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Abstract

Following the discovery of human embryonic stem cells (hESC), much effort has focused on
their in vitro differentiation to therapeutically relevant cell types. Tissue recombination
technology enabled recombination of embryonic stem cells with organ specific mouse
mesenchyme for organogenesis in vivo. These differentiation strategies have also enabled
researchers to gain an insight into human organ development previously not possible. The aim of
this study was to establish a model of human female reproductive tract (FRT) epithelium to gain

a better understanding of its development.

A two-stage method was developed that recombined hESC with neonatal mouse uterine
mesenchyme (nMUM) for development in vitro and then in vivo. In vitro recombination
experiments showed that hESC-derived embryoid bodies (EBs) from two separate human
embryonic stem cell lines (ENVY and MEL-1) fused together with nMUM as a recombinant
structure in vitro. Following transplantation of the recombinant grafts in vivo into NOD.SCID
mice, nMUM was able to direct hESCs to differentiate into epithelial structures (simple
columnar ciliated epithelium) within small teratoma-like growths. The established model
required further modifications to improve success rate. More importantly, a detailed

characterisation was required to confirm the identity of the hESC derived epithelium.

To increase the reproducibility of the established model, exogenous growth factors (BMP4 and
Activin A) were added in vitro to enhance hESC survival. A new strain of severely
immunodeficient mice was used for hosting recombinant grafts to increase viability of hESC in
vivo. A comprehensive characterisation of the established model was carried out from the earliest
stage of hESC differentiation (day 3 in vitro) to 8 weeks after transplantation by
immunohistochemical and molecular methods. The expression of a panel of morphological (cilia,
columnar/cuboidal morphology, CK18) and functional markers (Estrogen receptor, Ki-67 and
Glycodelin A) confirmed that by week 8 of in vivo incubation, hESC derived FRT-like
epithelium (surrounded by mouse uterine stroma) had characteristics similar to human adult
upper FRT epithelium of the oviduct or endometrium. At early in vivo stages (week 2 and 4),
temporally regulated expression of developmental homeodomain transcription factors
(HOXA10, PAX2) recapitulated key events during FRT organogenesis. Moreover, nMUM was

demonstrated for the first time to induce formation of primitive streak-like cells and upregulate



X

mesoderm/endoderm gene expression in differentiating hESC-derived embryoid bodies (EBs) in

vitro.

Using the established hESC-derived FRT model, the ontogeny of a particular transcription
factor, LIM1 was examined. The expression of the LIM1 protein in the hESC-derived FRT
model instigated a novel investigation into the expression of LIM1 into human adult uterine
tissue as well as human endometrial cancer cell lines. The findings of this investigation
contradicts a previous notion that Liml is not expressed in adult FRT. Interestingly, the
evolutionarily conserved expression of Liml was also detected in neonatal and adult mouse

uterus using immunofluorescence and real time polymerase chain reaction (PCR) methods.

Based on evidence of the inductive capabilities of the nMUM mentioned above, a microarray
investigation was conducted to identify genes coding for mesenchyme-derived growth factors
involved in hESC differentiation. Connective tissue growth factor (CTGF) was identified and
confirmed by immunofluorescence and real time PCR in the nMUM. The presence of
endogenous CTGF in the recombinant EBs, however, further complicated the investigation.
Functional analysis into endogenous CTGF in the EB and the action of exogenous CTGF
revealed that the production of the growth factor is dependent on initial formation of primitive
streak-like cells in the EBs. Furthermore, CTGF may be involved in epithelial-mesenchymal

transition (EMT) as well as mesoderm differentiation in EBs.

The model established in this study provides a platform for future studies to explore various
aspects of human FRT development, or as an alternative strategy for hESC differentiation using
organ specific animal mesenchyme. The model may one day be used to study the detrimental
effects of endocrine disruptors on human FRT development. Furthermore, the presence of the
Lim1/LIM1 in adult reproductive tract shows the persistent expression of yet another
developmental homeodomain transcription factor in the adult mouse and human uterus, further
highlighting the complex transcriptional factor network regulating adult endometrial

remodelling.
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CHAPTER 1 Introduction
1.1 Development of the Millerian duct and uterus

The Miillerian ducts give rise to the uterus late in gestation. Little is known about the events
preceding the formation of the Miillerian ducts. Much of what is known about fetal and postnatal
Miillerian duct and uterine development comes from animal models. Few studies have examined

the development of the human Miillerian ducts.

