchymal marker. (A) Representative cervical digest stained with pan-kertain (green) and
vimentin (red). The staining shows the digest indeed contained mainly of cells of epithelial origin, scale bar= 100um.
(B) Assessment for both KRT17 (red) squamous/reserve cell marker and KRT8 (green) columnar marker via IF of cytospin
of the mice cervixes harvest post digestion, the digest showed mixed population of KRT17/KRTS8, scale bar= 50um.

Based on what has been reported on signalling in the cervix, and what has been essential to
derive other female genital tract organoids, | have selected a number of factors to add to ENR
medium (Table 4.1). Among the list of potential factors, | started with A83-01 and FGF10.
These were added to ENR and their effect on organoid formation and number was observed

over 10 days (Figure 4.3).

63



After 10 days, there were too many cells attaching to the bottom of the well and the Matrigel®
became unstable, therefore | decided to passage and re-plate the cultures. Passaging was done
by vigorous pipetting (~300 times), a procedure commonly used for other organoids, to break
up the Matrigel® before resuspending the cells in a fresh drop (see section 2.1.6 for details).
After the first passage, no significant cell growth was seen in the ENR-only medium (Figure
4.3a). The cultures grown in the presence of A83-01 (ENR+A) had few small spheroids with a
lumen (Figure 4.3b). The addition of FGF10 (ENR+F) also resulted in a few spheroids growing
but these were dense clusters that had no lumen (Figure 4.3c). The combination of A83-01 and
FGF10 (ENR+AF) resulted in the highest number of organoids that were also larger in size
compared to ENR+A (Figure 4.3d). Morphologically, the formed structures seemed complex

with budding areas and appeared dense with varying sizes.

Table 4.1: Factors tested for the purpose of murine cervical derivation based on previous reports of
organoid models from other organs.

Factor stock Final concentration Manufacturer = Catalogue number
A83-01 (TGFBi) 1 mM 500 nM Tocris Bioscience 2939
FGF-10 100 pg/mL 100 ng/mL PeproTech 100-26
Prostaglandin E2 L
(PGE2) 25 mM 25nM Tocris Bioscience 2296
MAPK p38 o
N . 10 mM 10 uM T B 1264
inhibitor (p38i) Om Op ocris Bioscience 6
Nicotinamide 1M 10 mM Sigma-Aldrich N0636
CHIR992§1 (GSK- 1mM 1uM Tocris Bioscience 4423
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Figure 4.3: The effect of A83-01 and FGF10 addition to ENR. Representative bright field images showing that
adding A83-01 (TGFpi) (b) and FGF-10 (c) to ENR media passage 0 day 7, a higher number and size of organoids
was seen. Combining A83-01 and FGF-10 (d) showed the greatest effect. Top scale bar= 200um and bottom scale

bar=100pm.

After the second passage of the cultures on day 9, the differences between the culture conditions
and their ability to sustain growth became more apparent. In general, all cultures were cleaner
as the stromal cells, which do not survive in Matrigel, are lost with passaging. ENR+AF

contained many cellular structures that had spheroidal or complex morphologies (Figure 4.4).

ENR+A ENR+AF

Figure 4.4: Following the effect of A83-01 and FGF10 addition to ENR.
Representative brightfield images showing the addition of A83-01 (TGFpi) and
FGF-10 to ENR media. At passage 2 day 9 the growth was greater when
combining A83-01 and FGF-10 (left), scale bar=200um.
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The culturing of murine cervical cell digest in the basal medium ENR supplemented with A83-
01 and FGF10 (ENR-AF) allowed the generation and propagation of complex structures.
However, these were hard to passage due to difficulties in breaking them up and therefore
expand. Hence, | added an additional step of TrypLE® after manual pipetting to gently
dissociate the cells (detailed in section 2.1.6).

My aim was to culture the two distinct cervical epithelial types: the secretory columnar lineage
and the stratified squamous lineage. Since ENR-AF appears to favour the growth of a budding
complex organoids (resembling the squamous lineage), | tested additional factors that have
been reported to enhance long-term growth of ductal/secretory organoid cultures, to be able to
grow the endocervical lineage. An example is Nicotinamide, a NAD+ precursor, that has been
reported to enhance oxidative metabolism (18) and is vital for the culture of liver (19),
pancreatic (20) and endometrial organoid (7). MAPK p38 inhibition (p38i) was also reported
to be indispensable for the long-term culture of human small intestine and colon tissues (4).
Prostaglandin E2 (PGE2) and CHIR99021 a GSK-3 inhibitor (GSK-3pi) are both implicated
in the activation of the WNT pathway and have been reported to promote growth and
proliferation of Lgr5+ colonic stem cells (21), prostate organoids (22), colon organoids (4) and
trophoblast organoids (8).

Unlike the previous factors, evaluation of Nicotinamide, p38i and PGE2 was performed on
single cells from and early passage of an established cultures (passage 4) and not directly from
mouse cervical digest. This is because | assumed the presence of progenitor cells which
sustained the growth in culture for a month. The results showed a beneficial effect of PGE2
within 4 days of its addition to ENR, with larger and more numerous spheroids (Figure 4.5).
Spheroids in ENR-P2 condition are easy to break up for passaging, allowing better growth and
propagation. The spheroids growing in ENR-P2 were passaged every 7-8 days, with vigorous
pipetting (~300 times) to break the Matrigel® together with the spheroids before resuspending

the spheroid fragments in a fresh droplet (see section 2.1.6 for details).
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Nicotinamide GSK-3Bi

Figure 4.5: Factors tested to enhance cell growth. Representative brightfield images of 4-day-old cervix
organoids under the effect of nicotinamide, p38 inhibitor, GSK-3p inhibitor and PGE2. At day 4 the addition of
PGE2 showed substantial growth, scale bar=200um.

4.2.2 Characterisation of murine cervical organoids

After the identification of the culture composition to grown ectocervical and endocervical-like
3D structures, | next investigated the organisation, and the cell types present within these
cultures grown in ENR-AF and ENR-P2. For this, | fixed the organoids in 10% Neutral
buffered formalin (NBF) and processed them for paraffin blocks with the help of the
department histologist Ms. Helen Skelton. | selected a panel of markers: KRT8 for endocervical
columnar epithelia (23); KRT17 for cervical reserve cells (24); and a squamous marker of the
ectocervix in mice (my observations, Chapter 3, Figure 3.10) (Table 4.2). Additionally, I also
stained for TP63, a homologue of the tumour suppressor P53, that is active in embryonic stages
of development (25) and a marker of both squamous basal cell (26) and reserve cells (24) that
I showed earlier in Chapter 3 (Figure 3.12). Cell cycle activity marker MCM7 allows to assess
proliferation within the organoids (27).
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Table 4.2: Antibody panel used for characterisation of murine cervical organoids.

Antibody Dilutionused Host = Amplification Manufacturer Catalogue number

Cytokeratin 17 1:250 Rabbit - abcam ADb51056
Cytokeratin 8 1:50 Mouse - Santa Cruz Ac-374275
Total P63 1:100 Mouse Yes abcam Ab735
MCM7 1:100 Rabbit Yes abcam Ab52489
Mucin 1 1:50 Rabbit - abcam Ab109185
Mucin 5AC 1:500 Rabbit Yes Altlas HPA040615

The staining of ENR-AF organoids revealed that it is indeed composed of a stratified squamous
epithelium. KRT17 is present at the basal and parabasal layers together with TP63 (Figure 4.6).
These markers decreased gradually, with no expression in the most differentiated innermost
layers towards the lumen. This is consistent with the apical/basal orientation observed in other
organoid systems, with the apical surface facing the lumen (Figure 4.6). KRT8+ cells are
present in the superficial layers closest the lumen. Whilst MCM7+ cells are primarily in the
basal layers of the organoid (Figure 4.6). The pattern of expression remarkably resembles what
is seen in vivo, with KRT17+TP63+ cells found in the basal/parabasal layers of the ectocervical
epithelium with gradual decline associated with differentiated layers, and KRT8 cells found on
top of KRT17+ cells in the SCJ region in murine cervix. Similarly, the MCM7 pattern in
organoids mimics MCM?7 in vivo with proliferative cells in the basal layers (see chapter 3,
section 3.2.3).

As suggested by their morphology, the spheroids grown under ENR-P2 conditions are
composed of a single-layered epithelial structure. In contrast to ENR-AF, they are TP63-,
KRT17- and uniformly KRT8+ as is the endocervix. Consistent with the observations of their
high growth rates in culture, MCM7 expression was high and expressed in almost every cell
(Figure 4.6). Although ENR-P2 were mostly negative but occasionally | see positive KRT17
cells (Figure 4.7).
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Figure 4.6: Characterisation of murine cervical organoids by IF. Representative H&E and fluorescence
projections of murine cervix organoids, top row displays squamous ectocervical organoids, stratified organoids
had a single layer of KRT8 cells in the superficial layer (close to the inner lumen), and KRT17/TP63 cells in basal,
parabasal and intermediate layers with highest proliferation rate (shown by MCMT7) is in KRT17 parabasal layers.
Bottom row displays the columnar endocervical organoids, from left to right, H&E staining, IF for KRT8/KRT17
showing no KRT17 cells, TP63 progenitor marker colocalises with KRT17 and MCM?7 proliferation marker. scale
bar= 100um and 50um respectively. Blue colour indicates DAPI nuclear staining and L=lumen.

KRT17

Figure 4.7: KRT17 staining in ENR-P2 spheroids. Representative IF projection showing an
occasional KRT17+ cells (green) observed in ENR-P2 spheroids. Scale bar= 50pum, L=lumen.
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So far, the expression patterns of cervical markers of the cultures grown in ENR-AF and in
ENR-P2 suggests that the two different organoid systems recapitulate the endo and ectocervical
regions. In order to further characterise these distinct phenotypes, | looked for additional
markers that are differentially expressed between the two regions of the cervix. MUC1, a
glycosylated transmembrane mucin protein, is found on the surface of most glandular epithelial
cells and expressed throughout the entire female genital tract (28), although at lower levels in
non-columnar cells in vivo. The apical surface of cells within ENR-P2 spheroids strongly stain
for MUCL1. The lumen becomes full of mucin with extended culture (more days in culture per
a single passage). This is reminiscent of what was observed also in the endometrial organoids,
which are also columnar epithelium (7). MUCL is not present in the stratified organoids grown
in ENR-AF (Figure 4.8). As MUCL1 is widely expressed in other regions of the female
reproductive tract, | also stained for MUCS5AC (28) which is produced only by columnar
epithelium of the endocervix in vivo (Figure 4.9). The pattern was similar with strong
MUCS5AC staining in the ENR-P2 cultures but absent in the stratified ENR-AF (Figure 4.8).

MUC1/DAPI MUCS5AC/DAPI

Ectocervical Organoids

Endocervical Organoids

Figure 4.8: Staining cervical organoids with secretory markers MUC1 and
MUCS5AC. Representative fluorescence projections of murine cervix organoids (a) Cell
surface mucin MUC1 (red) show strong positivity inside the lumen of endocervical ENR-
P2 culture. (b) MUC1 shows faint pattern on ENR-AF squamous cultures. (c) MUC5AC
(red) appear strong positivity in the lumen of endocervical ENR-P2 culture. (d)
MUCSAC is negative on ENR-AF squamous cultures. Blue colour indicates DAPI
nuclear staining and the scale bar= 100um.
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Figure 4.9: MUC5AC pattern in the mouse cervix. Representative H&E and fluorescence
images showing MUC5AC positivity (red) in the endocervical columnar epithelium but not

in the squamous epithelium of the ectocervix. Blue colour indicates DAPI nuclear staining,
scale bar= 100um and L=lumen.

It is clear that the medium components that are used for the derivation are essential for the
establishment of organoid cultures of the cervix. Using the established murine cervical
organoid cultures, both endo- and ecto-, | sought to establish the importance of each culture
medium component for the propagation of the cultures once they are established. In order to
do this, 5,000 single cells from established organoids generated by an enzymatic digest of
ENR-P2 and ENR-AF were plated in the absence of each factor. The number of organoids
present after one week was counted. The absence of PGE2 had a substantial effect on the
growth of ENR-P2 cultures with less organoids growing (Figure 4.10). Therefore, PGE2 is
essential for the maintenance and propagation of ENR-P2 cultures but also the presence of the
basal media components EGF, Noggin and Rspondin-1 are necessary, confirming that this
medium composition is optimal for endocervical organoids. For the ectocervical organoids, the
withdrawal of A83-01 had the strongest effect on stratification in ENR-AF culture with less
stratified complex structures (Figure 4.11).

In summary, under the two different conditions, organoids with distinct phenotypes can be
established from murine cervical tissue. The presence of FGF10 together with inhibition of
TGFp allows extensive stratification (differentiation) and formation of complex cellular
structures whilst PGE2 promotes the formation of spheroidal structures with a single-layered
epithelium. Organoids cultured in ENR-AF are positive for KRT17+, TP63+ but are KRT8-
and MUCS5AC-. In ENR supplemented with PGEZ2, the organoids are a columnar epithelium
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and are characterised by KRT8+ MUC5AC+ staining but are TP63- and mostly KRT17-.
Overall, the cellular organisation and marker expression of the organoids are similar to what is
seen in both the murine endocervix and murine ectocervical/SCJ. As the cervical cultures
contain multiple cell types, | will henceforth refer to the stratified organoids grown in ENR-
AF as ectocervical organoids and single epithelial layered organoids cultured in ENR-P2 as

endocervical organoids.
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Figure 4.10: Effect of withdrawal of growth factors from ENR-P2. (A)
Representative bright field images of organoid cultures in the absence of: EGF
(-E), Noggin (-N), Rspondin-1(-R) or PGE2 (-P). The plus all refers to control
conditions with complete medium, scale bar=200um. (B) Quantification of the
culture conditions tested. The number of organoids formed in the plus all
condition was highest whilst the absence of PGE2 had the lowest rate of
growth, n=3 per all tested conditions.
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Figure 4.11: Effect of withdrawal of growth factors from ENR-AF. (A)
Representative bright field images of organoid cultures in the absence of: EGF (-E),
Noggin (-N), Rspondin-1(-R), A83-01 (-T) or FGF10 (-F). The plus all refers to control
conditions with complete medium, scale bar=200um. (B) Quantification of the culture
conditions tested. The number of organoids formed in formed in the plus all condition
had the highest growth, whilst the absence of A83-01 TGFp inhibitor had the lowest
number of organoids, n=3 per all tested conditions.
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4.2.2.1 Investigating the signalling pathways directing proliferation and differentiation of
the cervix in vivo using cervical organoids

Defining how stratification in the cervix is controlled and the microenvironment that influences
cell fate in the junctional zone of the cervix where columnar cells and squamous cells meet are
essential to increase our understanding of the etiology and progression of cervical carcinoma.
However, our knowledge of this process is limited. The ectocervical and endocervical
organoids that | established, present an opportunity to directly study the signalling pathways
that may be implicated in the regulation of epithelial cell fate in vivo.

During the optimisation of the organoid culture conditions, | found that the presence of the
TGFp inhibitor A83-01, correlates with squamous stratification and differentiation of the cells
within the organoids. On the other hand, the addition of PGE2 promoted secretory columnar
phenotype of the organoids. Therefore, I sought to investigate the roles of TGFp and PGE2
signalling in driving cervical organoids cultures towards either the squamous or columnar
lineages.

In order to investigate the importance of TGFf signalling in the cervix organoids, I used
Activin, a TGF- ligand that acts via Smad2 and Smad3 (29), to mimic the opposite effect of
TGF- B inhibition by directly activating the pathway. Starting from murine cervical digests, |
evaluated the growth and phenotype of the organoids under five different culture conditions
(Table 4.3): (1) ENR-FAA (ENR media+tF10+Activin A), in which TGF signalling is both
endogenous and from Activin A induction; (2) ENR-F (ENR media+F10) depending on
endogenous TGFp signalling, (3) ENR-FP2 (ENR media+F10+P2) TGFf is endogenous and
CAMP is activated via PGE2, (4) ENR-AF (ENR media+A83-01+F10) where TGFpB was
inhibited with A83-01, this media cocktail is what I use to derive ectocervical organoids, and
(5) ENR-AFP2 (ENR media+A83-01+F10+P2) where TGF was inhibited with A83-01 and
CAMP activated via PGE2.

Under these conditions, two levels of TGFp activation (endogenous and via Activin A) were
used to compare the effect along with the inhibition of the pathway via A83-01. FGF10 was
added in all conditions to observe the limited effect (not to change many factors from what |
default use as a stratification media) on TGFp in vitro manipulation. TGFp activation was
tested with or without PGE2 (which had the greatest effect in deriving columnar spheroids).
Between passages 0 to 3, cultures in medium with active TGFp signalling both endogenous
(ENR-F, ENR-FP2) and via Activin A (ENR-FAA) showed greater growth compared to
cultures where TGFp signalling was inhibited (ENR-AF, ENR-AFP2). However, after the
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second passage, cell survival was compromised when in ENR-FAA (Figure 4.12). PGE2 did
not significantly alter growth rate during early passages (0-3), but a clear effect was observed
at passage 5, where more spheroids were seen in the presence of PGE2 (Figure 4.14 for IF no
data shown for bright field). FGF10 had clean spheroids at passage 3 (Figure 4.12) but could

not be sustained long-term without PGE2 (later passage not shown).

Table 4.3: Five conditions chosen to investigate the roles of TGFp and PGE2 pathways.

Factor ENR-F ENR-FP2  ENR-FAA ENR-AF ENR-AFP2
A83-01 (TGFi) - - - + +
PGE2 - + - - +
FGF10 + + + + +
Activin A - - + - -

+ = added to media, - = absence.
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Figure 4.12: Bright field images comparing the five different conditions used
for the study of TGFp and PGE2 roles in the growth and differentiation of
cervical organoids. Top row displays 4 days after initial plating, while the bottom
one shows the phenotype at day 7 passage 3, scale bar=200um.
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For a quantitative assessment and comparison of the expression of the various markers of the
different lineages between the culture conditions, | extracted RNA from the four conditions in
which cultures could be maintained (passage number 5): ENR-F, ENR-FP2, ENR-AF and
ENR-AFP2 for gene expression analysis by qRT-PCR. | selected the following markers: for
the columnar lineage (Krt8 and Epcam), for the squamous lineage (Krtl7) and receptor for
Rspondin-1, Lgr5 were used. Lgr5 is a marker of intestinal stem cells that is highly expressed
in also cervical cancer (30). Lgr5 is a target gene of Wnt signalling that is dependent on TGFf
signalling (31).

Under the different experimental conditions, the cultures showed high levels of the columnar
markers Krt8 and Epcam. Krt17 was however higher in conditions were TGFp was inhibited
(ENR-AF and ENR-AFP2) (Figure 4.13). Generally, Lgr5 was relatively low except for
slightly higher expression levels in ENR-F.
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Figure 4.13: Comparison of lineage markers by gRT-PCR in culture conditions used for the study of
TGFp and PGE2 roles in the growth and differentiation of cervical organoids. Relative expression levels
of target genes: Krt17, Krt8, EpCAM and Lgr5, against TATA-binding protein (TBP) housekeeping gene in
conditions: ENR-AF, ENR-AFP2, ENR-F and ENR-FP2, at passage 5, this was done with 3 sets of biological
replicates.
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Figure 4.14: IF markers in the study of TGFp and PGEZ2 roles in the growth and differentiation of cervical
organoids. Fluorescence projections comparing TGFf activation (ENR-F) with/without PGE2 and TGFf
inhibition (ENR-AF) with/without PGE2 at passage 5. Conditions with no TGFp activity had a higher expression
of KRT17/TP63. Blue colour indicates DAPI nuclear staining and the scale bar=50um.
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To validate the differences in lineage marker expression seen by gPCR, | collected the
organoids for paraffin embedding and stained them with a selected panel of antibodies (Table
4.2). As predicted by the RNA analysis, KRT17 was mainly seen under conditions where
TGFp signalling was inhibited (i.e. ENR-AF and ENR-AFP2). ENR-AF produced spheroids
with co-localisation of KRT8+ and KRT17+ with nuclear TP63. ENR-AFP2 gave rise to
stratified organoids that resembled those seen ENR-AF (4> passage). These organoids were
highly positive for KRT17, TP63 and highly proliferative at the basal layers (Figure 4.14). In
contrast, spheroids in conditions with activated TGFp signalling show almost no sign of
squamous differentiation. They are KRT17-, TP63- expression and KRT8+. The differentiation
seen in ENR-AFP2 was unexpected since the previous experiment showed no sign of
stratification in the presence of PGE2.