1.1.1 Origin of the Mllerian Ducts

A series of events during early embryogenesis lead to the formation of precursors of the
Miillerian ducts. At one of the earliest developmental stages, during gastrulation, the primitive
streak gives rise to the lateral plate mesoderm [1]. The lateral plate mesoderm separates into
somatic and splanchnic mesoderm, the former subsequently contributes to the formation of the
coelomic epithelium of pericardium, pleura and the peritoneum whilst the latter contributes to
formation of internal organs [2]. After folding of the embryo, the parietal peritoneum of
coelomic mesothelial origin covers part of the intermediate mesoderm that gives rise to the

pronephros, mesonephros and metanephros Figure 1.1 [1, 3].

Previously, it was thought that the Miillerian ducts derived entirely from the Mesonephric duct s
(Wolffian ducts) [4-6]. Recent studies using both lineage tracing in chicken and mouse explants
[7], as well as genetic fate mapping in mice [8], indicated that the Miillerian ducts was in fact a
derivative of the coelomic epithelium as illustrated in Figure 1.1-1.2. Similarly, in human,
endometrial epithelial cells expresses a coelomic epithelial marker Cancer Antigen 125 (CA125),
suggesting that human female reproductive tract (FRT) epithelium is also a coelomic epithelial
derivative [9]. In contrast to the Wolffian ducts (an intermediate mesoderm derivative), the
Miillerian ducts are therefore a lateral plate mesodermal derivative because the coelomic

epithelium (mesothelium) is formed from the lateral plate mesoderm.
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Figure 1.1 Coelom formation from the lateral plate

The primitive lateral plate (yellow) mesoderm are a group of mesenchymal cells is located lateral to the
somite/intermediate mesoderm (IM) (grey) and between the ectoderm and the endoderm. Subsequently it
splits into the two cell layers: the somatopleural (somatic) mesoderm (Smt-m; pink) underlying the
ectoderm and the splanchnopleural (splanchnic) mesoderm (Spl-m; blue) adjacent to the endoderm. After
folding of the embryo, the lateral-most portions of the lateral plates eventually close at the ventral
midline. The somatopleure (lateral ectoderm + Smt-m) forms the outer body wall, whereas the
splanchnopleure (lateral endoderm + Spl-m) develops to produce internal organs. The space between the
somatopleure and splanchnopleure is the coelom. The coelomic epithelium (pink dotted line) covers the
intermediate mesoderm (IM). Adapted from Funayama et al 2007 [2] with permission from The
Company of Biologists.

1.1.2 Three phases of the Mullerian duct formation

Development of the Miillerian ducts comprises of three stages [8], consisting of 1) initiation, 2)
invagination and 3) elongation stages (Wolffian ducts dependent) Figure 1.2. During the
initiation phase, the coelomic epithelial cells adopt a Miillerian fate as a result of Lim homeobox
protein 1 (Liml) expression in the epithelium [10]. The specified epithelium then invaginates

caudally towards the Wolffian ducts [10, 11].

The Wolffian ducts are essential for the elongation of the Miillerian ducts after invagination of
the coelomic epithelium. Interruption or degeneration of the Wolffian ducts disrupts Miillerian
duct development [12-14]. Anatomical evidence further demonstrates the dependence of the
Miillerian ducts on the Wolffian ducts for elongation. Following invagination, the Miillerian

epithelium extends caudally in close association with the Wolffian epithelium. At the caudal tip
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of the Miillerian epithelium, both epithelia are in physical contact separated only by the
basement membrane [8]. Similar observations were made in human fetal tissue where the
basement membranes of the two ducts are also in close contact (Figure 1.3) [15]. Despite the
reliance on the Wolffian ducts for elongation, the Miillerian duct cells proliferated as shown by
Brdu uptake and histone H3 immunostaining indicating that Miillerian duct extension was

achieved by proliferating cells rather than migrating cells from the surrounding tissue [7, 8].
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Figure 1.2 Three phase model for Millerian duct development

Phase 1, the coelomic epithelial cells are specified to become the Miillerian duct cells. Phase 2,
the coelomic epithelial cells invaginate caudally towards the Wolffian ducts. Phase 3, the
Miillerian duct meets the Wolffian duct and extends further caudally under the Wolffian duct’s
guidance towards the urogenital sinus. Blue cells; the mesoepithelial Miillerian duct cells, red
cells; proliferating Miillerian duct precursor cells, brown cells; the coelomic epithelial cells,
yellow cells; the Wolffian epithelial cells. Abbreviations: ce; coelomic epithelium, md;
Miillerian duct, wd, Wolffian duct. Adapted from Orvis et al 2007 [8] with permission from
Elsevier.

Figure 1.3 Human Mdllerian duct and Wolffian duct

Sagittal sections of a male Carnegie stage 18 embryo showing the caudal end of the Miillerian
duct. The Miillerian and Wolffian ducts are enclosed by a common basement membrane. M,
Miillerian duct; W, Wolffian duct. Arrow head points to coelomic epithelium. Adapted from
Hashimoto 2003 [15] with permission from John Wiley and Sons.
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1.1.3 Formation of the uterus from Miillerian ducts

The process of elongation ends when the proliferating tip of the Miillerian duct joins the
urogenital sinus. Both the Wolffian and Miillerian ducts are found in developing embryos. In
male embryos, the regression of the Miillerian ducts is governed by the activation of the Sex
determining region Y (Sry) gene on the Y chromosome which functions to develop testes from
undifferentiated male gonads. Sertoli cells in the testes secrete testicular hormones such as the
anti-Miillerian hormone (AMH) also known as Miillerian inhibiting substance (MIS) which
triggers the regression of the Miillerian ducts [16]. By contrast, in females, without the Y
chromosome or Sry gene activation, the ovaries develop in place of testes. The Wolffian duct
degenerates in the absence of testicular hormones whilst the Miillerian ducts develop into the

oviducts, uterus, cervix and upper segment of the vaginal canal [17]..

There is substantial variation in the anatomical features of mammalian FRT [17, 18]. This
difference is mainly attributed to the level of fusion of the Miillerian ducts during development
(Figure 1.4). The human Miillerian ducts fuses at more anterior regions (at the uterine level)
forming a simplex uterus (Figure 1.4C), whilst mouse and pig Miillerian ducts fuse at more
posterior regions (at the cervical/vaginal level) and form a bipartite uterus (Figure 1.4B). In
larger quadrupeds such as cows and horses, the Miillerian ducts fuses in a region between that of
human and rodents, resulting in the formation of a bicornuate uterus (Figure 1.4D) [17]. In all
cases, the fused region forms the utero-vaginal duct consisting of the uterus, cervix and vagina.

The non-fused region of the Miillerian ducts differentiates into oviducts and infundibulum.
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Figure 1.4 Mammalian female reproductive tract
Adapted from Kobayashi et al 2003 [17] with permission from Nature Publishing Group.
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Much of what is known about regional differentiation of the FRT during development derives
from rodent models. During the prenatal stage of FRT development in rodents, the Miillerian
ducts undergo unique cytodifferentiation along its anterior — posterior axis (molecular
mechanism regulating this is discussed in the following section), however, each region remains
morphologically indistinguishable at around E16 — 18 and only begin to show histological
differences during the postnatal development (Figure 1.5) [19].

Fetal Neonatal

Figure 1.5 Differentiation and maturation of the mouse Mullerian ducts

During fetal development, the Miillerian duct appears uniform and undifferentiated. The vaginal
mesenchyme (VgM) secretes factors (red arrows) to induce the Miillerian duct epithelial cells to commit
to a vaginal epithelial cell fate. The uterine mesenchyme (UtM) secretes factors (blue arrows) to induce
the Miillerian duct epithelial cells to commit to a uterine epithelial cell fate. In the neonate, mesenchyme-
derived growth factors continue (red and blue arrows) to induce epithelial differentiation. Epithelial cells
begin to show morphological features specific to the vaginal epithelium (VgE), cervical epithelium (CvE)
and uterine epithelium (UtE). In the adult, the boundary between these different regions is clearly defined.
The squamo-columnar junction (SCJ) (red arrowhead) defines the junction between the UtE and
VgE/CvE. Adapted from Kurita et al 2001 [19] with permission from Elsevier.