To better understand the effects of PGE2 in conditions where TGFf was inhibited and whether
the expression of the markers changes over time (prior to initiation of stratification), | stained
organoids at an earlier passage (passage 3) of ENR-AFP2 and compared the phenotype with a
later passage (passage 5) when the organoids are established. This comparison showed that at
an earlier passage, ENR-AFP2 conditions contains spheroids that have a pattern of expression
that is indistinguishable from the spheroids seen in ENR-AF. They both have co-localisation
of squamous (KRT17 and TP63) and columnar (KRT8) markers (Figure 4.15). This suggests
that PGE2 had an acceleration effect in the squamous differentiation process. However,
additional experiments need to be done to verify this finding.

In summary, culture conditions that permit active TGFp signalling (ENR-F; ENR-FP2) show
no sign of stratification verified by low expression levels of squamous markers. Furthermore,
addition of TGFf agonist (Activin A) did not support the long-term growth of spheroids.
Organoids grown in conditions in which TGFp was inhibited (ENR-AF; ENR-AFP2) have
clear signs of differentiation demonstrated by IF (KRT17+TP63+ markers) and by gPCR for
Krt17. These results shed insight into the possible role of TGFp signalling in vivo.
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Figure 4.15: Comparison of lineage marker expression in ENR-AFP2 organoids at
different passages. Representative fluorescence projections at an earlier time-point
(passage 3) of condition ENR-AFP2 against passage 5, showing that stratification
started with a KRT17+KRT8+ spheroids. Blue colour indicates DAPI nuclear staining
and the scale bar=50pm.

4.2.3 Genome-wide transcriptomic analysis of the murine cervix in vivo and in vitro

My characterisation of the established cervical organoids suggest that they recapitulate key
markers of the different regions of the mouse cervix. However, | have based myself on known
markers so to further verify my findings, | sought to take an unbiased approach by analysing
the general transcriptomic profiles of the organoids by microarray analysis. Therefore, the aims
of the experiments described in this section are to: (i) compare the ecto- and endocervical
organoids to the in vivo tissue to ensure their faithful representation and (ii) analyse the
transcriptional signatures between the two different regions of the cervix (endocervix and
ectocervix).

| initially explored the best way to obtain in vivo tissue samples for transcriptomic analysis.
Cervical tissue in mice is small and difficult to dissect, therefore using an instrument that allows
to dissect out specific regions of the tissues such as Laser-capture microdissection (LCM)
technique (32), is ideal. | started by harvesting 3 adult, 11-week-old mice cervixes. | fixed the
cervixes in Optimal cutting temperature compound (OCT) before using a cryostat to cut 8um
thick sections to mount them onto Polyethylene naphthalate (PEN) membrane frame slides
(Life Technologies, Carlsbad, CA, USA) (method in details found in section 2.3). Before the
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laser cut, I used Cresyl Violet stain to visualise the structure of the epithelium and to identify
the areas of interest by morphology.

Four different tissue sites were collected: basal/parabasal cells from the squamous epithelium
of the ectocervix and its underlying stroma and the columnar cells of the endocervix and its
underlying stroma. The stroma plays an important role in the regulation of epithelial behaviour
through paracrine signalling and thus, my approach would also permit the study of the tissue
microenvironment underlying the two regions of the cervix. Approximately a total area of
50,000 um was collected from each site within a period of 30 minutes from the beginning to
end of the procedure to ensure RNA integrity.

The next step was to perform a quality control of the samples | collected. RNA Integrity
Number (RIN) is rated 1 to 10, with 1 being the most degraded and 10 being the most intact.
For development of the RIN, an algorithm which allows the determination of the
electropherogram regions that indicates RNA quality is used. These include pre-region, 5S
region, fast region, 18S fragment, inter region, 28S fragment, precursor region and post region
markers, and is generated by the Bioanalyzer software. Epithelial compartments
(basal/parabasal squamous and columnar cells) yielded better RIN than the stromal ones. |
attempted several more collections focussing on the stroma to improve the yield and quality by
collecting stromal regions from consecutive slides. However, this did not improve the RIN
values. Although the collected epithelial compartments yielded higher RIN scores than the
stroma, they were also below the required level to run a transcriptomic analysis (Figure 4.16).
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Figure 4.16: Collection of the different regions of the cervix by laser capture microdissection (LCM)
technique and the quality of the RNA. (a) Top row left to right shows; LCM cuts of basal and parabasal layers of
squamous epithelium and their underlying stroma visualised by Cresyl Violet stain, RNA Integrity Number (RIN)
electropherogram of basal/parabasal squamous cells showing partially degraded RNA with integrity of 5 and the
second RIN electropherogram showing totally degraded RNA with integrity of 1 from stromal cells collected from
the ectocervix. (b) Bottom row left to right shows; LCM cuts of columnar cells of the endocervix and their
underlying stroma visualised by Cresyl Violet stain, RIN electropherogram of columnar cells showing degraded
RNA with integrity of 3.60 and the second RIN electropherogram showing degraded RNA with integrity of 1.70
from the complementing stroma. RIN value as calculated by The Agilent 2100 Bioanalyzer software is rated 1 to
10, with 1 being the most degraded and 10 being the most intact using the 28S:18S fragments ratio, 28S is
approximately 5 kb and 18S is approximately 2 kb with the benchmark being 2:1. Nucleotide size (nt), Height
Threshold [FU], BL=Basal Layer, CL=Columnar cells, ST=Stroma, L=Lumen.

Due to the challenges I experienced with LCM, | decided to extract RNA from bulk biopsies
of endocervical and ectocervical regions from carefully dissected 11-week-old mice. As
mentioned previously, dissection of the two regions in murine cervix is challenging. To ensure
that I am able to accurately distinguish the two regions, | assessed the precision of the dissection
using previously collected formalin blocks time-course of the formation of the SCJ in mice
(discussed in chapter 3, Figure 3.7) and estimating where the uterine horns join the cervix in
adult mice. Thus, | was able to collect tissue from the endocervical end (away from the
junction) and ectocervical tissues from the SCJ from four mice.

Next, | generated endocervical and ectocervical organoid lines (n = 6 for each type) and
collected them for RNA extraction at passage 6-7 when they are fully established and
homogenous with clear phenotype (spheroids for endocervical and stratified organoids for
ectocervical). | also included primary stromal cultures at an early passage (passage 1) from the
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same mice from which organoids were generated as non-epithelial control samples. The
assessed RIN of all organoids and stromal samples ranged from 10 (intact) to 6.9 (quality
threshold) (Figure 4.17) and thus are of sufficient quality to be used for analysis.

Genome-wide transcriptomic analysis was carried out in collaboration with Cambridge
Genomic Services (CGS) in our department. We used the Affymetrix Clariom S mouse HT
array platform, which allows analysis of >20,000 annotated genes. Although the quality of
RNA for all samples were adequate, some of the tissue samples had low concentrations of RNA
and so we decided to amplify them with WT PLUS (see section 2.7 of methods for details).

This method is widely used for the generation and amplification of biotinylated ss-cDNA for
further hybridization.
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Figure 4.17: Smear gel analysis of the 22 samples used for the genome-wide transcriptomic analysis.
List the number of samples for each group here. A ladder is shown for size calculation showing the 18S, 28S
fragment bands. RIN=RNA Integrity Number.
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| worked together with Ms. Stephanie Wenlock, a bioinformatician from CGS, to guide the
analysis of the microarray data. The initial part of the analysis consisted of extracting and
quality checking the raw data before normalisation, to reduce the non-biological variation
across samples, as we are comparing in vivo and in vitro samples. In the comparison between
in vivo samples (endo vs ecto), one sample (no. 4) showed a non-biological batch effect in the
data. In vivo sample number 4 was causing batch variation due to differences in sample
preparation (time of collection and freezing period), thus was excluded. In addition, when
comparing the in vitro groups, squamous organoids (O_Sq) vs columnar organoids (O_Col),
the data showed that 2 samples needed to be excluded due to the fact that both organoid lines
(5 and 6) did not show stratification when H&E was examined, hence, causing bias in data

analysis.

After exclusion of the aforementioned samples and normalisation of the dataset, we proceeded
with hierarchical clustering of the samples in order to assess the similarities in the
transcriptomic profiles between the different sample types (how the samples relate to their
group and how the groups relate to each other). This was achieved using ~20K probes
(s.d./mean > 0.1) and plotting the Euclidean distance between samples, calculations were based
on their expression values. Two large branches were formed, one contained the samples with
epithelial signatures (both in vivo and in vitro), and one with samples that lack epithelial
markers (stroma). Indeed, this analysis confirmed that the organoid cultures cluster more
closely to in vivo tissue than to stroma, most likely due to the epithelial component (Figure
4.18).
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Figure 4.18: Genome-wide transcriptomic analysis of murine cervix in vivo and in vitro. On the left, hierarchical
clustering analysis of global gene expression profiles by microarray, on the right clustered heatmap showing the three
main groups compared in the array: in vivo (tissue), in vitro (organoids) and the stroma. Organoid cultures cluster
more closely to in vivo tissue than to stroma. The R values are shown in the key above the heatmap plot.
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4.2.3.1 Analysis of endocervix and ectocervix epithelial signatures in vivo

Despite the extensive studies on cervical pathologies, not much is known about the
transcriptional regulation of the normal cervix. Thus, one of the aims of this experiment is to
define endo/ectocervical transcriptomic profiles to explore potential molecular signatures that
control cell fate of the two different epithelial lineages. This would provide a much-needed
understanding of the molecular pathways that direct epithelial homeostasis at each site,
therefore a comprehension of the consequences of HR-HPV viral gene expression and
regulation that renders the site susceptibility and vulnerability to HR-HPV derived neoplasia.

The bulk tissue biopsies contain a mixture of epithelial and stromal populations. Therefore, in
order to obtain information on the differences between the epithelia, the stromal samples were
used as comparison against bulk cervical tissue to ‘filter out’ the stromal signature. To do this,
we first compared in vivo bulk tissue samples of both endo and ectocervical regions to stroma
(P<0.05). 5208 genes are commonly expressed between the stroma and the tissue samples,
suggesting that part of these genes may describe the contribution of the stromal signature in
the tissue samples (Figure 4.19). 1908 genes out of the 5208 are highly expressed in the
epithelium, whilst 1112 are found in the stroma.

| first examined the gene lists obtained from these comparisons for generic epithelial markers.
| reasoned that if these comparisons indeed allowed the filtering of the stromal signature to
allow the comparison of epithelial signatures, | should see epithelial markers in the non-
overlapping gene lists. Indeed, epithelial markers (E-cadherin (Cdhl), Epcam and Esrpl) and
mucosal secretory cells (Muc4 and Pax8) are among the highly expressed genes, validating our
bioinformatic approach that has allowed to refine our gene list to epithelial genes
(Supplementary table 3).

Next, | examined the list for known markers of endo and ectocervix to further validate these
comparisons. Using fold change >2 and P-value <0.05, squamous markers (Trp63, Krts10 and
Krt14) are indeed more highly expressed in the ectocervical samples whilst markers of ciliated
epithelial cells (Foxjl), is specifically expressed in the endocervical samples. Whilst potential
lineage specific (endo or ectocervical) markers include transcription factor (Pax2) and Pletl
surface protein in the ectocervix and Cd44 in the endocervix (Table 4.4). Additionally, | found
that different claudin proteins (CLDN) were expressed in the different parts of the cervix,
Cldn12 was only detected in the endocervix, whilst Cldns: 1, 4, 8 and 10 were seen in the

ectocervix (Table 4.4). Major urinary proteins (MUPs) also showed differential expression in
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the different cervical lineages with Mups 1,2,7,12 and 19 being commonly expressed in both

endo and ecto-cervical epithelium, whereas Mups 8 and 13 only in the ectocervix.

Table 4.4: Table showing the key epithelial signature that resulted from the in vivo overlap of endocervix,
ectocervix and stroma, the first column shows genes in common in both lineages, the second column shows
the key genes in the endocervix, whilst the last one shows the ectocervical genes.

Epithelial
markers

Signalling

Stemness
Receptors
and surface
proteins

Upregulated

Common

Pax8

Cdh1

Cldns: 3and 7

Epcam

Esrpl

Ehf

Tcf7

TGF-pB: Tgfbi

WNT: Wnt2b and Wnt7a
SHH: Gli1

MAPK: Ptger3
NOTCH: DIl4

FGFs: Fgfl and Fgfr2
TNF: Tnfsf10 and 13

Krt19

Mups 1,2,7,12 and 19
Esrl

Muc4

Tnfrsf21

Endocervix
Foxjl

Cldn12

TGF-B: Inhba, Smad2 and Fst.
WNT: Fzd7 and Ddk3
BMPs: Bmp1, Bmper
SHH: Gli3

MAPK: Bdnf, Ptgrl
NOTCH: Notch3
FGFs: Fgf7

EGF: Egfr

TNF: Tnfsf13b

Cd44

Tnfrsfs: 1a, 12a and 23

# Stroma

Downregulated

EndoVAvo_Stroma

Ectocervix

Pax2

Trp63

Prep

Krtl4

Krt10

Tcfa

Cldni, 4,8 and 10
TGF-B: Itgb6
WNT: Rspol,
AXin2

AKT: Wfdc2
Anti-viral:
Apobec3

Lgrd

Mups 8 and 13
Mucl

Cxcr4d

Pletl

Tnfrsfs: 14 and 19

Figure 4.19: Using stroma to find key epithelial signatures in vivo. Venn overlaps showing FDR
adjusted P<0.05 of in vivo comparison. 1908 genes out of the 5208 are highly expressed in the

epithelium, whilst 1112 are found in the stroma.
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4.2.3.2 Analysis of endocervix and ectocervix epithelial signatures in vitro

As my main goal in this chapter is to generate a physiologically relevant model of the mouse
cervix, | wanted to ensure that the established in vitro organoid system is truly representative
of their tissue of origin. To do so, | need to identify markers that are specific for endo or
ectocervical lineage. Therefore, | examined the paired comparison of in vitro endocervical and
ectocervical organoids. Using fold change >2 and P-value <0.05, comparative transcriptional
analysis of organoids showed that ectocervical organoids indeed express squamous markers
Krtl4, Krtl7 and Trp63. However, for endocervical organoids, | did not observe any of the
known columnar markers of the endocervix. A possible reason is that the number of samples
was not enough to detect statistical significance. Additionally, | found that several cytokeratins
were highly expressed in the ectocervical organoids including: Krts 5, 13, and 15, Moreover
nerve growth factor receptor (Ngfr) was one of the highly expressed genes in the ectocervical
organoids (Figure 4.20).

In the endocervical organoids, although I did not detect any of the known epithelial columnar
markers, several genes encoding proteins involved in secretory epithelial were highly
expressed. These include: cystic fibrosis transmembrane conductance regulator (Cftr), transient
receptor potential vanilloid 4 (Trpv4), peptidase D (Pepd) and colony stimulating factor-1 (Csf-
1) (Figure 4.20) (Supplementary table 1).

In the stroma, Lgr6 and surface integrin (Itga5), potentially interesting markers to further
investigate, were highly expressed. Lgr5 and Lgr6 are stem cell markers in various organs
including mouse skin (33), liver (5) and intestine (31) (Table 4.4). Whereas Itga5 plays a role
in epithelial-mesenchymal transition in the oral squamous epithelium (34) and in wound

healing (35). These have not been reported in the cervix yet.
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Figure 4.20: The volcano plot for ectocervical and endocervical organoids. Overview comparison of the level of change
and the level of significance. The x axis shows the level of change (the fold change (log2 scale)), while the y axis represents
the significance (-log10(adjusted p-value)).

One of the genes that was shown to be statistically significant in the ectocervical organoids is
cytokeratin 5 (KRT5), an intermediate filament that forms the cytoskeleton of the basal
epithelium of a number of epithelial tissues (36). To validate the RNA data, | stained mouse
cervix and cervical organoids for KRT5 to detect the expression at the protein level. In the
mouse cervix, KRT5 stained the ectocervical stratified squamous epithelium in a similar pattern
to KRT17, with young mice (week 4) showing a pattern of reserve-cell-like KRT5+ cells
underneath the KRT8 columnar cells of the endocervix (Figure 4.22). In cervix organoids, like
what was observed with KRT17, KRT5 was staining the squamous layers of ectocervical
(ENR-AF) organoids and not endocervical (ENR-P2) organoids (Figure 4.21). Additionally, |
compared the staining to human cervix KRT5 in human cervix stained both squamous

epithelium basal cells (not shown) and reserve cells (Figure 4.23).
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Figure 4.21: IF staining of KRT5 marker in mouse cervical organoids. (A) Ectocervical organoids
showing positive KRT5 staining similar to in vivo pattern, scale bar=100um. (B) Endocervical organoids
negative for KRT5. Blue colour indicates DAPI nuclear staining, scale bar=50um, BL= basal layer and
L=lumen.

Figure 4.22: IF staining of KRT5 marker in mouse cervix. (A) Adult
mouse cervix showing clear distinction between the area where KRT5 is
positive (ectocervix) and where KRT5 in negative (endocervix). (B)
Juvenile week 4 mouse cervix showing KRT5 under the columnar
epithelium of the developing endocervix. Blue colour indicates DAPI
nuclear staining, scale bar=100um and L=lumen.
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Figure 4.23: Human cervical transformation zone stained with KRT5. Representative IF images
showing positive population of KRT5 cells (green) could be seen under the columnar epithelium in a
similar pattern to what is seen in reserve cells. Blue colour indicates DAPI nuclear staining and the
scale bar=100um.
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In addition to KRT5, KRTs 13 and 15 were highly expressed in the ectocervical organoids in
the transcriptional comparison between the in vitro systems. Thus, | have stained for KRT13
and KRT15 and compared the pattern to the tissue of origin (Figure 4.24 and Figure 4.25). The
RNA expression revealed by the array in vitro system comparison matched the protein
expression seen by IF and was also faithfully representing the in vivo tissue with both keratins

being expressive in ecto and not in endo parts of the cervical epithelium.

Endocervical organoids

Ectocervical organoids

Figure 4.24: KRT13 IF staining of adult mouse cervix and cervix organoids. On the left
positive KRT13 pattern is shown in the intermediate layers of the ectocervix. On the right pattern
of KRT13 in mouse cervical organoids with similar pattern to what is seen in vivo with positivity
in the intermediate squamous cells of the ectocervical organoids, in vivo scale bar=100um, in vitro
scale bar=50um, blue colour indicates DAPI nuclear staining and L=lumen.
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Endocervical organoids

Ectocervical organoids

Figure 4.25: KRT15 IF staining of adult mouse cervix and cervix organoids. On the left
positive KRT15 pattern is shown in the ectocervix but not in the endocervix. On the right pattern
of KRT15 in mouse cervical organoids with similar pattern to what is seen in vivo with positivity
in the squamous cells of the ectocervical organoids and not in the endocervical ones, in vivo scale
bar=100um, in vitro scale bar=50um, blue colour indicates DAPI nuclear staining and L=lumen.

4.2.3.3 Nerve growth factor receptor (Ngfr)

The transcriptional profiling of ectocervix organoids identified a cell-surface marker NGFR
(P75 neurotrophin receptor), a P75 glycoprotein that interacts with the neurotrophic factor NGF
(37). NGF has a well-established role as a neurotrophic factor for nerve cells (37) but recently
it has also been found to be involved in the regulation of wound healing and of the
differentiation of keratinocytes (38,39). In skin, P75 is expressed in basal keratinocytes but not
in terminally differentiated cells and was found to play a role in the autocrine epidermal cell
proliferation (40). P75 was also reported to interact with Notch signalling pathway via NF-xB
activation (41). NGFR has not been reported yet in the cervix.

To validate the transcriptional data and understand the role of NGF signalling in cervical
epithelium regulation, | stained human cervix, mouse cervix and cervical organoids for P75
receptor. In mouse SCJ, P75 receptor was positive in basal layer of squamous epithelium but
not in the endocervix with high expression in the stroma (Figure 4.26). In cervical organoids,
P75 marked the basal cells of the ectocervical organoids but not the endocervical derived ones

(Figure 4.27). P75 receptor expression suggests that neurotrophins play a role in the regulation
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of the squamous lineage in the cervical epithelium. In human cervical sections, P75 positivity

in the basal layer of squamous epithelium and in reserve cells (Figure 4.28).
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Figure 4.26: Mouse cervix with P75 IF staining. Representative IF images showing a discrete
population of P75+ cells (green) in the basal layer of the squamous epithelium in the SCJ and
ectocervix is seen, blue colour indicates DAPI nuclear staining and the scale bar=50um.

Figure 4.27: Murine cervical organoids with IF P75 staining. Representative IF images showing
(A) Ectocervical organoids with positive P75 expression in the basal layers, scale bar=20um. (B)
Endocervical organoids negative for P75. Blue colour indicates DAPI nuclear staining, scale
bar=50pm and L=lumen.
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Figure 4.28: Human cervix with IF P75 and KRT17 staining. Representative IF images showing human
sections of cervical transformation zone (TZ) with two different stages of metaplasia with P75 receptor staining
localising with KRT17 reserve cells. Blue colour indicates DAPI nuclear staining and scale bar=100um.

4.2.4 Investigation of signalling pathways from the transcriptional analysis of the
endocervix and the ectocervix in both in vivo and in vitro

In addition to using the transcriptional analysis data to find endocervix and ectocervix epithelial
signatures, | focussed on genes encoding components for the signalling pathways to identify
potential specific signalling for each lineage (endo or ectocervical). When in vivo bulk tissue
samples of both endo/ectocervical regions were compared to the stroma (fold change >2,
P<0.05), both lineages expressed components of signalling pathways including TGF- (Tgfbi),
Wnt (Wnt2b, Wnt7a), Notch (DII4) and Fgf (Fgfl) (Table 4.4). Components of Activin-A
signalling pathway (Inhba, Smad2), Wnt regulator Frizzled-7 (Fzd7) and Fgf7 showed high
expression in the endocervix in vivo comparison (Table 4.4). Whereas Wnt antagonist (Axin2),
TGF-beta-1 activator (Itgh6) were more highly expressed in the ectocervix (Table 4.4). The
stromal signature is also informative to understand the signalling environment within the
cervix. | found that stroma expresses high levels of Wnt antagonist Dickkopf (Dkk?2), fibroblast
growth factor 2 (Fgf2), neurotrophins including nerve growth factor (Ngf) and brain-derived
neurotrophic factor (Bdnf) (Supplementary table 2).

Moreover, when comparing in vitro samples of both endo/ectocervical organoids (fold change
>2, P<0.05), several signalling components were differentially expressed in the ectocervical
organoids, including: dickkopf Wnt signalling pathway inhibitor 3 (Dkk3), fibroblast growth
factor receptor 3 (Fgfr3), epidermal growth factor receptor (Egfr) and Notch pathway
regulators (Notchl, Notch3 and Jag2). Further investigation of these pathways might shed a

light on the signalling that defines fate decision in the cervix. Whereas in the endocervical
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organoids: fibroblast growth factor receptor 2 (Fgfr2) and phosphodiesterase 7B (Pde7b)
CAMP regulator are highly expressed (Figure 4.20) (Supplementary table 1).

4.2.4.1 Activation of P63 via RUNX1/MAPK pathways to derive stratification in
endocervical organoids

Transcriptomic analysis of the in vivo murine cervix showed expression of Fgfr2 in the stroma
(Table 4.4), in addition Fgfr2 was found highly expressed in the endocervical organoids
(section 4.2.4). Fgfr2 is essential for vaginal epithelial squamous cell fate decision (13).
Moreover, Smad2 a transcription factor downstream of TGF-b/Activin signalling (40) is
expressed by the endocervical epithelium of the murine cervix (Table 4.4). Activin A (ActA)
and BMP4 were identified as factors produced by vaginal mesenchyme and play a key role in
ANp63 (protein P63 isoform delta) induction and squamous differentiation (41). Therefore, I
have tested the ability of deriving stratification of ENR-P2 endocervical organoids by
activation of runt-related transcription factor 1 (RUNX1). ActA was added for induction of
RUNX1 through SMAD-independent pathway, BMP4 via direct binding to SMAD 1/4/5/9 and
FGF-10 for FGFR2I1Ib-MAPK pathway activation. 100 ng/ul of BMP4, ActA and FGF-10
were added to ENR-P2 with and without Noggin (BMP inhibitor), this is to allow me to test
different levels of BMP induction. The factors were added on single cells from established
organoid cell lines (P5) and the effect followed for a week. After 7 days both cultures tested
ER-P2 +BMP4+ActA+F10 (+ or — Noggin) struggled to survive with low number of spheroids
forming compared to control (Figure 4.29), the (—Noggin) showed butter survival compared
with the addition of Noggin, but did not survive a second passage, this was tested twice (Figure
4.29).

Control (ENR+PGE2) ENR+PGE2+BMP4+ActA+F10 ER+PGE2+BMP4+ActA+F10

(s Thsd | - e S A "l

Figure 4.29: Derivation of stratification in endocervix organoids by activation of RUNX1. 100 ng/ul of BMP4,
ActA and FGF-10 were added to ENR-P2 endocervical organoids media with and without Noggin (BMP inhibitor),
this is to allow the testing of different levels of BMP induction. The factors were added on single cells from established
organoid cell lines (P5). This resulted in compromising the survival of the endocervical organoids, with no signs of
stratification. The absence of Noggin had relatively better survival rate. Scale bar= 200um.
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4.2.4.2 Murine cervical organoids response to indirect inhibition of Notch

In vivo transcriptomic analysis of the murine cervix showed expression on DII4 one of Notch
ligands (36). Additionally, in vitro transcriptomic analysis of mouse cervix organoids revealed
Notch 1 and Notch3 Notch receptors and Jag2 Notch ligand (38). Notch signalling has been
shown to regulate squamous epithelium homeostasis (42,43). Thus, to assess the effect of
Notch inhibition in the stratified squamous ectocervical organoids (ENR-AF), DAPT (y-
secretase inhibitor) was added to single cells from established ectocervical organoids lines (P6)
and chased for 48 and 96 hours before collection. After 48 hours the stratification of ENR-AF
was limited to 3 layers compared to more in the control line (Figure 4.30), after 96 hours of y-
secretase inhibition ENR-AF showed no signs of stratification with only one layer of cells
forming (Figure 4.30). To examine what kind of markers the spheroids from (ENR-AF+
DAPT) displayed, | stained for KRT8 and KRT17, both markers were positive with KRT17
being predominant (Figure 4.31).

Control DAPT

100 Im

Day 4

Figure 4.30: Indirect inhibition of Notch via DAPT (y-secretase inhibitor) in
organoids. Representative H&E of murine ectocervical organoids, top row shows
the effect of Notch inhibition after 48 hours compared to the control culture. The
stratification was restricted to 3 layers. Bottom row shows the effect of inhibiting
Notch after 96 hours. No stratification was seen in day 4. Scale bar= 100um,
BL=basal layer, L=lumen.
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Figure 4.31: IF staining of ectocervical organoids under the effect of DAPT
Notch inhibitor. Representative IF images showing both KRT8 (green) and
KRT17 (red) were seen with KRT17 positivity dominating. Scale bar=100um for
images on the left hand-side, and 20um for the right hand-side. Blue colour
indicates DAPI nuclear staining and L=lumen.

4.3 Discussion

My aim was to generate an in vitro model of the two regions, the ecto and endocervix, of the
normal murine cervix using the 3D organoid culture system. To do so, | first identified the
culture conditions that would allow the establishment and propagation of organoids of the
different regions of the cervix (endo and ectocervix). | then performed a thorough
characterisation by gPCR and IF to validate the models. Cells from mouse cervixes were
successfully treated by trypsin and cultured in 3D using the EGF, Noggin, Rspondin based
culture method previously described by Sato and Clevers (1). Sphere-like structures (spheroids)
were initially established, followed by the development of more complex structures (organoids)
in ENR-AF (ENR basal medium with the addition of TGFpi and FGF10). These organoids had
the same keratin expression pattern seen at the mouse SCJ, with KRT8; a marker of simple
columnar epithelium being found above the KRT17+ cells, that are seen in the mouse stratified
squamous epithelium. | was also able to distinguish the two populations according to their
positivity for TP63; a marker of squamous epithelial progenitor (25), that was found only in
the nucleus of the KRT17+ cells, and also by MUC5AC which was specific to endocervical.
In order to develop an expansion medium that allow the propagation of endocervical organoids,

several growth factors and cytokines were tested, and PGE2, a cAMP pathway agonist, was

96


https://www.zotero.org/google-docs/?IbiHlx

added to the ENR medium, ENR-P2 (ENR basal medium with the addition of PGE2) medium
and enabled the long-term growth of endocervical organoids easily and efficiently. Thus, | was
able to define two media composition that resulted in the generation of the two distinct cervical
epithelial lineages; ENR-AF, gave rise to stratified squamous epithelium, and ENR-P2, that

generated secretory columnar epithelium (Figure 4.6).

TGF inhibition via A83-01 was essential for squamous differentiation in culture, whilst TGF-
B signalling was active in endocervical organoids. This was confirmed with the transcriptional
comparison of in vivo bulk tissue samples of both endo/ectocervical regions, the analysis
showed that TGFp ligands Inhba, Smad2, Bmpl and Bmper were highly expressed in the
endocervix but not in the ectocervix.

R-spondinl was supplied in murine cervix organoids to achieve a high activity of Wnt
signaling. The importance of Wnt regulation in the cervix was previously described in the
context of pathologies (44). Here the transcriptional comparison between the two cervical
lineages showed high expression of Fzd7 a Wnt regulator in the endocervix, whilst Wnt
antagonist Axin2 was seen in the ectocervix. This is in agreement with recent reports on the
importance of Wnt to drive the formation of the columnar lineage of the endocervix but not in
the ectocervix (45). Additionally, the contribution of cervical stroma signalling was revealed
from the microarray analysis showing high levels of Ngf, Bdnf and Dkk2 Wnt antagonist. The
established in vitro ectocervical organoids had also confirmed this with Dkk3 Wnt Signalling
Pathway Inhibitor being highly expressed.

Ectocervical murine organoids were supplemented with FGF10 as it was shown to increase the
number of formed organoids (section 4.2.1). FGF10 binds to FGFR2-111b, which was identified
as a crucial factor in ANp63 activation leading to squamous cell fate in the mouse vagina along
with BMP4 and Activin-A (17,46). As Fgf2 was shown to be highly expressed in the cervical
stroma, and Fgfr2 was detected in the endocervical organoids (sections 4.2.3.1 and 4.2.3.2), |
tested the potential of deriving stratification by the activation of RUNX1/ FGFR2111b-MAPK
squamous pathways in ENR-P2 endocervical organoids. ActA was added to induce RUNX1
through SMAD-independent pathway, BMP4 was added for SMAD-dependent activation and
FGF10 for FGFR2I1Ib-MAPK pathway induction. No stratification was detected over the
growth period from single cells to a full organoid (Figure 4.29). Moreover, the cell survival
rate dropped significantly, indicating that the microenvironment supplied in culture medium

did not support neither endocervical nor potential squamous transdifferentiation.
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Numbl Notch signalling inhibitor was one of the highly expressed genes in the cervical stroma
(section 4.2.4), and Notch pathway ligands Notchl, Notch3 and Jag2 were highly expressed in
the ectocervical organoids. E6 protein of high-risk HPV types inactivate Notch pathway
through interacting with NOTCH1 (47). Moreover, Notch signalling has been found to be
crucial for squamous cell stratification in the cervix (45). To assess the effect of Notch pathway
disruption in the ENR-AF stratified squamous ectocervical organoids, y-secretase inhibitor
(DAPT) was added, and the affect chased. Day 2 post Notch inhibition, the stratification was
restricted to no more than 3 layers. In day 4 post y-secretase inhibitor addition, no sign of
stratification was detected (single layered organoids were formed) and showed markers of
squamous epithelium with KRT17 positivity in addition to columnar marker KRT8 (Figures
4.30 and 4.31). This confirmed that the nature of the formed organoids was indeed squamous,
and that the obstruction of Notch pathway supressed the ability of ectocervical organoids to

build a multi-layered epithelium.

In addition to focusing on signalling pathways that regulates the cervical epithelium, I also
investigated potential epithelial signatures (both known for confirmation or novel). When
examining the epithelial signatures of in vivo bulk endo and ectocervical samples, there were
common epithelial markers including Cdhl, Epcam and Esrpl, mucosal secretory cells markers
Muc4 and Pax8. whilst others were more specific including Foxjl a reported marker of
ciliogenesis in other sites (48-50) which was exclusive to the endocervix. Expectedly,
upregulation of squamous keratins 10 and 14 (47) and nuclear basal marker of squamous
epithelium Tp63 (24) was seen in the ectocervix. In ENR-AF ectocervical organoids high
expression of several cytokeratins was observed, including: Krts 5, 6a, 13, 14, 15 and 17 in
addition to Tp63. Detecting known markers of squamous and columnar origins confirmed the
robustness of my dissection method and finding Tp63 and the overlap in keratin expression
(Krt10 and Krt14) between the in vitro ectocervical organoids and the in vivo bulk ectocervix,
confirmed their squamous nature.

The high expression of Krt5 in the ectocervix organoids together with reports of KRT5 as a
marker of stemness in the cervix (45) raised questions about the pattern of KRT5 expression in
the cervix of mouse and human specifically in relation to reserve cells. In mouse cervix, KRT5
stained the ectocervical stratified squamous epithelium in a similar pattern to KRT17, in both
week 4 (with reserve cells-like pattern) and in adult mice, with KRT5 under the KRT8
columnar cells of SCJ (Figure 4.21). Equally, the mouse ectocervical organoids showed

positive KRT5 staining similar to the in vivo pattern, whilst endocervical organoids were
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negative for KRT5. When examining the human cervix (Figure 4.22) KRT5 was positive in the
squamous epithelium basal cells of the ectocervix (not shown) and in the reserve cells at the
transformation zone (TZ) (Figure 4.23), unlike KRT17 which was reserve cell specific in the
human cervix. These findings open a dispute of whether the presence of KRT5 in both basal
cell of squamous epithelium and in reserve cell proves the argument of the nature of reserve

cell being of displaced basal cell in the “’wrong’” microenvironment (i.e. TZ) (45, 51).

Furthermore, the transcriptional analysis of ectocervix organoids showed high expression of
cell-surface marker Ngfr (or P75), P75 responds to Ngf, which appears as one of the factors
expressed by the cervical stroma (section 4.2.3.4). Using IF, P75 marked the basal layer of
squamous epithelium of the ectocervix/TZ and in reserve cells in both humans and mice, with
a similar pattern in ectocervical (ENR-AF) organoids. P75 has not been reported in the cervix,
making this a potential new marker for detection and cell sorting (as it is a receptor protein) of
reserve cells in the cervix.

Transcription factors Pax8 and Pax2 are reported to be expressed in the nuclei of the mullerian
glandular epithelial cells (52), whilst Pax8 was detected in both endo and ectocervical lineages,
Pax2 was specific to the ectocervix (Table 4.4), this agrees with reports of Pax2 being detected
in cervical high-grade squamous intraepithelial lesions but not in adenocarcinoma (53). In
addition, Pletl, a marker of trophoblast stem cells in mice (54), was highly expressed in the
ectocervix, hence the potential of Pax2 and Pletl in deriving squamous lineage, however,
further investigation of their protein level is required.

There was a differential expression of CLDN and Mup proteins in the mouse cervix with
Cldn12, which was highly expressed in the endocervix, Cldns: 1, 4, 8 and 10 were highly
expressed in the ectocervix. CLDNs play a role in the formation of tight junctions in epithelial
and maintenance of cell polarity (55). Mup proteins 8 and 13 were highly expressed in the
ectocervix, both CLDN and MUP proteins are cell surface proteins making them a potentially
useful as markers.

In summary, this chapter describes a method for a reliable, chemically-defined, long-term
culture of murine cervix organoids both endo and ectocervix. The generated organoids
recapitulate the characteristics of their cells of origin and can be frozen-down and thawed

without the loss of their proliferative ability.
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Graphical summary for chapter 4

Establishing a physiological model to study the cervical transformation zone, human tissue is sparse so | use the
mouse to optimise a 3D organoid system.
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5 Establishment of organoids from the human cervix

5.1 Introduction

As discussed in the previous chapter, due to challenges in accessing sufficient tissue samples
of the human cervix, | first optimised the organoid system using cervixes from the
mouse. However, as previously reported, productive HPV infection with low grade squamous
intraepithelial lesion (LSIL) was detected when HPV infects the ectocervix, whereas in the TZ
and endocervix deregulation of HPV genes leads to high grade squamous intraepithelial lesion
(HSIL) (1). To be able to understand the correlation between the site of infection and the
diversity of HPV infection consequences, the development of human cervical organoids is
necessary because Human Papilloma Virus (HPV) is species-specific (2).

For many tissues, organoid systems from both mouse and human have been established,
including organoids of the small intestine (3), colon (4), liver (5), pancreas (6) and
endometrium (7). An interesting finding is that for many of these, the culture conditions that
were suitable for the mouse were not able to sustain long-term growth of human counterparts.
Therefore, it was necessary to identify additional factors specific for human tissues. For
example, for the colon, the addition of nicotinamide, TGFB and p38 MAPK inhibitors were
essential to sustain the proliferation of the human organoids (4). For some tissues such as the
liver, adapting the murine organoid conditions remains a challenge as fully differentiated
lineages cannot yet be obtained, even with the supplementation of additional factors (8).

At the start of my PhD, cervical organoids have not yet been established from mice or humans.
The first organoids from the female reproductive tract, the fallopian tube organoids, was just
published (9). The field has rapidly expanded in recent years and now several organoid systems
of the female reproductive tract as well as from pathologies have been described (10). In this
chapter I will describe the steps | have taken to identify the culture conditions to grow human

cervical organoids based on my mouse cervix organoid systems.

5.2 Results

As discussed for the mouse cervixes in the previous chapter, also in humans, there is no
knowledge about the identity and location of stem cells and progenitors of the cervix.
Therefore, | took the same approach as for the establishment of the murine organoids by
performing an enzymatic digest of the tissue on which to test the different culture conditions.

The advantage of the human cervix is that due to its size and anatomical organisation, | was
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able to dissect out the different cervical regions (endo, SCJ and ecto) which was not possible
with murine tissues (Table 5.1). | collected human cervical samples from benign
hysterectomies. These samples are rare, and | was only able to obtain 12 samples for this part
of my project over 1.5 years. Hysterectomies for the surgical treatment of cervical carcinomas
are more common, however, as the aim of this project is to establish organoids of the normal
cervix, | excluded these samples for this study.

The starting tissue material is key for having a successful culture, thus the validation of the
digestion method is critical. Initially, | used the digestion method, with sequential dispase
followed by trypsin, that | set up for the establishment of mouse cervix organoids (explained
in methods section 2.1.5) for the human cervix. However, this enzymatic protocol was not
efficient for the isolation of cells from human tissue and I could not obtain enough material for
culture. The human cervical tissue is densely packed and fibrous, therefore I reasoned that a
collagenase V step (Sigma, C-9263) after the trypsin treatment may help improve the digest
(explained in methods section 2.1.4). Indeed, | found that the combination of trypsin and

collagenase treatments yielded more cellular material (Figure 5.1).

Figure 5.1: Adjusting human cervix organoids digestion protocol. (A) Bright field images
of human cervical digest plated in matrigel®, the mouse cervix digestion protocol was
applied (Trypsin), however the addition of Collagenase V enhanced the cellular digest (B).
Images shown of cultures in passage 1 day 7, scale bar=200um for left hand images and
100um for right hand ones.
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Next, | tested the effectiveness of the murine cervical protocol on human samples (from SCJ),
in both ENR-AF (ectocervix organoids) and ENR-P2 (endocervix organoids). To begin with |
was able to see growth in both (up to passage 2), however, at passage 3, | was not able to detect
any cellular material (Figure 5.2).