1.1.4 Maturation of the uterus

In addition to anatomical differences in the FRT between mammalian species, the maturation of
the uterus (in particular the process of adenogenesis) also differs significantly between species.
The maturation of the Miillerian ducts, in particular, the uterine segment of the FRT, is

summarised in detail for several species in the following section and illustrated in Figure 1.6.
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Figure 1.6 Time line highlighting key events during postnatal uterine adenogenesis in
mammals

Abbreviations: GD, gestational day; PND, post natal day. Adapted from Spencer et al 2005 [20] with
permission from Springer.

1.1.4.1 Laboratory rodents

Maturation of the Miillerian ducts in rodents (mice and rats) occurs soon after birth and is
completed before the onset of puberty. From postnatal day 1 (P1), regional patterning of the
utero-vaginal tube occurs and is demonstrated by the expression of distinct markers in the
epithelium of each segment (uterus, cervix and upper vagina), under the control of mesenchymal
paracrine signals [19, 21-23]. In the neonatal uterus, there are 3 layers of undifferentiated
mesenchymal cells destined to form the endometrial stroma (radially orientated inner
mesenchymal layer), inner circular and outer longitudinal myometrial layers [24]. Uterine
adenogenesis is the process of gland formation in the uterus which occurs concurrently with
uterine mesenchymal differentiation [25]. Rodent uterine adenogenesis begins between P5-7,
characterised by the formation of glandular epithelial buds invaginating from the uterine luminal
epithelium into the underlying stroma. Formation of simple tubular endometrial glands is
complete by P15 in rodents [26, 27]. Morphological features defining the region anterior to the
uterus occurs from P5-10, where ciliated epithelial cells are observed in the oviductal epithelia.

The mucous secretory cells differentiate from P23 [28, 29].
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1.1.4.2 Domestic Animals

Similar to rodents, neither pigs nor ruminants (sheep, cattle, and goats) have a fully developed
uterus at birth. Porcine and ovine endometrial glands are not visible until P7 [25, 30, 31].
However, the ovine vagina, cervix and oviducts exhibit histological maturity at birth [32-34].
After glandular epithelial budding around P7, coiling of the nascent glands occur followed by
branching. The branching morphogenesis of the uterine glands continues until functional

maturity at P120 in the pig and histological maturity at P56 in the sheep [25].

1.1.4.3 Humans

Unlike rodents and domestic animals, much of the human Miillerian duct epithelial
differentiation is complete at birth [35]. Ultra-structural and light microscopy analyses of human
fetal tissue suggest that endometrial glands can be found in the uterine mucosa from as early as
16-20 weeks of gestation. In addition, epithelial features resembling the adult endometrium were
also observed, including pseudostratification and ciliation [36-38]. At birth, endometrial glands
are sparse and limited to the adluminal stroma [25]. Complete maturation of the human

endometrium is not reached until puberty.



CHAPTER 1 8
1.2 Molecular genetics of Mullerian duct formation

The formation of the Miillerian ducts occurs in three stages (Section 1.1.2); specification,
invagination and elongation (Figure 1.2) [8]. Numerous homeodomain transcription factors and
signalling molecules critical to each stage of the Miillerian duct formation have been described

in mouse and human female reproductive tract (Table 1.1).

1.2.1 Homeodomain transcription factors

Lim homeobox protein 1 (Liml) encodes for a homeodomain transcription factor required for
Miillerian duct formation since Lim1-null mutant mice lacked Wolffian and the Miillerian ducts
[10]. During FRT development, Lim1 is first expressed in the invaginating coelomic epithelium
on the surface of the mesonephros around E11.5 [10]. Female mouse chimera assays revealed
that cell-autonomous expression of Lim1 is required for Miillerian duct formation [10]. However,
the persistent expression of Liml in the presumptive oviducts and uterine segments during late
embryogenesis suggest it may also have a role in Miillerian duct differentiation [10]. Conditional
inactivation of Liml in the Wolffian duct epithelium triggers its degeneration, ultimately
disrupting development of the Miillerian ducts indicating its involvement in the maintenance and

elongation of the Miillerian ducts [12].