The correct derivation site is crucial for growing an organoid culture, since I previously based
my derivation from SCJ (both in mouse and in the first two human derivation trails), | wanted
to examine the outcome from other sites (endo and ectocervix) and compare it to the SCJ. Thus,
| performed the next cell extraction from three separate pieces of tissue, the endocervix, SCJ
and from the ectocervix. | observed cellular structures growing from cells derived from
endocervix and SCJ but not from the ectocervix, when plating cells from ectocervix, | saw a
lot of cell debris (Figure 5.3).

P2 P3

ENR-AF

ENR-P2

Figure 5.2: Derivation of human cervix organoids. Representative bright field
images showing human cervix organoids that were derived using murine cervix
protocol, at passage 2 there was an organisation of structures, however these
structures did not survive the next passage, scale bar=200um.
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Figure 5.3: The outcome of derivation of human cervix organoids from the different sites;
endo, SCJ and ectocervix. Representative bright field images shown at passage 1 day 5, cells
plated from digested cellular material derived from endocervix, SCJ and ectocervix, in ENR-
AF and ENR-P2. The ectocervix showed the poorest outcome, scale bar=200um.

Subsequently, | tested several growth factors based on what has been used in literature to
improve the derivation of organoids from human tissues (Table 5.1). The addition of SB202190
p38 inhibitor (p38i) was important in making the switch to human organoids in the small
intestine (4). Nicotinamide (Nic) was also essential for human derived small intestine organoids
(4). Moreover, Y27632; Rho Kinase inhibitor (Rocki), has been reported to be important for
the long-term survival and proliferation of keratinocyte (11) and has been used in salivary gland
organoids (12) and trophoblast organoids (13).

A satisfactory organoid criterion includes the formation of a self-organised 3D structure
containing cells that retain the characteristics of the organ of which they were derived from.
Initial evaluation includes the formation of spheroids and/or budding structures (depending on
the site being modelled). I also assessed the ability of formed spheroids to expand in number
when | break them up (passaged). Furthermore, | observe the growth sustainability of these
formed spheroids for at least two months, their ability to expand and sustain growth shows their
capability to reform and the presence of an epithelial stem cell in culture. Last, when all
previous criteria have been met, | examine the presence of multiple cell types, and test possible
aspects of the specialised function as in the organ of origin.

Based on what has been reported, | have tested the effect of the addition of Rocki, Nicotinamide
and p38i on both ENR-AF (murine ectocervical organoids media) and ENR-P2 (murine

107


https://www.zotero.org/google-docs/?Qs8hhl
https://www.zotero.org/google-docs/?BRQqkI
https://www.zotero.org/google-docs/?zGi0pi

endocervical organoids media). When optimising a new culture condition, | passage the cells
when the cultures became too dense, cells attach to the bottom of the well or when the
Matrigel® became unstable. Passaging was done by vigorous pipetting (~ 300 times) and was
every 7-10 days (detailed protocol in section 2.1.6). At passage 1, all additional factors that |
tested did not show any further improvement to ENR-AF and ENR-P2 (Figure 5.4). At passage
3, cell survival was low under all conditions with almost no spheroids except for a few in the

conditions that contained nicotinamide (Figure 5.5).

+Rocki +Nicotinamide + p38i

Figure 5.4: Testing factors Rocki, Nic and P38i on human cervix digest. Representative bright
field images shown at passage 1 day 8, scale bar=200um.

+Rocki +Nicotinamide + p38i

Figure 5.5: Follow up on testing factors Rocki, Nic and P38i on human cervix digest. Representative
bright field images shown at passage 3 day 7. Nicotinamide showed few spheroids growing in both ENR-
AF and ENR-P2, scale bar=200um.
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Table 5.1: Factors used for human cervix derivation and optimisation.

Factor stock Final concentration Manufacturer = Catalogue number
A83-01 (TGFpi) 1 mM 500 nM Tocris Bioscience 2939
FGF-10 100 pg/mL 100 ng/mL PeproTech 100-26
Prostaglandin E2 L
(PGE2) 25 mM 25 nM Tocris Bioscience 2296
MAPK p38 o
inhibitor (p38i) 10 mM 10 uM Tocris Bioscience 1264
Nicotinamide 1M 10 mM Sigma-Aldrich N0636
CHIR99021 o
(GSKi) 1mM 1uM Tocris Bioscience 4423
Activin A X500 20 ng/mL R&D systems 338-AC-010
HGF 50 pg/mL 50 ng/mL Peprotech 100-39H
FGF-2 50 pg/mL 50 ng/mL Peprotech 100-18B
BMP7 100 pg/mL 100 ng/ml Peprotech 120-03

Due to a lack of a clear improvement on the derivation of organoids with the factors, | decided
to test the effect of hepatocyte growth factor (HGF) on human cervix digest. HGF is vital for
the derivation of liver organoids (8), endometrium organoids (14) and trophoblast organoids
(13). From my previous attempts, | saw that nicotinamide has enhanced the growth in both
ENR-AF and ENR-P2 (Figure 5.5), therefore, |1 wanted to test HGF on a culture media that
contains the combined effect of PGE2 (P2), Nicotinamide (Nic) and A83-01. Thus, | examined
the outcome of: (i) ENR-AF+ P2+Nic, (ii) ENR-AF+HGF, and (iii) ENR-AF+ HGF+P2+Nic
(Figure 5.6). The combination of PGE2, Nicotinamide and HGF yielded the highest growth
(Figures 5.6, and Figure 5.7).
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+P2+Nic + HGF+P2+Nic

ENR-AF

Figure 5.6: Testing factors PGE2, Nic and HGF on human cervix organoids. Representative bright field
images shown at passage 2 day 6, an enhancement of the growth is shown in condition where PGE2, Nic and
HGF are combined, scale bar=200pum.
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Figure 5.7: Testing the effect of factors PGE2, Nic and HGF on ENR-AF
media. The factors were tested on three wells at passage 2 day 6. The highest
growth was detected in condition where PGE2, Nic and HGF were combined,
organoids with clear lumen were counted.
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Culture medium ENR-AF with the addition of PGE2, Nicotinamide and HGF (ENR-AFP2NH)
resulted in the highest growth and sustained longest growth, in this condition, cells were
passaged every 7-8 days for 5 passages, over passages the spheroids started to collapse (not
showing sphere-like structure with clear lumen) (Figure 5.8), and at passage 6 there was

minimal growth detected.

Figure 5.8: Condition ENR-AF+(HGF+P2+Nic) at passage 5 post plating. Representative
bright field images showing the formed spheroids collapsed (not forming a clear lumen), before
the growth was no longer sustained at passage 6, scale bar=200um for the image on the left and
100um for the right hand-side image.

This was nevertheless an encouraging improvement after many attempts. To increase the long-
term growth of the organoids, I next tested additional factors using this medium composition
as base (ENR-AFP2NH). CHIR99021 is a GSK-3p inhibitor (GSKi) that has been reported to
be essential in the derivation of colon organoids (4), endometrium organoids (14) and
trophoblast organoids (13). In addition, fibroblast growth factor 2 (F2) was reported to enhance
the clonogenic capacity and efficiency of human intestinal organoids (4) and was used to
increase viability of trophoblast organoids (13). Therefore, For the next optimisation cocktail,
| tested the following conditions: C1: ENR-AFP2NH, C2: ENR-AFP2NH+p38i, C3: ENR-
AFP2NH+GSKi, C4: ENR-AFP2NH+F2, C5: ENR-AFP2NH+p38i+GSKi, C6: ENR-
AFP2NH+p38i+F2, and C7: ENR-AFP2NH+p38i+GSKi+F2.

In conditions where GSKi was added (C3, C5 and C7) there was a negative effect on the cells,

with very few spheroids appearing (Figure 5.9) at passage 1 and almost none survived at
passage 2 (not shown). Conditions ENR-AFP2NH and ENR-AFP2NH+F2 (ENR-
AFP2NHF2) (C1 and C4) had the highest number of spheroids growing and sustained the
longest growth (up to passage 5), whilst the addition of p38i had a detrimental effect (Figure
5.10).

111


https://www.zotero.org/google-docs/?y6PNZr
https://www.zotero.org/google-docs/?jE1T4X
https://www.zotero.org/google-docs/?tMAwrT
https://www.zotero.org/google-docs/?oFACPZ
https://www.zotero.org/google-docs/?HnwBxT

C1
Base (ENR-AFP2NH)

Figure 5.10: Testing the effect of factors p38i, GSKi and F2. Representative bright field images shown at passage 1 day
8, of the following conditions: C1: ENR-AFP2NH, C2: ENR-AFP2NH+p38i, C3: ENR-AFP2NH+GSKi, C4: ENR-
AFP2NH+F2, C5: ENR-AFP2NH+p38i+GSKi, C6: ENR-AFP2NH+p38i+F2, and C7: ENR-AFP2NH+p38i+GSKi+F2.
Scale bar= 200um.

c1 c6
Base (ENR-AFP2NH) +p38i+F2

Figure 5.9: Following up on testing the effect of factors p38i, GSKi and F2. Representative bright field images shown at
passage 2 day 6, with the loss of spheroids in conditions where GSKi was added. Cl: ENR-AFP2NH, C2: ENR-
AFP2NH+p38i, C4: ENR-AFP2NH+F2, C6: ENR-AFP2NH+p38i+F2, scale bar= 200um.

So far, no condition sustained a long-term culture of human cervix. Therefore, | have decided
to test an additional factor. Bone morphogenetic protein 7 (BMP7) signalling in female genital
tract has been reported (15), moreover, BMP7 was crucial in deriving liver organoids (8),
therefore, | have tested the effect of BMP7 on the conditions that proven to have the longest
surviving culture (ENR-AFP2NHF2). Since Noggin is a BMP antagonist, | examined the effect
of BMP7 with or without Noggin. The conditions tested were as following; Cl: ENR-
AFP2NHF2, C2: ENR-AFP2NHF2+BMP7, C3: ER-AFP2NHF2+BMP7. The addition of
BMP7 (with or without Noggin) did not enhance the culture conditions, neither in number nor

growth sustainability (Figure 5.11).
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Figure 5.11: Testing the effect of BMP7 on ENR-AFP2NHF2 with or without Noggin.
Representative bright field images of cultures at passage 3 day 7, the conditions were as following;
C1: ENR-AFP2NHF2, C2: ENR-AFP2NHF2+ BMP7, C3: ER-AFP2NHF2+ BMP7, scale bar=
200pm

After testing the effect of different factors gradually (summarised in table 5.2), the combination
that showed the best results and lasted for 6-7 passages was ENR-AF + HGF, PGE2, Nic and
F2 (ENR-AFP2NHF2), however, | did not detect any sign of stratification in this condition
(Figure 5.12). When | stained the formed organoids with columnar marker KRT8 and RC

marker KRT17, both were positive (Figure 5.12).

Figure 5.12: Human cervical organoids that were generated from AFP2NHF2. Left: shows
representative bright field image of organoids in (ENR-AF)+HGF, PGE2, Nic and F2 passage 6. Right:
shows representative IF staining of columnar marker KRT8 (green) and reserve cell marker KRT17 (red),
both were positive, scale bar=200um for the bright field image on the left and 20um for the right hand-side

IF image.

During this part of my project, a protocol for human cervical organoids (both endocervical and
ectocervical) was reported (16). In this paper, the growth of endocervical organoids required
Whnt activation, whilst inhibition of Wnt and activation of Notch was critical for derivation of
squamous organoids (16). In the study of Chumduri et al, human cervical organoids were
derived from two separate sites (endo and ectocervix) and not from SCJ which I have focused
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on in my previous optimisation experiments. In their protocol, the samples were minced with
surgical scissors before incubated in 0.5 mg/ml collagenase type Il followed by trypsin
(TrypLE) treatment. This digestion protocol is different from mine since I have treated the cells
with trypsin prior to collagenase type V. Similar to my human cervix media that sustained the
longest growth (ENR-AFP2NHF2), Chumduri et al. conditions include EGF and Noggin. It
also contains FGF10, Nicotinamide and TGFi (SB431542) which is also similar to ENR-
AFP2NHF2, except | use A83-01 for TGFf inhibition. Contrary to my observations, they use
Y-27632 (Rocki) which has shown to be detrimental for my derived cultures (Figure 5.4).
Moreover, in Chumduri et al. protocol, Wnt is enhanced in endocervical organoids culture with
the addition of conditioned media enriched with Wnt3A and Rspondin-1, whilst | only depend
on Rspondin-1 for Wnt in my cultures. Forskolin and Hydrocortisone were added to sustain
ectocervical organoids in Chumduri et al. culture medium.

With my next tissue samples, | followed the derivation protocol and media conditions described
in Chumduri et al., I also followed their passaging method which focusses on enzymatic
digestion with TrypLE rather than the manual vigorous pipetting technique | use. | found that
endocervical organoids showed enhanced growth however, this could not be sustained for more
than 9 passages (Figure 5.13). Ectocervical organoids on the other hand, struggled at early
passages and were difficult to break and expand with the squamous structures getting denser
with minimum lumen (Figure 5.13). For my next sample | also tried plating SCJ cells in

Chumduri et al, neither conditions were sustained for long-term.

Figure 5.13: Following the protocol by Chumduri et al. to grow cervix organoids. representative
bright field image when trying Chumduri’s protocol, ectocervical media generated rigid complex
structures that were difficult to break and expand (A). In endocervical media (B), growth was sustained
but not for long-term, scale bar=100um.
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Table 5.2: Optimisation of human cervical organoids, replicates were not listed to avoid repetition.

Site

1.5x2.5 cm piece
from SCJ

1.5x2.5 cm piece
from SCJ

1.5x2 cm pieces
from endo, SCJ
and ecto

2x2.5 cm piece
from SCJ

1.5x2.5 cm piece
from SCJ

1.5x2.5 cm piece
from SCJ

1.5x2 cm piece
from
endo, SCJ and
ecto

2x2.5 cm piece
from endo and
ecto

1.5x2.5 cm piece
from SCJ

Digestion

Followed the mouse cervix
digestion protocol (methods
2.1.5)

Manual scraping of the
stroma followed by Trypsin +
collagenase

Manual scraping of the
stroma followed by Trypsin +
collagenase

Manual scraping of the
stroma followed by Trypsin +
collagenase

Manual scraping of the
stroma followed by Trypsin +
collagenase

Manual scraping of the
stroma followed by Trypsin +
collagenase

Manual scraping of the
stroma followed by Trypsin +
collagenase

Followed protocol from
Chumduri (16)
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Culture medium

ENR-AF
ENR-P2

ENR-AF
ENR-P2

ENR-AF
ENR-P2

ENR-AF+ Nic
ENR-AF+ p38i
ENR-AF+ Rocki
ENR-P2+ Nic
ENR-P2+ p38i
ENR-P2+ Rocki

ENR-AF + HGF
ENR-AF + PGE2 + Nic
ENR-AF+ HGF +PGE2 + Nic

ENR-AF+HGF+PGE2+Nic
ENR-AF+HGF+PGE2+Nic+ p38i
ENR-AF+HGF+PGE2+Nic+ GSKi
ENR-AF+HGF+PGE2+Nic+ F2
ENR-AF+HGF+PGE2+Nic+
p38i+GSKi
ENR-AF+HGF+PGE2+Nic+
p38i+F2
ENR-AF+HGF+PGE2+Nic+
p38i+GSKi+F2
ENR-AF+HGF+PGE2+Nic+F2
ENR-AF+HGF+PGE2+Nic+F2+
BMP7
ER+AF+HGF+PGE2+Nic+F2+
BMP7
ENR+AF+HGF+PGE2+Nic+F2+
Activin A
ENR-F+HGF+PGE2+Nic+F2+
Activin A

Chumduri (16)



5.3 Discussion

The generation of human organoids is essential for HPV infection experiments as the virus is
species specific. Therefore, | carried out optimisation steps to extend the murine cervical
organoid system for the establishment of human cervical organoids. This was a major challenge
as | had limited tissue samples on which to perform my experiments and several steps in the
protocol had to be optimised starting from the digest method, culture conditions and passaging.
With the help of Dr. Mercedes Jimenez-Linan, a gynaecological pathologist at the human tissue
bank at Addenbrooke's Hospital, Cambridge, | was able to obtain different regions of the cervix
(endo, SCJ and ectocervix) to test the cultures conditions. Deriving organoids from both
endocervix and SCJ was feasible, but not from the ectocervix. This could be due to several
reasons, including the fact that the ectocervical tissue consists of terminally differentiated cells
and the isolation procedure does not allow enrichment for the proliferative population.
Furthermore, the size of the tissue pieces was minimal and sufficient number of cells were
difficult to obtain. After many trials | found that the best human cervical cell extraction method
was manual scraping of the stroma, after using scissors to cut the epithelium from the stroma,
followed by the addition of trypsin and collagenase treatments (detailed method described in
section 2.1.4).

Once the tissue digest method was optimised, | tested the effect of the murine organoid media
conditions on the human cervical cell isolates. However, this did not allow the growth of
organoids and therefore | tested a series of different factors to improve the derivation. | found
that TGF-f inhibition was important to get the human cervix organoids growing, Nicotinamide
increased the number of spheroids, whilst FGF2 helped spheroids longevity. WNT signalling,
which is important for the growth of many organoid systems, surprisingly had the opposite
effect for the cervical cells. In the presence of CHIR99021, which inhibits GSK-3f3 and thus
sustaining WNT signalling, the cells struggled to survive and could not be passaged. Moreover,
BMP signalling via BMP7 did not enhance the culture condition and had a detrimental effect.
Overall, after gradual optimisation steps of culture media (summarised in table 5.2), the
combination that showed the best cell survival (6-7 passages) was ENR-AF with the addition
of HGF, PGE2, Nicotinamide and FGF2. The generated organoids were single layered and
spheroidal and did not show signs of stratification. The organoids had both columnar (KRT8)
and squamous/reserve cell markers (KRT17), suggesting the presence of my target cell

population in culture (Figure 5.12), which did confirm that the site of derivation and the
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digestion method were correct. Additionally, the co-expression of KRT8 and KRT17 in the
preliminary human cervix organoids was similar to my observations of the first passage of
endocervical and ectocervical mouse organoids (forthcoming in chapter 6, section 6.2.1) in
which KRT8 and KRT17 were also co-expressed. This changes after the organoids develop
(passage 4 onwards) where it seems there is a lineage commitment with either KRT8 secretory
sphere-like organoids, or a majority of KRT17 cells (with superficial KRT8 on top) stratified
squamous epithelium. As | saw similarities between the human and mouse SCJ (section 3.6.3,
Figure 3.10), | hypothesise a similar organoid developing pattern. Hence, it appears as my
culture condition so far is sufficient to derive human cervix organoids but does not sustain
long-term propagation of the cells of interest. |1 expect more factors are needed to support

expansion and longevity.

Recently, a study describing the derivation of human cervical organoids was published (16). In
this report the growth of endocervical organoids required Wnt activation, whilst squamous
organoids required Notch signalling. Culture media for endocervical organoids included:
Wnt3A, Rspondin-1, Noggin, Nicotinamide, EGF, FGF10, SB431542 and Y-27632. Whilst for
ectocervical organoids: Noggin, Nicotinamide, EGF, FGF10, SB431542, Y-27632, Forskolin
and Hydrocortisone. In the Chumduri et al. study, high concentrations (10uM) of Y-27632 Rho
kinase inhibitor was added to both endo and ectocervix human organoids. In our lab and as
others reported (17,18), the use of Y-27632 enhances the recovery rate of cells after freezing
and post sorting. However, from my observations of adding Y-27632 to ectocervix mouse
organoids (not shown), | found that the long exposure of cells to Y-27632 leads to a
deformation in the stratification process, with clumping of cells and impaired budding of the
sguamous organoids (squamous organoids take a round shape). When following this protocol
(Chumduri et al.), I also saw similar features (increased clumping and round eccentric complex
structures). | was not able to assess the organoids under these conditions due to limited
expansion of cultures and thus | did not have enough material to make paraffin blocks.
However, based on what | observed in mouse ectocervix derivation experiments and on the
organoid morphology, I suspect that Y-27632 causes hyperkeratinisation of the squamous cells.
These were also very difficult to break-down and thus passage. In Chumduri ’s protocol,
passaging is done by mechanical fragmentation using a fire-polished glass Pasteur pipette,
which we did not have the set-up for in our lab, hence this could explain my inability to expand
using their method. Endocervical organoids however, sustained growth but not for more than

9 passages. Overall, organoids were difficult to grow and neither conditions were continuous
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for long-term. Thus, optimal conditions for the long-term growth of human cervical organoids
is still ongoing work.

To summarise, in this chapter | was able to identify several factors to derive human cervix
organoids: EGF, Noggin, Rspondin-1, A83-01, FGF10, HGF, PGE2, Nicotinamide and FGF2.
Although this cocktail did not sustain growth for more than 6 passages, and the expansion was
limited, it was encouraging to see the expression of my cells of interest (KRT8 and KRT17) in
the formed spheres (Figure 5.12). A new study has reported the generation of human cervix
organoids (both endo and ectocervix), however, by following their protocol | experienced
difficulties in expanding and sustaining long-term survival of culture. | should emphasise that
the number of benign human samples was limited, thus I did not have enough material to make

blocks and stain the generated organoids from Chumduri et al.
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Graphical summary for chapter 5

To be able to understand the correlation between the site of infection and the diversity of HPV infection conse-
quences, the development of human cervical organoids is necessary because HPV is species-specific. Here i show
the key steps taken to etablish human cervix organoids.

1- The mouse cervix organoids media was not sufficient to sustain growth of human cervix organoids, the
addition of Nicotinamide increased the number of spheroids, FGF2 helped achieving longer growth, and the
combining effect of PGE2, Nicotinamide and HGF increased the number of spheroids substantially. However,
the condition was not enough to have a long-term culture.

Optimisation of human cervix organoids

ENR-AFP2

ENR-AF

ENR-P2

2- During my trials a report on human cervix
organoids was released. In it Wnt was used to
derive endocervix organoids but not ectocervix

organoids. The report supports the presence of - When I followed their protocol the ectocer-
two seperate stem cells for the columnar and vix did not have any lumen and was difficult
squamous lineages. It should be pointed that to break and passage. The endocervix was
Chumduri and and colleagues did not show KRT easier to grow and lasted longer, however,
markers of their derived organoids, however, both did not sustain long-term culture.

TP63 was used to show squamous lineage.
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adapted from Chumduri et al., 2018.
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6 Investigating the mechanisms regulating the formation of the
transformation zone in the cervix using in vitro and in vivo
models

6.1 Introduction

In humans, transformation zones (TZs) are well-defined histological junctions where two
distinct types of epithelia meet. There are number of epithelial TZs in the body including;
between the anal canal and the rectum, the oesophagus and the stomach, the cornea and the
conjunctiva and in the junction between the endocervix and ectocervix. An interesting
observation about the TZs is the increased cancer prevalence in these areas (1).

Cervical carcinoma has two histologically distinct types; adenocarcinomas and squamous cell
carcinomas, and both predominantly arise at the TZ (2,3). Although High-risk human
papilloma virus (HR-HPV) infects many other epithelial sites (4), the cervix has the highest
cancer association with nearly 100% of cervical cancers having HR-HPV genome detected in
them (5). The reasons behind why the cervical TZ is vulnerable for developing of carcinomas
and what is the target cell of HPV infections remain elusive.

My previous results have shown that the TZ has a concentration of sub-glandular KRT17+
reserve cells (chapter 3, section 3.6.2) and this has also been reported by others (6). Reserve
cells have been suggested as a possible cervical stem cell (7), however, its origin and bi-
potential ability to give rise to both columnar and squamous lineages is yet to be proven, mainly
because of the lack of suitable models.

As the TZ has two distinct epithelia, | hypothesise the existence of a delicate balance which is
regulated by a unique signalling and a potential stem cell niche (1). The presence of TZ in other
species enables animal models to be used, and my investigation of mouse cervix (chapter 3,
section 3.6.3) shows enough similarities to the human cervix including KRT17+ expression
pattern, justifying the use of mice to model the human TZ. Lineage tracing using transgenic
mice will enable specific cell populations to be marked and for that mark to be transmitted to
their cell progenies (8). Lineage tracing methods have been used to identify the stem cell
populations of many different organs, one example is the identification of Lgr5+ intestinal stem
cells using an Lgr5-EGFP-ires-CrefR™?/Rosa26'*? mouse model (22). Thus, | expect that this
approach will allow the understanding of how a specific cell population behaves in maintaining

homeostasis of cervical epithelium.
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In this chapter, | use the murine cervix organoids that | have established to examine dual fate
ability of KRT17 reserve cells. Additionally, I explore and make a preliminary evaluation of
the lineage tracing techniques using transgenic mouse models to follow the fate of KRT17+
cells within the cervix to understand their contribution in building a TZ.

6.2 Results

6.2.1 Investigating the dual fate ability of the established murine cervical organoids

During the establishment of the murine cervix organoid cultures (in Chapter 4), | observed an
occasional KRT17+ cell in the endocervical (ENR-P2) organoids (Figure 4.7). This
observation was interesting because it suggests a common origin of endo- and ectocervix
organoids. Furthermore, when | supplemented A83-01, FGF10 and PGE2 to ENR (ENR-
AFP2) to a mouse cervical digest and followed a time-course of organoids growth (Figure
4.15), there was a mixture of columnar and squamous organoids in culture (section 4.2.2.1),
this was also suggestive of a common progenitor.

Together with these observations, there are several lines of evidence that suggest the stemness
of KRT17+ cells. Firstly, the role of KRT17+ cells in the squamous differentiation and
maintenance in the touch dome (9) and hair follicle (10). Secondly, the pattern of sub-glandular
KRT17+ reserve cells in both the human and mouse SCJ that | observed (chapter 3, sections
3.6.2 and 3.6.3). Thus, I raised the question of whether KRT17+ reserve cells are the stem cells
of the cervix and whether they have dual cell fate capability.

In order to address this question, | took two different experimental approaches, by using my
murine cervical organoid system and transgenic mouse models. One of the functional
characteristics of a stem cell is their ability to generate different cell lineages from a single cell.
Organoids have been used to demonstrate clonogenic ability. For example, in endometrial
organoids, single cells were grown into clonal organoid lines and stimulated with hormones to
show that both ciliated and secretory lineages can be generated starting from a single cell (11).
| took a similar approach to test the clonogenic ability and the bipotential capability of KRT17+
and KRT8+ cervical cells. 1 implemented the limiting dilution assay using established
endocervical or ectocervical organoids to assess their clonal capacity (21). This technique
consists in preparing a cell suspension at a concentration so that 0.5 cells per Matrigel droplet,
thus ensuring that a droplet will either contain 0 or 1 cell. | then plated this cell suspension into
96-well plates and followed their growth over 7-14 days. No organoids or spheroids formed

from either the endocervical or ectocervical cultures, even after 14 days (this was repeated
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three times). The limiting dilution assay is a very selective assay as only cells that are able to
grow in isolation will be able to form an organoid. Therefore, | decided to perform a serial
dilution assay by plating 10, 100 and 1000 cells (each into 10 wells of a 48 well plate) and
follow their growth over 7-14 days. Doing a serial dilution assay would provide me with an
estimation of the density required for the cells to generate organoids. Endocervical organoids
grew well under all three dilutions. In contrast, ectocervical organoids were able to grow only
at the dilution of 1000 cells per Matrigel droplet. The reason for the difficult recovery of
squamous cells might be because of differences in cell-cell junction between columnar
epithelium and squamous epithelium, with columnar cells linked by apical junctions and
desmosomes, whilst squamous by adherens junctions and focal adhesion (integrin-extracellular
matrix interactions) (12-15).

Since it was not feasible to assess the clonogenic potential of the cervical organoids due to their
limited ability to grow under clonogenic conditions, | took an alternative approach to
investigate the bipotential fate of KRT17+ cells. | carried out a time-course of the murine
cervical organoids during their establishment by assessing their phenotype starting from
passage 1 (not collected before) and passages 3 and 5. At the first passage, ectocervical
organoids (ENR-AF) and endocervical organoids (ENR-P2) both displayed spheroid-like
phenotype with co-expression of columnar lineage marker (KRT8) and squamous lineage
marker (KRT17) (Figure 6.1). The size of the lumen varied between the two conditions, denser
spheroids with smaller lumen was seen in ENR-AF (ectocervical organoids) and larger
spheroids with wider lumen in ENR-P2 (columnar organoids), whilst ENR-AF-although single
layered- appeared more thickened when compared to ENR-P2.

By passage 3, cells seem to commit to either columnar or squamous lineages depending on
media conditions, as they are no longer express KRT8 and KRT17 simultaneously.
Ectocervical organoids are TP63+, KRT17+, KRT8- (only few non proliferative near lumen)
and MUCS5AC-, whilst endocervical organoids are KRT8+, KRT17-, TP63- and MUC5AC+
as described in chapter 4 (Figure 4.6).
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Figure 6.1: Mouse cervix organoids at an early timepoint in their derivation (passage 1).
Representative IF staining Expression of columnar lineage marker (KRT8) and squamous lineage marker
(KRT17) in both endocervical organoids (ENR-P2) and ectocervical organoids (ENR-AF) could be seen.
Scale bar for bright-filed images=100um and for IF images=20um. Blue colour indicates DAPI nuclear
staining and L= lumen.

As the co-expression of KRT8 and KRT17 markers was seen at passage one in both ENR-P2
and ENR-AF conditions, | questioned whether the established cultures (endo/ectocervix) still
retained this plasticity to change cell fate if the signalling environment is exchanged. To test
the plasticity potential of KRT17/KRT8 cells, | plated single cells from established cultures
(passage 6) of both ectocervical and endocervical organoids and grew them in medium that
promotes the opposing-lineage (ectocervical in ENR-P2 and endocervical in ENR-AF) for four
passages (approximately 1 month in culture). When | cultured endocervical cells (KRT8+) in
the medium that favours the growth of squamous cells (ENR-AF), the organoids maintained
the single layered spheroid phenotype and no stratification was detected. Furthermore, growth
rates decreased substantially with smaller and fewer spheroids forming (Figure 6.2). In
contrast, when | plated ectocervical organoids (KRT17+) in the medium for columnar
epithelium (ENR-P2), there was a gradual shift in phenotype. Whilst the starting population
were 100% ectocervical generating complex stratified organoids, when | re-plated them as
single cells in ENR-P2, stratification gradually decreased, with less than 10% of the generated
organoids showing signs of stratification (Figure 6.3, Figure 6.4). At passage 2 post media
exchange, all ectocervical organoids passaged in ENR-P2 medium lost their stratified
phenotype and grew as spheroids with a clear lumen resembling the endocervix organoids
(Figure 6.3 and Figure 6.4).
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Figure 6.2: Examining the switch of media condition from ENR-P2 to ENR-
AF ectocervical media on established endocervical organoids. Representative
bright field images where () are control, i.e. endocervical organoids in their normal
environment (ENR-P2). (b) endocervical organoids in ENR-AF ectocervical media,
showing decrease in growth. Magnification x2, scale bar= 200um.

Figure 6.3: Examining the switch of media condition on ectocervical organoids. Representative bright field
images where (a) are ectocervical organoids in ENR-P2 (control). (b) is passage 1 of ectocervical organoids in ENR-
P2, showing spheroid-like organoids arising and only one complex-squamous-like structure growing. (c) at passage
2, no complex structures are growing, and the organoids showing a change in phenotype, scale bar= 200pum.
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Plating ectocervical organoids in ENR-P2
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Figure 6.4: The ability of ectocervix KRT17+ cells to give rise to
endocervix organoids. when supplied with endocervical media (ENR-
P2). I plated with a starting population of a well-established ectocervix
organoids (P6), in which 100% of the population were ectocervical.
After passaging and plating single cells, at the 1st media change (P1)
less than 10% of the generated organoids showed signs of stratification,
and by the second passage (P2) 100% of generated organoids had
sphere-like phenotype with clear lumen, similar to what | see with
endocervix organoids. Control (ctrl) in the ectocervical organoids in
their normal condition (ENR-AF).

3 . o -
Figure 6.5: Intermediate stage of ectocervical organoids in ENR-P2. (a) bright field image of passage
2 of ectocervical organoids in ENR-P2 (intermediate stage of lineage switch) (b) IF staining of ectocervical
organoids in ENR-P2 during fate transition, showing KRT8+KRT17- endocervical single layered
spheroids, and KRT17+ stratified squamous epithelium in the same culture, scale bar= 100um.
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When | stained passage 1 post media exchange (intermediate stage of lineage switch) of the
ectocervical organoids in columnar medium (ENR-P2), with KRT17, KRT8 and MUC5AC,
the change in phenotype was confirmed with the presence of KRT8+ KRT17- (Figure 6.5) and
MUCS5AC (not shown) endocervical single layered spheroids. These spheroids were seen along
with KRT17+ stratified squamous organoids in the same culture (Figure 6.5). Surprisingly,
over time the endocervical single layered spheroids takes over and stratified squamous
organoids disappear (Figure 6.3, IF not shown).

To summarise, during the establishment of organoids (early time-points), cultures grown in
ENR-AF or ENR-P2 both express markers of the columnar (KRT8) and squamous (KRT17)
lineages. This changes later, and commitment to either lineages occurs depending on the
microenvironment provided from the supplied medium. The change in microenvironment after
the lineages are established (passage three and above), did not result in a switch of phenotype
in endocervical organoids, however, ectocervical (KRT17+) organoids were able to gradually

switch fate based on observed markers (Figure 6.5) and mucin production (not shown).

6.2.2 Genetic lineage tracing using transgenic mice

My preliminary data show that the expression pattern of KRT17+ cells in younger mice (week
4) display an interesting profile of sub-columnar reserve cells under the KRT8 in the
endocervix (Figure 3.9). This is similar to what | see in metaplastic cervical epithelium in
humans. Furthermore, KRT17+ ectocervical organoids were able to give rise to KRT8
secretory columnar organoids when cultured in ENR supplemented with PGE2 (Figure 6.5). In
my view, this suggests a plasticity of KRT17+ cells that | would like to further investigate.
Since the organoids derived from wild-type mice do not allow the analysis of stem and
progenitor cells progress. | chose to further explore the ability of KRT17+ cells to give rise to
the different lineages with lineage tracing techniques using transgenic mice. The use of in vivo
lineage tracing techniques allows labelling of cells and for cell clones to be followed over
extended periods of time. Two mice strains were tested to understand the role of KRT17+ in
the SCJ formation, Krt17Cre;Rosa26-tdTomato and K17CreERT2; ROSA26-ZsGreenl.

6.2.2.1 C57BL/6N-Krt17tmi(creCeruleamMurr/Grsy] X B6.Cg-Gt(ROSA)26SortmI(CAG-

thomato)Hze/ J

Little is known about how the cervical SCJ is maintained and the role of KRT17+ reserve cells
in the process of cervical metaplasia. In order to investigate the contribution of KRT17+ cells

in SCJ formation, I use the Cre/lox system in mice to label KRT17+ cells and to follow their
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progenies. To this end, two strains were used: Krt17¢/ceulean mice (JAX, #018151) and
ROSA26Sortm(CAG-tTomao) (JAX  #007909). Krt17¢e/celean mice contains Cre recombinase
and the cerulean variant of green fluorescent protein (GFP) driven by the endogenous keratin
17 (Krt17) promoter. ROSA26SortmI(CAG-tdTomaw) gontains the loxP site-flanked STOP cassette
in the Rosa26 locus and the red fluorescent protein variant tdTomato as a permanent genetic
mark. The cross of these two strains will result in Cre-mediated deletion of the floxed STOP
cassette in Krtl7+ cells. Therefore KRT17+ cells will be cerulean+ (GFP+) and tdTomato+
(TdT+). Whilst its progeny that no longer express KRT17 will only be TdT+ (Figure 6.6). This
would allow me to identify the differential pattern of gene expression in squamous, columnar
and SCJ cells, and will clarify reserve cells function, and establish whether these cells originate

from another cell type (e.g. endocervical).

Krt17creCeru\ean ROSA26Sor tm9(CAG-tdTomato)Hze
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Figure 6.6: Krtl7crefcerulean mjce crossed with Gt(ROSA)26SorimI(CAG-tdTomato) - Cre
recombinase and the cerulean variant of green fluorescent protein (GFP) driven by the
endogenous keratin 17 (Krt17) promoter, crossed with Gt(ROSA)26Sorm3(CAG-tdTomato)
which contains loxP-flanked sequence, when deletion of the floxed sequences in the Cre-
expressing cells of the offspring resulting in tdTomato fluorescence.

Krt17erefeerdlean stock were heterozygous for the Krtl7cre/cerulean allele, thus after the first
interspecies breeding, | detected both genomic Krt17 (WT) and Krt17¢re/cervlean (mytant) (Figure
6.7). To get the desired experimental animals, | selected mice with 460 bp band (mutant) to be

crossed in the next breeding round (more in methods section 2.2).
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To establish a homozygous colony for mice carrying Rosa-CAG-LSL-tdTomato-WPRE
conditional allele, 1 genotyped the first generation of bred animals of both wild type
(Gt(ROSA)26Sor locus) and mutant alleles (Rosa-CAG-LSL-tdTomato-WPRE) (Figure 6.7).
Later, | crossed animals with homozygous mutant alleles for both Krt17cre/cerulean and Rosa-
CAG-LSL-tdTomato-WPRE. The progeny of the crossing would carry both alleles allowing the
discrimination between the clonal progeny (TdT+) of neighbouring progenitor cells within the
same niche (GFP+) (Figure 6.6).

Krt17

tdTomato e R e e =

— i
GAPDH G R — - e —— B R DD W S N St St —" S—

Figure 6.7: Genotyping using ear notch of Krtl7cre;Rosa26-tdTomato mice, of both genomic Krtl7 (WT)
and Krt17erefeerulean (mytant). Animals 460 bp band (mutant) were selected for breeding. Genotyping of Rosa-
CAG-LSL-tdTomato-WPRE conditional allele, of both wild type (297 bp) and mutant (196 bp) alleles was done,
and animals with mutant allele were selected to be bred with mutant Krt17cre/cerulean

According to The Jackson Laboratory website, the tdTomato line may express low levels of
red fluorescence in the absence of Cre recombinase and that leakiness might be found in a
small subset of the animals. From my trials, I have found that the animals were very leaky
(Figure 6.8), leading to the whole body becoming pink (e.g. the skin of the limbs), this was
also recently reported by others (16).
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Figure 6.8: Krtl7cre;Rosa26-tdTomato mice showing GFP which is under the endogenous
promotor of Krtl17, and tdTomato (TdT) which a fluorescent protein marking KRT17 progeny
cells. GFP was seen in the stroma and not contained in the epithelium, whilst TdT was seen in the
vagina, cervix and some of the endocervical glands, scale bar=1000um for image on left hand-side,
100um for top-right and 50um for bottom right hand-side image.

To understand the contribution of KRT17-expressing cells (green), and their progeny (red) in
the morphogenesis of the murine cervical SCJ, | harvested the cervix of double positive mice
with both GFP from endogenous Krt17 promoter and TdT and validated the expression using
frozen sections. TdT expression was strong and can be seen without the use of an antibody,
however GFP signal was weak hence | used anti-GFP antibody to detect the expression pattern
(Figure 6.8). The green fluorescence was extensive in the stroma, and faintly in some of the
basal epithelial layers of the squamous epithelium. The red (TdT+) was in both the squamous
epithelium, and a large subset of the columnar (some glands were negative).

To investigate the phenotype seen in vivo, | harvested two 8-week-old mice cervixes and
carried out the digestion according to the previously described protocol (explained in methods
section 2.1.5). Next, | carried out Fluorescence-activated cell sorting (FACS) for green (GFP+)
and red (TdT+), this was done with the help of Dr. Nigel Miller from the flow cytometry facility
at our department. The cell populations with highest green and red fluorescence peaks (Double
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positive for GFP and TdT) were collected in one tube, and cell populations with highest red
fluorescence (TdT) only were collected in another (Figure 6.9). Subsequently, | plated murine
cervical organoids of both lineages in ENR-AF (ectocervical media) and ENR-P2
(endocervical media).

After cell sorting, | used the two populations (double positives and single positives) to derive
murine cervical organoids. Cell viability post sorting was low, thus | added Rock inhibitor
(Rocki) to increase cell survival as seen by our lab and others (17). Rocki was supplied to the
medium for the first three days post plating and organoids started to form at passage 2
(approximately 2 weeks).