Paired box gene 2 (Pax2) encodes for a homeodomain transcription factor found in the
epithelium of both the Wolffian ducts and Miillerian ducts. Pax2-null mutant mice lack kidneys
and the FRT [14]. In contrast to the Liml-null mutant mice phenotype, both the Wolffian and
Miillerian ducts are initially formed in the Pax2-null mutants. In fact, the Miillerian ducts in
Pax2-null mutants extended to the same level caudally as the Miillerian ducts in wild type
embryos around E13.5. Lack of FRT seen in the Pax2 knockout mouse model is a result of
degeneration around E16.5 indicating its role in elongation and maintenance of the Miillerian
ducts [14]. Similar to Pax2, Empty spiracles-like protein 2 (Emx2) encodes for another
homeodomain transcription factor expressed in both the Miillerian and Wolffian duct epithelium.
Emx2-null mutant mice lack both sexual ducts as a result of their degeneration, indicating a

similar role for Emx2 in Miillerian duct elongation [13].

Recently, another transcription factor has been implicated in Miillerian duct formation.
Hepatocyte nuclear factor 1-beta (HNnflb) or Tcf2, encodes for a homeodomain transcription

factor found in the epithelium of many organs during development including the kidney [39].
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Numerous reports have documented FRT malformation (bicornuate and didelphys uterus,
Miillerian aplasia) in patients with renal anomalies showing mutations in the TCF2 gene
indicating its role in Miillerian duct development [40-42]. In addition to those mentioned above,
the transcription cofactors Dachshund homolog 1/2 (Dach 1/Dach2) have been detected in the
developing Miillerian ducts. The combined Dachl/Dach2 knockout mouse model demonstrated
defects in the Miillerian development associated with abnormal expression of Liml, indicating

their involvement in Miillerian duct development [43].

1.2.2 Signalling molecules

Wnt genes encode for secreted glycoproteins homologous to the Drosophila segment polarity
gene wingless (Wg). Wnt proteins have pivotal roles in embryogenesis, tissue growth,
differentiation and epithelial-mesenchymal interaction in many organs including the FRT [44-
46]. Wnt signalling is mediated via activation of cell surface receptors known as Frizzled (Fz)
followed by downstream cytoplasmic events that result in accumulation of nuclear p-catenin
which regulates gene transcription [47]. Recent studies have demonstrated its role in fetal and

postnatal development of FRT in various mammalian species [48-51].

Wnt4 is expressed in the coelomic epithelium and mesenchyme surrounding the Miillerian ducts
[11, 52]. Wnt4-null mice (both sexes) contain a normal male reproductive tract whilst missing a
FRT indicating a role for Wnt4 signalling in Miillerian duct formation [11]. Coincidentally, a
female patient presenting with FRT agenesis also had a mutation in the Wnt4 gene [53].
Furthermore, Lim1" coelomic epithelial cells in Wnt4-null mutant mice failed to invaginate
suggesting that during development, Wnt4 is required for invagination rather than specification
of coelomic epithelial cells into a Miillerian fate [10]. Wnt9b plays a minor but critical role in the
elongation of the Miillerian ducts. It is expressed in the Wolffian duct epithelium in both sexes
from E9.5-14.5. Whilst, the Wolffian duct phenotype appears to be normal in Wnt9b mutant
mice, Miillerian duct elongation is interrupted, suggesting that the Wolffian ducts guides

Miillerian ducts extension via Wnt9b signals [54].

In addition to Wnt signalling, other developmental signalling molecules such as retinoic acid
(RA) and the gene, discs, large homolog 1 (DIghl) have been implicated in Miillerian duct
formation. Whilst RAaf receptor (RAR) double mutants lacked Miillerian ducts [55], DIghl-null

mutants exhibited vaginal aplasia suggesting its role in Miillerian duct elongation [56]. Finally, it



CHAPTER 1 10

has recently been shown that the PI3K/AKT signalling pathway is also involved in elongation of
the Miillerian duct emphasising the complexity of the Miillerian duct development [57].