The growth in both ENR-AF (ectocervical medium) and ENR-P2 (endocervical medium) had
a squamous phenotype. However, it did not resemble the squamous organoids derived from
wild-type mouse cervix. One of the main differences was complete absence of KRT8 cells, the
lack of lumen, and the formation of keratin pearl (squamous cells form concentric layers) this
was seen from both double positive coloured population (GFP+/TdT+) and single positive

population (TdT+) (Figure 6.10 and Figure 6.11).
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Figure 6.9: Sorting GFP and tdTomato from Krt17¢7¢;Rosa26T™at cervical digest. Top row is showing
a negative control sample (a) 488-SSC-H;488-FSC1-H to get rid of debris (b) 488-FSC1-H;488-FSC1-W to
get singlets (c) 561-579/16-H-10g;488-513/26-H-log to get the highest intensity. Bottom row contain a digest
from Krtl7cre;Rosa26-tdTomato (d) 488-SSC-H;488-FSC1-H to get rid of debris (e) 488-FSC1-H;488-
FSC1-W to get singlets (f) 561-579/16-H-log;488-513/26-H-log to get the highest intensity (g) 561-579/16-
H-comp;488-513/26-H-comp where the highest green and red signals were gated and sorted (n=3).
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Figure 6.10: Generation of ectocervical organoids from Krt17¢7¢;Rosa26' o™, Ectocervix
organoids (ENR-AF) from Krt17¢¢;Rosa26T°m° double positive population (GFP/tdTomato) and
single positive population (tdTomato). IF of columnar marker KRT8, squamous markers KRT17
and TP63 and proliferation marker MCM7. Both populations showed elements of squamous
differentiation, with the addition of keratin pearl formation in GFP/tdTomato, scale bar=100um.
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Figure 6.11: Generation of endocervical organoids from Krt17¢7¢;Rosa26tTomato,
Endocervix organoids (ENR-P2) from Krt17°¢;Rosa26™m® double positive
population (GFP/tdTomato) and single positive population (tdTomato). IF of columnar
marker KRT8, squamous markers KRT17 and TP63 and proliferation marker MCM?7.
Both populations showed elements of squamous differentiation, with the addition of
keratin pearl formation in GFP/tdTomato, scale bar=100um.
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6.2.2.2 Krtl17CreERT2 X B6.Cg-Gt(ROSA)26S0rtm6(CAG-ZsGreenl)Hze/ j

Since the Krtl7cre X Rosa-tdTomato did not show a clear distinctive pattern to answer my
question, | decided to move into a more tightly regulated transgenic model where Cre-mediated
recombination can be controlled not only via Cre/loxp but also through tamoxifen
administration. Using K17CreER™ mice (9), where the tamoxifen inducible Cre recombinase
(CreERT2) is expressed under the control of the mouse endogenous Krtl7 promoter. When
crossed with a fluorescent reporter mice, pulse and chase experiments can be performed under
the control of tamoxifen administration.

Here | used homozygous K17CreER™ mice (obtained from Dr David Owens lab), to be bred
with male hemizygous transgenic Ai6 (ROSA26-ZsGreenl) (JAX, # 007906) reporter mice
(gifted from Dr Stacey Efstathiou’s Lab), thus generating an inducible green reporter strain
(K17CreERT2;ROSA26RZsGreen) (Figure 6.12). This inducible system is useful to study Cre
subcellular localisation, perform lineage tracing analysis and track the fate of single KRT17-
expressing cells.

After crossing, | confirmed the presence of both ZsGreen mutant and the Cre via PCR on ear
biopsies (detailed in methods section 2.2.1.1.2) (Figure 6.13) and animals with the desired

genotype were then used to carry the tamoxifen induction experiment.
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Figure 6.12: K17CreER™ mice crossed with ROSA26-ZsGreenl. K17CreERT2
has tamoxifen inducible cre recombinase under the control of endogenous Krtl7
promoter, crossed with a fluorescent reporter mice Ai6(ROSA26-ZsGreenl) with
green fluorescent protein ZsGreenl.
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Figure 6.13: Genotyping using ear notch of
K17CreFRT2;ROSA26R=Creen  mice. Confirmation of both
ZsGreen mutant (199bp) and Cre (140 bp) was carried out on
ear biopsies of K17CreERT2;ROSA26RzsGreen mice.

According to the Jackson lab website, some ZsGreenl expression may be present prior to Cre
recombinase, but the ZsGreenl expression levels after Cre recombination are significantly
greater than those of baseline levels. To induce ZsGreenl expression in K17CreERT2;
Ai6(RCL-ZsGreen), | carried out mice intraperitoneal injections of 2 mg of tamoxifen (TAM)
(Sigma) or sunflower oil alone (vehicle) for control. Initially one or two doses of TAM were
given to mice (2 injections of tamoxifen with 24h in between) and collected after one or two
weeks. Subsequently, I used frozen sections to observe the number of green cells (ZsGreenl)
(see methods 2.5.2.2). The expression of ZsGreenl was strong and | was able to see it using
immunofluorescent microscope without the use of an antibody. The green cells in control
(vehicle only) were constricted in the squamous epithelium of the vagina and | did not detect
any in the cervix or the uterine horns (Figure 6.14). In mice injected with TAM, expression
level was not better when using 2 consecutive doses (data not shown). The green fluorescence
from 2 weeks post induction was more extensive than in the 1-week chase, and | was able to
detect ZsGreenl in the ectocervix, SCJ and few cells in the endocervix. In the 2-week chase
the endocervical glands appeared expanded, which could be a secondary effect of tamoxifen.
ZsGreenl expression was strong in the squamous epithelium whilst columnar cells were mostly

negative (Figure 6.14).
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Control 1 week 2 week
Figure 6.14: ZsGreenl expression in 2-weeks post tamoxifen induction. ZsGreenl expression was more
extensive than in the 1-week chase when examining KRT17+ cells in the cervix of K17CreERT2; Ai6(RCL-
ZsGreen) mice. The endocervical glands looked expanded in week 2, scale bar=500um.

6.3 Discussion

A question that is of importance to be addressed is whether KRT8+/TP63- endocervical
organoids have the same progenitor cell as the KRT17+/TP63+ ectocervical/SCJ organoids.
Although it was challenging to carry a clonal assay due to the squamous cells survival rate
when carrying a limiting dilution, | investigated the organoids expression at an early time point
(passage 1). During a premature state of murine cervical organoid development (passage 1)
both ectocervical organoids (ENR-AF) and endocervical organoids (ENR-P2) displayed co-
expression of columnar lineage marker (KRT8) and squamous lineage marker (KRT17), before
committing to one lineage at an advance passage number (~P3-4), which propose plasticity
potential.

To test the plasticity potential of KRT17 and KRT8 cells, | plated single cells from established
cultures of both ectocervical and endocervical organoids and | switched the media between the
two (i.e. endocervical in ENR-AF and ectocervical in ENR-P2) and followed the progress for
four passages before collection and IF staining. The ectocervical cells (KRT17+) in media that
favours the growth of columnar epithelium (ENR-P2) showed a shift in phenotype towards
secretory KRT8+ single cell layered organoids, whilst endocervical cells from endocervical

organoids (KRT8) in ectocervical media (ENR-AF) did not. This result favours the possibility
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of the dual fate capability of KRT17+ cells but not KRT8+ cells, however, further investigation

is needed to confirm the hypothesis.

To understand the role of KRT17+ cells in cervical regeneration and metaplastic process,
Krt17erefeerilean mice with Cre recombinase and GFP activated by endogenous Krt17 promoter
were crossed with ROSA26Sortm(CAC-tdTomato) \whjch contains loxP-flanked sequence. Cre-
mediated recombination will result in deletion of the floxed sequence resulting in the cre-
expressing cells (here Krt17+) progenies to express tdTomato. When examining the cervix of
Krtl7cre;Rosa26-tdTomato, GFP was found broadly in the stroma, and faintly in the basal
layers of the squamous epithelium, whilst tdTomato was in the squamous epithelium, subset of
the columnar epithelium of the endocervix and extensively in the skin of the mouse.

After cell sorting for GFP and TdT was carried out, two cell populations were collected,
GFP/TdT positive cells and TdT positive only cells. According to the reserve cell (KRT17+)
hypothesis, the double positive population (GFP+/TdT+) represent the progenitor dual-fate
population, whilst the single positive (TdT+) population is the progeny of the GFP/TdT cells,
hence we do not expect this population to produce endocervical/ectocervical organoids.
However, when | plated the two populations (double and single positives) in ENR-AF
(ectocervical medium) and ENR-P2 (endocervical medium), squamous growth was overtaken
even in ENR-P2, and the growth appeared abnormal when compared with organoids driven
from wild-type mice with the formation of keratin pearls in both double positive coloured
population (GFP/TdT) and single positive population (TdT).

This result indicates that neither of the starting populations (GFP/TdT and TdT) contained the
progenitors needed to sustain healthy long-term murine cervical organoids, possible cause is
that the FACS sorting was not accurate. Another is that the Krtl7cre;Rosa-tdTomato line

leakiness is compromising the precision of the experiment.

The usefulness of the Krt17CreERT2 line was explored after being crossed with a reported
ROSA26RZsGreen mice. Since this experiment was performed at the end of this PhD, a long-
term chase on this line was not done, thus I cannot fully evaluate the potential of the pulse/chase
using K17CreERT2 mice. Nevertheless, using K17CreERT2;Ai6(RCL-ZsGreen) mice |
examined the cellular dynamics of KRT17+ cells in the SCJ. ZsGreenl expression was present
prior to Cre recombinase, but none in the cervical epithelium, after Cre recombination the
ZsGreenl expression was significantly greater than those of baseline levels. The green
fluorescence of ZsGreenl was chased for 1 week and 2 weeks post tamoxifen induction. In
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week 2, the expression was more extensive and the ZsGreenl was seen in the ectocervix, SCJ
and few cells in the endocervix. Additionally, In the 2-week chase the endocervical glands
looked expanded, which is a possible effect of tamoxifen. Overall, the transgenic strain with
tamoxifen control (K17CreERT2 mice) were promising and showed better control of KRT17
induction compared to the Cre/loxp only (Krt17cre/cerulean) strain.

To further probe the cellular dynamics of the SCJ niche, selective genetic ablation (here for
KRT17 cell population) can be used if bred with a Cre-inducible Diphtheria toxin receptor
(DTR) (18), upon toxin administration, this approach will allow defects in murine cervix
development and homeostasis to be monitored in the absence of KRT17 cells. In
addition, crossing K17CreERT2 with Brainbow?2.1-confetti mice (19), here the administration
of tamoxifen would result in the ‘Brainbow2.1’ cassette being recombined exclusively in
KRT17-expressing cells allowing their fate to be followed.

One limitation that should be addressed in tamoxifen-induced Cre-recombination, is that
tamoxifen binds to estrogen receptor (ER), which can be challenging in a hormonally regulated
epithelium like the cervix. Tamoxifen can be both an agonist and antagonist of ER signalling,
depending on tissue type (20), thus understanding the effect of the dose on cervical epithelium

requires cautious assessment.
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Graphical summary for chapter 6

In this chapter, | use the established murine cervix organoids to examine dual fate ability of KRT17 reserve cells.
Additionally, | evaluate the use of lineage tracing techniques using transgenic mouse models to follow the fate of
KRT17+ cells within the cervix and understand their contribution in building aTZ.

1- Mouse cervix organoids of both lieage at passage - Next, | examined the ability of established
1, showed co-expression of columnar lineage marker lineages to switch fate when supplied with
(KRT8) and squamous lineage marker (KRT17) before the opposing lineage (i.e. squamous orga-
committing to either fate in P4. noids in columnar media and vice versa).

KRT17+ ectocervical organoids were able to
give rise to secretory KRT8 organoids but
endocervix organoids did not have the

_ Ectocervix organoids Endocervix organoids ability ot generate squamous organoids.

P4

onward
2- In Krt17Cre(GFP);Rosa26tdTomato a two colour « K17CreERT2 mice showed confined clonal
system was assessed, where Krt17+ cells would carry expansion of KRT17+ cells in the SCJ, detected
GFP (under Krt17 promotor), whilst their KRT17-prog- by ZsGreen reporter strain, even with a short-pe-
ony would express the red tdTomato. However, this riod genetic pulse chase (2 weeks) and low level

mouse background showed leakiness in tdTomato
expression, and KRT17 was seen extensively in the
stroma.

tamoxifen induction (one dose of 2 mg/ml).

1 week 2 week
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7 General discussion

High-risk Human Papillomavirus (HPV) causes cancer at a number of epithelial sites (1), but
the cancer rate in these sites varies. Cervical cancer affects over 500,000 women per year
worldwide and almost 100% of cervical cancer is caused by HPV (2). However, at the adjacent
vulva and vagina, HPV-associated cancer causes only around 20,000 cases per year (3). This
fact, combined with studies showing increased rate of neoplasia formation in different
transformation zones (TZ) including anorectal, oropharyngeal, corneal limbus and between the
endocervix and the ectocervix (4-7), raises the question of site-specific vulnerability for HPV-
driven cancers.

The reason for TZ regions susceptibility to HPV-associated cancers is poorly understood. In
order to understand how these infections can lead to cancer, there is a need to first understand
the normal biology of how the TZ is regulated. Knowledge about epithelial stem cell regulation
in TZ will not only help understand site homeostasis and repair, but also the progression of
disease and our current understanding is limited due to a lack of tractable systems to study the
human cervix.

The cervix is a complex epithelial structure, with two distinct epithelial lineages (columnar
epithelium of the endocervix and stratified epithelium of the ectocervix) meeting at the
sguamo-columnar junction (SCJ). After puberty, the anatomical change creates a need to build
a new protective squamous layer when the columnar cells of the endocervix get exposed to the
low pH of the vagina, also in response to local irritation (8,9). The columnar epithelium of the
endocervix is replaced by stratified squamous epithelium generating an area of transformation
(i.e. TZ) by the process of metaplasia (10). Metaplasia is meditated by KRT17+ sub-columnar
reserve cells (11). Reserve cells are a specialised type of cervical stem cells present under the
columnar epithelium close to the cervical SCJ (11). These cells are termed ‘reserved’ as they
have the ability to be induced during injury (12). The origin of reserve cells is still controversial.
Some believe they may originate from a population of cuboidal cells found at the SCJ (13),
whilst others have suggested that they might be derived from embryonic origins (14). More
recently, the possibility of reserve cells arising from the basal cells of the ectocervix has been
reported (15).

Evidence suggests that the consequences of HPV infection differ depending on the site of
infection. This was based on observations that correlated different biomarkers at different

stages of cervical neoplasia: HPV-encoded E4 protein (marks active virus production) and
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p16'™N%4 tumour suppressor protein (marks deregulated HPV). In high-grade lesions, E4 is
absent (abortive infection) and p16'™%% js extensive throughout the full thickness of the
epithelium whilst in low-grade lesions, E4 expression was increased and p16'™€% was lost
(16,17). This pattern was also confirmed using organotypic raft cultures derived from primary
human keratinocytes. These experiments showed that the infection of the basal epithelial layer
of stratified ectocervix results in a productive HPV infection (high E4, low p16'K4® in which
the life-cycle of the virus is supported (18). On the other hand, infection of the columnar cells
of the endocervix did not support the viral life-cycle, causing deregulation of viral gene
expression and the development of cancer (19,20). Herfs and colleagues have also pointed out
that the majority of high-risk HPV infections in the ectocervix do not progress to high-grade
lesions (21).

There is a need to understand how these epithelial sites are regulated and viral gene expression
may control genes in the specific sites where high-risk HPV types causes cancer. The aim of
my research was to contribute to the understanding of the epithelial homeostasis in the cervix
by exploring the utility of mouse models to study human cervical renewal dynamics and
metaplasia. Moreover, | optimised and generated an in vitro organoid culture system of the
murine cervix, which provides a tool to examine the local microenvironment that controls the
formation of the endocervix, the SCJ, and the ectocervix. This approach also offers a system
to explore the changes that drive metaplasia. Subsequently I use the knowledge from the mouse
model to optimise a human cervical organoid system. Since HPV only infects human cells (22),
human cervix organoids would provide a crucial HPV infection tool. Although conclusions
about the requirements for the long-term propagation of human cervical organoids have not
been drawn in this thesis, several steps that might pave the way have been described. Lastly, |
explored the utility of lineage tracing via transgenic mice, which will potentially allow the

understanding of the complex nature of the cervical transformation zone origin.

7.1 Cervical reserve cells - in human and mouse

Although the origin of reserve cells is still controversial, there have been several attempts to
characterise these cells using immunohistochemistry. In addition to their physical location
under the endocervical crypts, cervical reserve cells express KRT17, BCL-2 and TP63 (23).
The importance of cervical reserve cells is due to the hypothesis that they might be a possible
progenitor of both squamous and columnar epithelia lineages (23,24). Furthermore, reserve
cells are hypothesized as the target cell of cervical cancer (23). There has not been a clear

staging of the steps by which hyperplasia of reserve cells initiate the process of metaplasia. The
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results presented in this thesis (chapter 3) confirms the presence of a discrete population of
KRT17+ in the cervical TZ and shows the stages of reserve cell hyperplasia during cervical
metaplasia. When the TZ is being generated in the human cervix, reserve cells that reside in a
quiescent state (based on their low proliferative capacity) at the endocervix proliferates,
forming rows of cells that continue to build a new layer of squamous epithelium in a stage
termed immature metaplasia. Reserve cells continue to generate a fully mature stratified
squamous epithelium (mature metaplasia) which becomes indistinguishable from the
ectocervix and can only be recognised by the presence of endocervical crypts underneath.

A need for an in vivo model of cervical TZ is crucial to further understand the origin and
potential of the reserve cells. Thus, the utility of the mouse was investigated and the expression
pattern of KRT17+ cells in the mouse cervix was explored. Following the progress of KRT17+
cells in mouse cervix at two weeks post-birth, the cervix was underdeveloped and the SCJ was
not well defined KRT17 cells were at the basal layer of the vagina and in small, localised
colonies in the cervix (Figure 3.8). At week 4, a row of proliferative (marked by MCM7)
KRT17+ cells were seen under the columnar epithelium of the developing uterine horns (Figure
3.9). And by week 8, columnar and squamous lineages are histologically distinct, with KRT8+
columnar cells occupying the endocervical end and KRT17+ cells covering the ectocervix. The
two lineages meet in a junction where KRT17+ cells underlie columnar KRT8+ cells (Figure
3.10). The presence and pattern of KRT17+ reserve cells in the developing mouse cervical
epithelium (week 4) resembles what is seen in human metaplasia. This suggests a fundamental
similarity to the regulatory mechanisms that control the potential ability of the KRT17+ reserve
cells to differentiate into either a single layered columnar epithelium, or a multi-layered

epithelium of the squamous transformation zone.

Some anatomical and histological differences are apparent between the human and mouse
cervical epithelium, including the anatomical organisation of the uterine body and the
persistence of KRT17 expression in the ectocervix. KRT17 persistence across the stratified
epithelium in the mouse ectocervix, is possibly explained by the hypothesis that short-lived
rodents lack quiescent stem cells in their epithelia (25). The control of DNA damage, protein
translation and epigenetics all take a part in the quiescent stem cell regulation, evolutionary
adaptation for the long-lived animal (e.g. humans) vs short-lived ones (e.g. mice) might play a

role in the differences observed between the two species in regards to reserve cells (25).
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Based on the reserve cells staging and their characterisation using a series of lineage markers
of human cervical sections, evidence presented in this thesis support the hypothesis of the
reserve cells hyperplasia role in generating TZ. No specialised KRT7 cells were detected in the
TZ (Figure 3.6) and thus, no proof was found to support the KRT7 cuboidal cells theory. In
this theory described by Herfs and colleagues, a group of cuboidal cells marked by KRT7, are
at the SCJ and have the ability to give rise to a 'reserve cell-like' population underneath them
to initiate metaplasia (13). A possible reason for this discrepancy, is the small sample size
analysed in their study.

7.2 Organoid tissue culture models of the murine cervix

In order to establish a physiologically relevant model of the cervix to propagate and investigate
KRT17+ cells, | established murine cervical organoids. In chapter 4 | describe the culture
conditions that | optimised which allow the establishment and propagation of the two distinct
cervical epithelial lineages; endocervix and ectocervix starting from cells isolated from the
adult murine cervix. ENR-AF (ENR basal medium with the addition of A83-01 (TGFpi) and
FGF10), gave rise to stratified squamous epithelium, and ENR-P2 (ENR basal medium with
the addition of PGE2), generated secretory columnar epithelium.

The two cervical organoids showed distinct phenotypes that recapitulated each region of the
cervix. Endocervical organoids were secretory as they stained for mucins: MUC1 that is
expressed along the female reproductive tract and an endocervix-specific mucin, MUC5AC.
These endocervix organoids were positive for columnar marker KRT8 and negative for
squamous markers, as the endocervix in vivo. In contrast, ectocervical organoids recapitulated
the multi-layered epithelial phenotype in vivo and were positive for squamous markers KRT17
and TP63, whilst they were negative for secretory markers. The endocervical and ectocervical
identity of the organoids was confirmed by a genome-wide transcriptional analysis by

microarray to compare them to the in vivo tissue.

One of the key questions in the regulation of the different regions of the cervix is to define the
signalling pathways involved in maintaining the columnar epithelium and those that instead
drive stratification. The culture conditions | defined for the endocervix and ectocervix
organoids provide insight into the nature of these signalling pathways. I found that TGFf and
CAMP signalling via PGE2 were important for the derivation and long-term maintenance of
endocervix organoids. This is in agreement with transcriptional analysis of in vivo endocervix

as | found that it was enriched in genes of the TGF-p as well as BMP signalling pathways:

144



Inhba, Smad2, Bmpl and Bmper. Furthermore, the endocervical organoids express high levels
of Cftr, a cCAMP-activated protein and Pde7b, a cCAMP regulator. | also found that Fzd7 a
receptor for Wnt was detected in the endocervical mouse epithelia from the transcriptional
analysis (chapter 4, section 4.2.6.2). Although | do not add Wnt in the medium for endocervical
organoids, Rspondin-1, a ligand for LGR receptors which amplifies Wnt signalling, is present.
For the ectocervix organoids on the other hand, inhibition of TGFB and activation of
FGFR2I1Ib pathway was crucial for their long-term propagation and maintenance. In the
ectocervix, Fgfr3 was detected in the in vitro transcriptional analysis of ectocervical organoids,
whilst the stromal analysis showed Fgf2. Notch pathway ligands Notchl, Notch 3 and Jag?2
were detected in the ectocervical organoids. This agrees with reports on the involvement of the
Notch pathway in the human cervix, with cleaved Notchl reported extensively in the parabasal
layers of the ectocervix (18). Additionally, the transcriptomic analysis of the murine cervix
showed expression on D114, one of Notch ligands. The effect of interfering with Notch pathway
was investigated in the ectocervix organoids. y-secretase inhibitor (DAPT) was added, and the
effect was followed for 4 days. At day 2, the stratification was restricted to no more than 3
layers, and at day 4 post y-Secretase inhibitor addition, no sign of stratification was detected
(Figures 4.30). The single layered sphere-like organoids were positive for both squamous
epithelium marker KRT17 and columnar marker KRT8 (Figure 4.31). This verified the
importance of Notch pathway in the ability of ectocervical organoids to build a multi-layered
epithelium. A key follow-on experiment is to investigate whether the KRT8/KRT17 cells were

an unstratified ectocervical cells or there was a change in cellular fate.

A key finding from the transcriptional analysis of mouse cervix organoids was the
identification of a cell-surface marker NGFR (Nerve Growth Factor Receptor, or P75) in
ectocervical organoids. In addition, when | examined the transcriptional analysis of cervical
stroma (derived from in vivo), | found that NGF was highly expressed. P75 is the receptor for
NGF and is a marker of progenitor cells in many epithelia, including: the basal cells of the
normal oesophageal epithelium (26), laryngeal squamous epithelial cells (27), oral (28) and
corneal keratinocytes (29). Furthermore, P75 is expressed in the human embryonic stem cell
line derived from blastocysts (30). To my knowledge there have been no reports of P75
expression in the cervix, thus it was interesting to investigate the pattern in both mouse and
human cervix. Using Immunofluorescence, P75 was seen at the basal layer of squamous

epithelium of the ectocervix/TZ and in reserve cells in both humans and mice, with similar
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pattern in ectocervical (ENR-AF) organoids (chapter 4, section 4.2.6.4.1). P75 might open the
possibility to sort for basal squamous cells/reserve cells.

Krt5 was one of the markers highly expressed in the transcriptional analysis of in vitro
ectocervix organoids (section 4.2.3). This was an interesting finding, since it is one of the
markers reported for the progenitor cells in the transitional columnar epithelium of the
oesophagus (31). Thus, I examined whether KRT5 and KRT17 are co-expressed. In mouse
cervix, KRTS5 stained the ectocervical stratified squamous epithelium in a similar pattern to
KRT17, in both young (weeks 3-4) and in adult mice (week 8), with KRT5 under the KRT8
columnar cells of SCJ (Figure 4.21). The same expression pattern was found in mouse cervix
organoids. The mouse ectocervical organoids showed positive KRT5 at the basal layer, whilst
endocervical organoids were negative for KRT5. In the human cervix, KRT5 expression is
different from KRT17 as KRT17 is mostly negative in the basal squamous layers of the
ectocervix and is only induced physiologically upon a metaplastic event. KRT5 however, was
found in the squamous basal cells of the ectocervix (not shown) and in the reserve cells at the
transformation zone (TZ) (Figure 4.23), unlike KRT17 which was reserve cells specific in the

human cervix.

Although mouse endocervix organoids were mostly negative for KRT17, there was an
occasional KRT17+ cell in a number of the developing endocervix cultures. This raised the
question about the commonality of origin of endocervix and ectocervix organoids and whether
one lineage can undergo transdifferentiation. When examining early time points (passage 1)
during the establishment of organoids in chapter 6, both mouse ectocervical organoids and
mouse endocervical organoids co-expressed columnar lineage marker (KRT8) and squamous
lineage marker (KRT17) (Figure 6.1), before one lineage dominates at a later stage (~P3-4),
this was also seen in human cervix organoids (chapter 5). This was an interesting observation
as it suggests a common progenitor. The co-expression of these markers has not been reported
before.

My results on the co-expression of the columnar and squamous lineage markers suggests that
the cells may have dual fate ability, thus | examined whether each mouse cervical organoid
lineage (endocervix and ectocervix) is able to switch fate when changing the
microenvironment. Endocervical organoids were cultured in ectocervix/stratifying medium
ENR-AF, whilst ectocervical organoids were supplied with endocervix- medium ENR-P2.
Cells from ectocervical organoids were capable of giving rise to KRT8+, TP63-, secretory

organoids (MUC1 and MUC5AC). However, the endocervix did not thrive in the ectocervix
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organoids medium and did not stratify. This supports the dual fate potential of KRT17 cells,

however, further lineage tracing experiments must be carried out to confirm this finding.
7.3 Establishing the human cervix organoid model

HPV is able to replicate and complete its life cycle only in human cells. Thus, to be able to
study HPV-associated neoplasia and cancer progression, the establishment of cervix organoids
which are derived from humans is crucial. Generation of an in vivo infection model of columnar
or stratified organoids, will allow a first insight into the pathways that simultaneously regulate
cell fate and viral gene expression. I initially used the culture conditions for growing mouse
cervix organoids to grow human cervical organoids. However, they were not able to sustain
growth of cells isolated from the human cervical samples, so | have extensively optimised the
derivation method by culturing cells isolated from different locations of the cervix (endo, SCJ
and ectocervix). Derivation from both endocervix and SCJ has generated preliminary growth,
but not the ectocervix. A possible explanation is that the majority of the layers in the ectocervix
are terminally differentiated, thus multiple ectocervical pieces might be required to have an
adequate basal/parabasal layers.

After gradually building knowledge of culture media growth factors using several optimisation
steps (chapter 5), the combination that showed the best cell survival rate (6-7 passages) was
ENR-AF (A83-01, FGF10) with the addition of HGF, PGE2, Nicotinamide and FGF2. TGF-$
inhibition via A83-01 was key for culture survival, and the addition of Nicotinamide increased
the number of spheroids. FGF2 helped achieving relatively long-term growth, and the
combining effect of PGE2, Nicotinamide and HGF increased the number of spheroids
substantially. The generated sphere-like organoids were single layered and had both columnar
(KRTB8) and reserve cell marker (KRT17).

Recently, a human cervical organoid protocol was reported (15). In this publication, the growth
of endocervical organoids required Whnt activation, this agrees with the presence of Wnt in the
endocervical transcriptional analysis data presented in chapter 4 (section 4.2.3). In the other
hand, Chumduri et. al, reported that the derivation of squamous lineage required the activation
of Notch signalling, in agreement to what | see in transcriptional analysis of ectocervical
organoids with expression of Notch pathway ligands Notchl, Notch 3 and Jag?2.

Chumduri and colleagues, propagated endocervical organoids in a media that contained
Wnt3A, Rspondin-1, Noggin, Nicotinamide, EGF, FGF10, SB431542 and Y-27632. Whilst
ectocervical organoids required Noggin, Nicotinamide, EGF, FGF10, SB431542, Y-27632,
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Forskolin and Hydrocortisone to be propagated. | have followed this protocol and endocervical
organoids growth was substantially increased in this media condition, however, not for long-
term (9 passages). Ectocervical organoids were more challenging to expand, one reason could
be the high concentration of Rock inhibitor (Rocki) Y-27632 in the media, from personal
observation, extending the exposure of cervical organoids to Rocki leads to the formation of
squamous pearls (keratin pearl), which are difficult to passage and expand, resulting in cell
death. In addition to finding the correct microenvironment and tailor the culture media, another
reason for the challenge in maintaining the human cervical organoids for long-term is the fact
that organoids are self-renewing, therefore, the presence of the tissue-resident stem/progenitor
cells in the digest is crucial. Although Chumduri and colleagues did not investigate the
expression of KRT17 in the cervix, they identify the basal squamous cell with KRT5. KRT5
was one of the highly expressed markers in the transcriptional analysis of in vitro ectocervix

(section 4.2.3). Further work is yet needed to have a long-term cervical organoid culture.

7.4 Lineage tracing using transgenic mice

The cervical TZ is rich in KRT17+ reserve cells which have been speculated to be the stem
cells of the cervix (23). Although the organoid model is useful in many aspects including the
study of signalling and infectivity in vitro, it is limited when it comes to investigating the
developmental aspects of cervical epithelial formation. As | have seen a hyperplasia-like
pattern of KRT17+ cells in a mouse SCJ development time-course (Figure 3.9), in addition to
KRT17+ ectocervical organoids having the ability to transdifferentiate giving rise to KRT8
secretory columnar organoids (Figure 6.5), further investigation was needed to confirm that
KRT17+ reserve cells are indeed the stem cells of the cervix. Therefore, | have taken an
additional approach by using in vivo lineage tracing mice.

Genetic labelling in vivo can shed light on cell fate determination during development, and
dynamics of stem and progenitor during tissue homeostasis and repair. The utility of two strains
were examined, Krt17¢mCFP);Rosa26!Tmale gnd K17CmERT2; AjgRCL-ZsCreen)  Both strains had
Cre under the endogenous Krt17 promoter, however in K17°"ERT2 the Cre/loxp system is under
the control of tamoxifen induction as well. Similar approach has been applied in studying
Barrett’s metaplasia in the oesophageal SCJ (31).

In Krt17¢(CFP);:Rosa26'97mat 3 two colour system was assessed, where KRT17+ cells would
carry GFP (under Krtl7 promotor), whilst their KRT17-progony would express the red
tdTomato. However, this mouse background showed leakiness in tdTomato expression, and

was dismissed after several organoid derivation experiments (chapter 6, section 6.2.2.1).
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K17CrefRT2; Aig(RCL-ZsGreen) \where Cre-mediated recombination is activated via tamoxifen
administration. After one dose of tamoxifen and two-week chase only, the expression was seen
extensively with ZsGreenl seen in the ectocervix, SCJ and few cells in the endocervix.
Although the full advantage of the mouse background was not fully evaluated due to the fact it
was carried at the end of my PhD, the system showed potential with reliable and confined
induction. This system if crossed with a mouse strain with ‘Brainbow2.1’ cassette, would

present a great tool to follow KRT17+ fate (more in 7.5.2).

7.5 Future Perspectives

7.5.1 Future directions of cervical organoids technology

In this project, | was able to generate a robust organoid model from mice, both endocervix and
ectocervix. These organoids were utilised to understand the signalling that derives the different
lineages in the cervix and uncover novel markers in the site. There is still much to learn
however about the cervical epithelial regeneration, maintenance, and differentiation.
Combining organoid technology with CRISPR/Cas9 gene editing present a way to address
many of these questions. Site-specific targeting with CRISPR/Cas9 can be used to modify a
genetic locus of interest to further investigate a specific transcription factor.

Several additional observations from my work suggest the utility of the organoid system to
explore other biological processes. For example, the transcriptional analysis of mouse
endocervix showed Foxjl a marker of ciliogenesis, which is directly regulated via Wnt
signalling (20), thus these organoids might present a robust model for studying ciliogenesis in
vitro which is still poorly understood. Additionally, Esrl estrogen receptor was detected in the
transcriptional analysis of the cervix (chapter 4). Evidence suggests the involvement of
estrogen signalling in HPV-derived carcinogenesis in the cervix (36). On the contrary, the role
of progesterone in the pathogenesis of cervical disease lacks in knowledge. Thus, the reported
cervix organoids could provide an in vitro tool to investigate the responsiveness of cervix
organoids to hormones and their interaction with different signalling pathways (e.g. Wnt).
Cervical organoids contain the epithelial compartments of the tissue only and therefore lack
some of the cellular complexity. The immune system components play a key role in the
homeostasis and function of the cervix. And the fate of HPV clearance or pathogenesis is
determined by the immune response (37). Additionally, signalling between epithelia and the
stroma guides the pathways that regulated the tissue homeostasis. Recently, an epithelial-

mesenchymal co-culture model of the endometrium was developed with both cell types being
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functionally responsive to hormones (38). The study of cellular interactions with multicellular
organoid co-culture systems such as fibroblasts, epithelial cells, and immunes cells can offer
depth of how the pathogens behave in their native host environment.

Although conclusions about the requirements for the long-term propagation of human cervical
organoids have not been drawn in this thesis, the trials and the combinations described might
open the way for the generation of human cervix organoids. The addition of organoid
technology to the experimental models for the study of the human cervix would be a useful
tool for the propagation and maintenance of primary cells that recapitulate the original tissue
both healthy and pathological. Additionally, human cervix organoids would provide an in vitro
infection, and with combination with single cell technology, it would offer a new method to
identify the target cell of the HPV abortive infection (Figure 7.1).

Columnar
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Figure 7.1: A potential method to understand the target cell of HPV abortive infection. Infection of Human
cervical organoids derived from anatomically normal cervix using GFP-tagged HR-HPV genome.

Squamous

7.5.2 Future directions of mouse lineage tracing

My initial evaluation of K17CrefR™ (32) mice were encouraging, even though | did a short-
period genetic pulse chase trial (2 weeks), low level tamoxifen induction (one dose of 2 mg/ml)
showed confined clonal expansion detected by ZsGreen reporter strain. This will provide the
tools to explore the role of KRT17+ population in the cervical epithelial development in mice.
Additionally, organoids generated from KRT17 labelled mice will enable FACS isolation of
KRT17 cells, this will help us determine the cell origin of the phenotypes observed in my
generated murine organoids. Furthermore, the possibility of crossing Krt17Cre®R™ with

Gt(ROSA)26SorimH(CAC-Brainbow2 1)Cle confetti mice (33) would be valuable in understanding cell-

fate disputes in the cervix. Also, crossing Krt17CreER™2 and G¢(ROSA)26Sor™ “*F M mice
(34) will allow conditional expression of the diphtheria toxin receptor (DTR), to promote the

selective ablation of the KRT17 cell population upon toxin administration (32,34). This
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approach will permit defects in murine cervix development and homeostasis to be monitored
in the absence of KRT17 cells.

Genetic fate-mapping studies using lineage-specific strains were applied in other systems
including the mammary gland. R26<°":R26"ERT2 mouse model was used to analyse clonal
progeny of luminal (KRT8/18) or basal (KRT5/14) lineages reviled unipotent progenitors that
give rise to ductal morphogenesis (35). Additionally, a similar approach was utilised by Jiang
and colleagues with the use of Krt7CrefR72in their oesophageal cancer studies. And given that
KRT?7 cervical cuboidal cells are reported as one of the possible origins of reserve cells, the
use of these mice in addition to Krt17Cre®R™ would allow real-time comparison of the two

hypotheses.

7.6 Conclusion and final word

In this dissertation, | use a combination of in vivo and in vitro methods to address the role of
reserve cells in normal cervical epithelium homeostasis and in HR-HPV infections. 3D murine
cervical organoid model was generated with two distinct microenvironments to grow both
endocervix and ectocervix organoids. This in vitro system was then utilised to investigate the
signalling pathways responsible for the regulation of the two different cervical lineages i.e.,
endo- and ectocervix. Merging the in vitro and in vivo data allowed the uncovering of signalling
pathways such as Wnt for the regulation of the endocervix, and Notch for maintaining the
ectocervical epithelium. Additionally, the established organoids were combined with lineage
tracing techniques to investigate how the cervical transformation zone in formed and
maintained. At the end of this thesis, steps were taken to optimise human cervix organoids.
Human cervix organoids would open doors to construct models for infectious diseases.
Moreover, it would permit a future protocol that involves the use of co-culture techniques,

allowing the study of how different cell types interact with the cervical epithelium.
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Appendix

Supplementary table 1: The top 100 differentially expressed genes showing between the two in vitro
systems (endo and ectocervix organoids). The average of the ectocervix organoids (Av.0.5q) and the
endocervix organoids (Av.0.Col). The adjusted p-value is the FDR corrected or Benjamini-Hochberg
corrected p-value and the logFC is a log2FC.