In summary homeodomain transcription factors and signalling molecules play crucial roles in the
formation of the Miillerian ducts in the mouse embryo. Similar molecular pathways also

contribute to functional differentiation of the developing Miillerian ducts.
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Table 1.1 Genes involved in formation and patterning of the Mullerian ducts
Abbreviations: CE, coelomic epithelium; FRT, female reproductive tract; GE, glandular epithelium; H, human; M, mouse; MD, Miillerian

11

ducts; ME, Miillerian epithelium; MM, Miillerian mesenchyme; NE, not expressed; UE, uterine epithelium; UM, uterine mesenchyme; US,

uterine stroma

Gene Symbol

Liml
Pax2
Emx2
Foxa2
Dachl
Dach2
Wnt4
Wnt5a
Wnt7a

Wnt9b

Wntl1

Wntl6
RARa,B,y

Digh1
HoxalO
Hoxall

Hoxal3

Spatial/temporal expression of genes in mouse and human

Fetal (M) Neonatal Adult (M)
(M)
CE, WE, ME - NE
CE, WE, ME - -
WE, ME - -
N/A - GE
MD, WD -
MD
CE, MM UM UM
ME, MM UM UM
ME UE UE
WE -
- UE UE
- UM UM
WE NE -

Co-linear expression along the Anterior-Posterior
axis of ME/MM

Adult (H)

UE

UE/US
UE/US

Knockout phenotype

No FRT
No FRT
No FRT
Infertile, lack uterine glands
Malformed FRT, disorganised uterus lack lumen and gland,
vaginal aplasia
No FRT
Malformed posterior FRT, lack uterine glands
Posterior homeotic transformation of the uterus, lack uterine
glands
Lack uterus and upper vaginal canal

Lacked Miillerian ducts (aff mutants), uterine body and cranial
vaginal canal (off and ay mutants)
Cervix and vagina aplasia
Anterior homeotic transformation of the uterus
Partial anterior homeotic transformation of the uterus, reduced
uterine gland
Lack caudal FRT
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1.3 Molecular genetics of Mullerian duct differentiation: region
specific cell fate determination

Much of what is known about the differentiation of the Miillerian ducts comes from mouse
models [17]. Compartmentalisation or region-specific patterning of the Miillerian ducts along the
anterior-posterior (A-P) axis requires interaction between the Miillerian duct epithelium and the
adjacent mesenchyme. Governing this process of segmental patterning during the mammalian

Miillerian duct differentiation are the Hox and Wnt gene families.

1.3.1 Hox genes and Millerian duct differentiation

The Hox gene family consist of 39 genes organised in four clusters (Hoxa to Hoxd) encoding for
homeodomain transcription factors involved in establishment of metazoan body plan during
embryonic development and differentiation [74]. Specific cell fates along the FRT are dictated
by the positional information encoded in the Hox genes. As illustrated in Figure 1.7, the
Abdominal-B (Abd-B) like Hox gene family (including Hoxa 9-13 and Hoxd 9-13) are
“colinearly” expressed in the mouse Miillerian mesenchyme along the A-P axis with overlapping
regions during differentiation [70]. Genetic studies in mice demonstrated that inactivation of any
one of these genes led to alterations in regional identity. For instance, the uterus in Hoxal0-null
mutant mice displayed coiled morphology resembling the oviducts, suggestive of an anterior
homeotic transformation [69]. Anatomical changes suggestive of anterior homeotic
transformation also occurred in the uterus of Hoxall-null mutant mice [71]. When Hoxall was
replaced with Hoxal3, a posterior homeotic transformation of the uterine epithelium to vaginal-
like epithelium was observed [75]. Furthermore, Hoxal3-null mutant mice lacked the distal

portion the Miillerian ducts suggesting its involvement in duct formation [73].
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HOX code of the Developing Miillerian System
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Figure 1.7 Hox gene expressions in FRT
Adapted from Du and Taylor 2004 [76] with permission from John Wiley and Sons.