Gene logFC P.Value adj.P.Val Av.0.5q Av.0.Col
Krt13 -9.72511  1.56E-10 1.77E-06 16.12626  6.401153
Olfmi2a -7.79605  1.67E-08 4.16E-05 12.67836  4.882305
Psca -8.72827  1.74E-08 4.16E-05 13.46778  4.739502
Cysrt1 -7.08621  1.85E-08 4.16E-05 13.26015  6.173948
Trim29 -8.45371  2.51E-08 4.16E-05 14.11829  5.664581
Krt15 -8.98837  3.63E-08 4.16E-05 15.58407  6.595698
D030025P21Rik -4.55957 3.88E-08 4.16E-05 9.247187 4.687617
Palld -5.02271  3.95E-08 4.16E-05 12.84649  7.823778
Stk26 -6.88624 3.98E-08 4.16E-05 11.81469 4.928446
Zfp750 -5.75581  4.01E-08 4.16E-05 12.30725  6.551442
Gpr87 -8.66116 4.02E-08 4.16E-05 14.7939 6.132746
Tmigd1 -9.04901  5.32E-08 4.91E-05 13.69509 4.64608
Col17a1 -7.37139  5.72E-08 4.91E-05 12.80757  5.436177
Tslp -6.96311 6.8E-08 4.91E-05 12.07574 5.112625
Grhi3 -6.62866  6.89E-08 4.91E-05 14.05512  7.426461
Sncg -8.3132 7.38E-08 4.91E-05 13.87746  5.564258
Hmgal -3.88658  7.64E-08 4.91E-05 14.49103  10.60445
Snai2 -6.89553  7.77E-08 4.91E-05 13.18871  6.293181
Tmprss11b -7.28042  8.75E-08 5.23E-05 11.9732 4.692781
Hmga1l-rsi -3.17051  1.06E-07 6.03E-05 15.04579  11.87529
Serpinb2 -7.28741  1.11E-07 6.03E-05 12.99131  5.703903
Dapl1 -8.12427  1.31E-07 6.78E-05 13.94654  5.822274
Krt6a -4.26414  1.61E-07 7.96E-05 16.00617  11.74203
Agp3 -7.69133  1.85E-07 8.75E-05 14.18568  6.494349
Bicc1 6.389574  1.98E-07 9E-05 6.058188  12.44776
Pppiri8 -3.58347  2.23E-07 9.74E-05 10.1862 6.602725
Chit1 -6.57351  2.53E-07 0.000107 12.5162 5.942691
Fscnl -7.43218  2.73E-07 0.000108 11.51161 4.07943
Psapl1 -5.9523 2.86E-07 0.000108 13.03997  7.087669
Pkp1 -6.85758 2.9E-07 0.000108 14.21552  7.357945
Nccrpl -8.27014 3E-07 0.000108 13.45362 5.18348
Dse -5.86676  3.07E-07 0.000108 11.22331  5.356549
Tfap2c -4.10532  3.15E-07 0.000108  8.693167  4.587844
Bcl11b -5.02032  3.28E-07 0.000108  9.478504  4.458186
Dsc3 -8.0091 3.31E-07 0.000108 13.31415  5.305052
Gm3776 -5.25344  3.95E-07 0.000125 13.10872  7.855277
Lrmp -5.52343  4.28E-07 0.000131 10.19681  4.673388
Krt17 -7.69618  4.96E-07 0.000146 14.3097 6.613525
Fat2 -6.4413 5.13E-07 0.000146 11.44792  5.006619
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Fgfr3
Pepd
Antxrl
Tpom2
Sprria
Ltbp2
1133
Tgfbi
Ly6d
Pde7b
Ggtl
Rab7b
Artn

9130230L23Rik

Arhgef9
Sox15
Clip4
Jag2
Dennd2c
Pvrll
Mmp15
Prkca
Serpinb10
Magat3
Chst15
Vsnl1
Bmp7
Cftr
Mgp
Sfn
Tmprssllg
Trp63
Camk1d
5100014
Sh3bp1
Calmi3
Efs
Ngfr
Lynx1
Rundc3b
Ifi202b
Six1
Art4
1d2
Prss27
Lypd2
Rgsi2
Etnppl

-5.47273
2.581172
-6.56149
-6.22641
-3.99493
-5.19981
-3.13399
-7.24619
-7.34705
4.458631
3.306158
-4.32007
-4.44836
3.624459
-4.75899
-6.49212
-7.51897
-5.97635
-4.16749
-6.75396
-4.87148
-3.73293
-7.78548
-5.76155
-6.4795
-4.44058
-5.70668
5.917443
-7.54906
-3.90876
-6.23981
-8.91359
-4.48264
-6.95491
-5.78758
-6.54627
-5.20541
-7.60678
-4.12984
2.75129
-6.22485
-6.00134
-7.1516
-3.29929
-4.94596
-8.55941
-4.15357
8.327505

5.19E-07
5.28E-07
5.64E-07
6.08E-07
6.22E-07
6.9E-07
6.94E-07
7.65E-07
8.64E-07
9.43E-07
9.55E-07
9.88E-07
1.07E-06
1.16E-06
1.22E-06
1.3E-06
1.3E-06
1.33E-06
1.42E-06
1.47E-06
1.48E-06
1.49E-06
1.53E-06
1.54E-06
1.6E-06
1.66E-06
1.69E-06
1.72E-06
1.78E-06
1.87E-06
2.21E-06
2.23E-06
2.24E-06
2.25E-06
2.3E-06
2.32E-06
2.36E-06
2.51E-06
2.57E-06
2.6E-06
2.64E-06
3E-06
3.12E-06
3.55E-06
3.78E-06
4.01E-06
4.03E-06
4.59E-06

0.000146
0.000146
0.000153
0.000161
0.000161
0.000171
0.000171
0.000185
0.000205
0.000217
0.000217
0.00022
0.000235
0.000248
0.000258
0.000264
0.000264
0.000266
0.000278
0.000278
0.000278
0.000278
0.000279
0.000279
0.000283
0.00029
0.000292
0.000292
0.000297
0.000307
0.000351
0.000351
0.000351
0.000351
0.000351
0.000351
0.000353
0.000371
0.000374
0.000374
0.000375
0.000422
0.000433
0.000487
0.000511
0.000533
0.000533
0.0006

156

13.71226
10.38743
11.55893
12.89805
9.896606
10.99643
10.74192
13.19664
14.66125
5.724183
6.67234
10.65386
9.863556
6.874243
9.893386
11.87407
12.61621
10.86257
10.56291
12.4383
11.8476
11.4356
13.75774
11.9834
11.10445
12.93812
9.539555
6.697869
13.65604
14.72422
13.69793
15.52927
10.3059
14.58335
12.73145
14.64283
9.637947
13.54601
12.16022
5.391825
11.4243
14.19172
11.61357
14.84742
11.00385
14.01632
10.55595
5.552892

8.239531
12.9686
4.99744

6.671638

5.901678

5.796622

7.607932

5.950445

7.3142

10.18281

9.978498

6.333793

5.415198
10.4987

5.134399

5.381957

5.097236

4.886219

6.395425

5.684338
6.97612

7.702674
5.97225
6.22185

4.624954

8.497537

3.832877

12.61531

6.106975

10.81545

7.458119

6.615681

5.823265

7.628443

6.943872

8.096563

4.432539

5.939232

8.030381

8.143114

5.199442

8.190373

4.461967

11.54813
6.05789
5.45691

6.402384
13.8804



Gsta2 -5.22872 4.7E-06 0.000607 13.76483  8.536103
Adgrf4 -6.74212  4.81E-06 0.000614 11.84894  5.106818
Duox1 -3.45448  5.15E-06 0.000647 7.846993  4.392511
Evpl -2.88047  5.18E-06 0.000647 11.41037  8.529895
Apobecl -4.65699  5.43E-06 0.00067 11.40029  6.743301
Gpd1l 3.601412  5.48E-06 0.00067 7.467776  11.06919
Cdc42ep3 -3.18962  5.58E-06 0.000675 13.1555 9.965883
Sardh 2.809624  5.76E-06 0.000689 6.070017  8.879641
Tshr 4.155837 5.9E-06 0.000694 6.501197  10.65703
Pardég -4.77009  5.92E-06 0.000694 14.0943 9.324212
Clic3 -5.29139  6.08E-06 0.000706 10.6193 5.327914
Whnt10a -3.79195  6.42E-06 0.000737 8.814681  5.022731

Supplementary table 2: The top 100 differentially expressed genes between the two in vivo regions.
Average ectocervical expression (Av.ecto) and average endocervical expression (Av.endo). The adjusted
p-value is the FDR corrected or Benjamini-Hochberg corrected p-value and the logFC is a log2FC.

Gene logfFC P.Value adj.P.Val Av. ecto Av. endo
Krt5 -10.1548  2.13E-08 0.000247  14.70786  4.553088
Krti3 -9.38236 4.64E-07 0.002614 15.53054 6.148184
Krt14 -10.5064  6.78E-07 0.002614  16.17942  5.673054
Ppbp -8.21937  9.67E-07 0.002638 14.3468  6.127424
Ly6d -7.99611  1.14E-06 0.002638  14.66008 6.663975
Krt15 -7.60867  1.85E-06 0.003563 13.10096  5.492286
Clip4 -3.56217  3.93E-06 0.006498  11.24683  7.684657
Dsc3 -5.67445  8.89E-06 0.012843 10.4156  4.741148
Krt6a -7.40072  1.15E-05 0.01476 14.90483  7.504108
Dapl1 -5.9915 1.45E-05 0.016813 10.81022  4.818718
Trp63 -4.92366  2.02E-05 0.019584  11.57292  6.649263
Gpr87 -5.23031  2.03E-05 0.019584  11.46851  6.238204
Sptssb -6.13241  2.34E-05 0.020824  10.88416  4.751749
1119 -5.98739  3.47E-05 0.026452 12.59842  6.611024
Dsg3 -5.51401  3.56E-05 0.026452  11.51402  6.000005
Mxd1 -2.67184  3.72E-05 0.026452  11.27851  8.606666
Apod -3.83298  3.89E-05 0.026452  12.96873  9.135742
Zfp750 -2.8718 5.21E-05 0.033471  8.411354  5.539553
Vsnl1 -2.63065  6.31E-05 0.038403  8.006004  5.375358
Serpinb10 -4.03111  6.98E-05 0.040367  9.261128  5.230022
Olfm4 -7.92327  7.36E-05 0.040492  12.02243  4.099159
Prss27 -5.56456  8.06E-05 0.042353 10.77013  5.205576
Muc13 -4.22376  8.51E-05 0.04277 8.881944  4.658182
Tmprss11b -5.78993  9.39E-05 0.045249  10.22853  4.438601
Aqp4 -3.34975  0.000118  0.053372  8.553492  5.20374
Calmi3 -5.61057 0.00012 0.053372 12.56711  6.956535
H1rn -3.84963  0.000126  0.053814  10.33088  6.481252
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Ly6k
Anxa8
Epyc
5100a8
Cxcl5
Ucpl
Six1
Tuba8
Mmp12
5100a9
Hcar2
Crabp2
Srd5al
Cidea
Duoxal
Cox8b
Akrici8
5100014
Wnt2b
Csf3r
Lypd2
Tgml1
Cstal
Tmem255a
1810032008Rik
Cd300If
Aldh3b2
Argl
Spink5
Tmprssllg
Serpinb11
Trim29
Perp
Ppplr3b
Aqgp3
Krtio
Scel
Ecm1
Myrf
Cox7al
H1r2
Slc5a9
Gnal5
Sprria
Pkp1
Aqp7
Dnah7b
Fam25c

-2.71316
-4.27345
-3.051
-5.18555
-4.34079
-9.18904
-3.0173
-3.3737
-3.51016
-3.93709
-2.30555
-2.3863
-3.56807
-4.99742
-3.09784
-4.03477
-4.76678
-5.9918
1.705011
-3.9129
-5.11401
-4.55427
-4.97024
2.171386
-1.20777
-2.16714
-3.37261
-6.65237
-5.86371
-6.10314
-6.62704
-4.81628
-3.20458
-1.99419
-3.56443
-5.29972
-4.56663
-1.58516
1.455257
-4.0812
-3.98452
-2.11994
-1.56511
-3.31242
-4.65705
-2.10572
0.987278
-6.65884

0.000133
0.000144
0.000144
0.000147
0.000161
0.000176
0.000199
0.00021
0.000215
0.000216
0.000238
0.000355
0.000367
0.000382
0.000445
0.000503
0.00051
0.000564
0.000606
0.000607
0.000632
0.000662
0.000683
0.000695
0.000714
0.000765
0.000844
0.000849
0.000967
0.000969
0.001081
0.001095
0.001102
0.001114
0.00114
0.001184
0.001406
0.00146
0.001505
0.001509
0.001532
0.001627
0.001687
0.001844
0.001874
0.00195
0.002004
0.002032

0.054748
0.054748
0.054748
0.054748
0.05805
0.061791
0.067594
0.067594
0.067594
0.067594
0.0724
0.105126
0.106085
0.10764
0.122457
0.13411
0.13411
0.144795
0.149315
0.149315
0.152238
0.156181
0.157653
0.157653
0.158646
0.166941
0.17855
0.17855
0.19647
0.19647
0.211142
0.211142
0.211142
0.211142
0.212581
0.217348
0.253944
0.259632
0.260297
0.260297
0.260482
0.272548
0.27868
0.300232
0.300856
0.308813
0.310127
0.310127
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7.971848
13.67095
8.013888
10.73942
8.567906
14.05424
11.35892
10.10439
10.25199
11.41585
8.476224
13.82293
12.96868
9.421613
9.712521
14.41718
10.75121
10.69662
8.08135
10.75963
10.22556
12.01738
9.564552
9.179322
9.3536
8.709232
9.98216
13.40518
11.46029
12.8779
13.02857
9.778037
14.33805
9.825757
10.03636
12.18759
11.48704
11.39136
9.84342
12.85075
9.425019
8.163463
7.483093
8.576912
10.58041
11.35139
7.104595
11.50433

5.25869
9.397499
4.962888
5.553869
4.227113
4.865204
8.341623
6.730694
6.741827
7.478761
6.170674
11.43663
9.400612
4.424194

6.61468
10.38241
5.984439
4.704822
9.786361
6.846722
5.111552
7.463115
4.594317
11.35071
8.145827
6.542092
6.609551
6.752809
5.596578
6.774763
6.401531
4.961759
11.13346

7.83157
6.471936
6.887869
6.920416
9.806201
11.29868
8.769555
5.440499
6.043522
5.917979
5.264494
5.923366
9.245667
8.091873
4.845491



Serpinb5 -3.30859  0.002039 0.310127 11.66419  8.355596
Pagr9 -1.00165  0.002099 0.315223 7.674808  6.673155
Agp9 -2.43575 0.00223 0.330574 8.654248  6.218496

Fgf1 2.165795  0.002263 0.331214 9.16346 11.32925
Krt4 -4.0252 0.00242 0.349715 8.79558 4.770384
Cds1 -1.50279  0.002467 0.349827 8.764495  7.261707
Atpla3 -1.03312  0.002488 0.349827 7.690108  6.656984
Adgrf4 -1.63362  0.002513 0.349827 7.921143  6.287522
Scnnlb -1.12824  0.002542 0.349827 7.772854  6.644614
Abat 1.050038 0.002581 0.35106 10.46907 11.51911
Cspg4 -1.20234  0.002635 0.354259 8.325654 7.12331
Cyp2f2 -4.18009  0.002813 0.373823 10.7988 6.618702
Zfp462 1.130907  0.003031 0.398143 6.592448  7.723356
Clca3b -4.89234  0.003149 0.407657 12.05609  7.163749
Kng2 1.199484  0.003174 0.407657 7.409484  8.608968
Plk3 -1.12971  0.003231 0.41053 7.864749  6.735044
Ift80 1.103939  0.003477 0.433959 7.864574  8.968513
Lypd3 -4.51728  0.003491 0.433959 9.118521 4.601243
Slc4a8 1.626077  0.003753 0.461538 7.204305  8.830381
Firt1 1.7679 0.00391 0.47587 8.008332  9.776232
Grhl3 -2.98989  0.003987 0.47634 10.15014  7.160245
Rab44 -1.57302  0.003997 0.47634 7.960775 6.38775
Dusp4 -1.10754  0.004038 0.47634 9.481561  8.374024
Dmkn -5.47088  0.004168 0.482518 12.93538 7.4645

Supplementary table 3: Venn comparison of in vivo samples using the stroma to filter out signature
markers. The venn diagrams were generated by taking the results file (for each comparison respectively)
and only looking at the genes with an adjusted p-value of <0.05. Then the genes were categorised as
either upregulated or downregulated based on their logFC.

Epithelial signature vivo 1 (ecto) vivo 2 (endo) stromal
specific specific signature
MUP12 MUP8 INHBA CDKN2A
GM2083 CCL21B SERPINE1 FBLN2
RETN MUP13 ANKRD1 CH25H
MUP1 GM1987 VGLL3 TNFSF15
MUP2 SMIM22 SERPINB9B LRRC32
THRSP HBB-BT BRINP1 COL11A1
PDZK1IP1 CES1D ASB5 NOV
MUP7 CHDH APLP1 VCAM1
FERMT1 MYO3B H60B NGF
HBB-BS RAB25 HS6ST2 PCDH19
MUP19 GRB7 SLC1A6 CPT1C
GM13304 HPGD CCK FSTL3
ccLzic GRHL2 FAM198B PTPRN
GM10591 CCL21A BDNF SESN2
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CDH1
ORM1
CLDN7

CD74

PCP4

EPCAM
HBA-A2
4833423E24RIK
ADGRG7
HBA-A1
CORO2A
CLEC3B
SERPINAIE
ESRP1
EHF
CFD
FXYD3
LGALS12
ADIPOQ

CRB3
DGAT2

ALOX15
CAPSL

RBP4

KCNK1
FAMS84A
CBR2
CLDNZ23
KCTD12
PDLIM3
PLBD1

CAR3

GPD1
LAMA3
PTPRC
MAL2
GPR160
BC048679
SLC1A1
DLX5
SLC39A4
PPARGC1A
PTGER3
SPRR2F
WFDC15B
DENND2D
IFITM1
CASP1

DLX6
RGS2
NTRK2
ST14
TMEM45B
PAX2
ADIG
CD300LH
MACC1
EPB41L4B
RETNLA
ABCD2
ANPEP
CXCL17
SLC35F2
SALL1
MOB3B
ADH1
ITGB6
MUC1
H2-EB1
AMY1
PLIN1
MYO5B
AW112010
RXFP1
TMEM54
ENPP3
CELSR1
CBLC
WFDC2
ACP5
PPL
NAIP5
FCGR2B
SPINT1
TSPAN1
NET1
APOBEC3
MAL
GYLTL1B
PLCH1
ADGRG1
CD209F
KRTCAP3
AIM1
TACSTD2
AOX3

BMPER
HTR2A
KIRREL
GPR176
BASP1
FOLH1
COL4A1
CAR6
9030617003RIK
MRC2
FGF7
HTR1B
AEN
FOXF1
IL6
P4HAL
FSCN1
DBN1
BMP1
PSRC1
WISP1
ADORA2B
GPC4
FSD1
DDIT3
P3H1
COL4A2
FBLN7
THBS1
OLR1
ANO3
AZIN2
CHPF2
LAYN
SPG7
ST3GAL2
MARK4
GRIA3
LOXL2
CPXM1
MAP3K7CL
ADAM19
EPB41L3
MDM2
PDZRN3
E2F1
CRLF1
CHST12
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RENBP
LTBP2
COL5A2
LHFP
CCL2
EFEMP2
BC022687
CYP1B1
ELFN1
TRNP1
FAM214B
DDIT3
LOXL3
AVPR1A
TIMP1
SYNPO
AGA
GATSL3
FLYWCH1
FADS3
CD80
FGF2
AKAP2
MXRA7
P4HA2
MFGES8
SERPINE2
NPY1R
ADRA1D
CTSK
SSC5D
LRRC27
CSF1
HOMER3
LOX
NR2F1
UCHL1
DDAH1
ANGPT4
PAPPA
TMEM150A
PLEKHF1
SLC6A8
HHAT
GLIPR2
CCND2
MPP1
CNN2



FOLR2
MRC1
ACSL1
CYP2E1
ST6GALNAC2
CHPT1
LIPE
SLC23A1
KRT19
ESR1
PAX8
TMPRSS2
SLC44A4
ASPA
AlF1
H2-AB1
GMFG
GM11710
AKRI1C19
CLDN3
IRF6
BCL2L15
CIDEC
CYBRD1
SMOcC1
BSPRY
PLEKHS1
FXYD4
EPSTI1
EGFL6
ACVRIC
TNFSF10
LTF
TUSCS

COX8B
COL6A4
MUP3

A530016L24RIK
SORL1
LRRC17
TRF
PLEKHH1
Lyz1
SLA
PLET1
SCD1
TIP3
SLC16A6
CCDC141
CYBB
AP1M2
AQP1
CbOo1
FGL2
EPB41L4A
ALDH1A7
CD36
ATP1A2
BARX2
FMO1
PSD
GCNT3
CCR2
F13A1
NCF4
KIF5C
BLNK
CAR5B
VNN3
LCN2
PDIK1L

AU021092
CD86
SH3BGRL2

PLOD3
ADAMTS14
HTATIP2
PARP3
PCOLCE
CCL7
CDKN2B
ADAMTS5
PDPN
NEK6
PHLDB2
UGCG
FN1
VAX2
FKBP10
SLIT3
COIL
TRIB3
MCFD2
PALM2
FLOT1
THBS2
FHL2
FST
PPEF1
ZYX
PRMT2
ARSA
PLPPR2
GRB14
INF2
GDF6
HSPG2
FBN1

B3GALT1
FzD7
ATP6VOD1

161

WBSCR17
FIBIN
RND1
CDH2
KCND1
NCS1
RCN2
SRXN1
PLPPR2
PDIAS
MLLT11
FEZ2
PPP1R18
ASAP3
PDRG1
TCAF2
CREB3
ASB6
GREM1
PTRH1
FAS
FHL3
TMEM19
NQO1
DOKS5
CYB5R1
TULP3
SNTA1
ADAM15
AGBL2
MGMT
CRYAB
ITGAS

TMEM181C-
PS
TCEA3

JPH1
DKK2