1.3.2 Wnt signalling pathway

In addition to Miillerian duct formation, the Wnt signalling pathways also plays a critical role in
Miillerian duct cell fate determination and postnatal uterine development. Wnt5a-null mutant
mice have a malformed uterus and therefore dispensable for cell fate specification of the
Miillerian ducts but required for proper differentiation into the uterine phenotype [62]. Neonatal
uterine columnar epithelial cells in Wnt7a-null mutant mice exhibit uterine differentiation
markers indicating that Wnt7a is also dispensable for uterine cell fate determination [35, 66, 77].
However, the absence of Wnt7a in the neonatal uterine epithelium results in down regulation of
several key transcription factor and signalling genes including Hoxal0/11, Wntb5a, forkhead box
protein A2 (Foxa2), Leukemia Inhibitory Factor (Lif), homeo box, msh-like 1 (Msx1) and Wnt16
in the neonatal uterus ultimately leading to abnormal epithelial and stromal development [62, 63,
65]. Morphologically, no uterine glands were observed in Wnt7a-null mutant mice and Wnt7a
conditional knockout model. Furthermore, a gradual posterior homeotic transformation occurred

over time in these models where uterine epithelium transformed into squamous epithelium [63,
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65]. Squamous metaplasia of the uterine epithelium may also be triggered by the ovarian steroid
hormone, estrogen, experiments in postaxial hemimelia mice (a spontaneous Wnt7a-null mutant
strain) further underscored the role Wnt7a in “stabilisation” of the uterine epithelial cell fate [35].
Furthermore, conditional inactivation of B-catenin in the uterus induced expression of p63
(marker of vaginal basal epithelial cells [78]) in the uterine epithelium of adult mice [79].
Similarly, conditional inactivation of Wnt4 also induced p63 expression implicating the
canonical Wnt/B-catenin signalling pathway in the maintenance of uterine epithelial identity

[30].

In contrast to the mouse, no mechanistic studies have ever been conducted on fetal human FRT
tissue to dissect the molecular mechanisms involved in the development of the human Miillerian
ducts. With advent of genetic technologies, numerous genes have been associated with particular
phenotypes ranging from vaginal atresia, persistent Miillerian ducts in the male, formation of
vaginal septum to the most severe case of complete uterine aplasia seen in human patients. These
genes include TCF2, LIM1, AMH, Anti-Millerian hormone receptor 2 (AMHR2) and HOXA13
[40, 81-83].

In summary, a number of important molecular pathways control Miillerian duct formation and
patterning. There are complex interactions between Hox transcription factors and Wnt signalling
pathways that ensure proper region-specific cytodifferentiation during development and for
maintenance of the normal phenotype in mature FRT. Despite the anatomical differences in the
FRT between mammals, the genetic blueprint for the FRT appears to be well conserved between
mammalian species [17]. However, human studies need to be conducted to verify the role of

these molecular pathways in human FRT development.
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1.4 Postnatal endometrial development and remodelling

A series of elegant tissue recombination studies using mouse FRT tissue have demonstrated the
significance of epithelial-stromal tissue interaction in the differentiation and maturation of the
Miillerian duct epithelium [19, 22, 78, 84-86]. The conclusions drawn from these studies suggest
that mesenchyme directs and patterns the epithelium of the FRT. The epithelium reciprocates by
facilitating endometrial stromal and myometrial smooth muscle development. Similarly,
endometrial gland morphogenesis in other mammalian species (ovine, porcine, primate) is also
regulated via epithelial-stromal tissue interaction [31, 33, 87-89]. Mechanisms controlling these
tissue interactions include alterations in the extracellular matrix (ECM) components as well as

intrinsic growth factor signalling pathways [18].

1.4.1 ECM components and regulation

1.4.1.1 Glycoaminoglycans

ECM components have been implicated in endometrial gland development. Both sulphated and
non-sulfated (hyaluronate) glycosaminoglycans (GAGs) have been identified in the
ovine/porcine fetal and neonatal uterine tissue. Whilst, the sulphated GAGs are associated with
structural stabilisation, the expression of non-sulfated GAGs in morphogenetically active areas
of endometrial glands suggest its involvement in endometrial gland remodelling/development
[25, 31, 90]. Furthermore, recent studies have detected prominent expression of hyaluronate
receptor (CD44) in the secretory human endometrium during the window of implantation
indicating the role of non-sulfated GAGs in gland remodelling in the adult human endometrium
[91-93]. However, no information is available on the role of ECM components during human

FRT development.

1.4.1.2 Matrix metalloproteinase and Connective tissue growth factor

The Matrix metalloproteinase (MMP) and their inhibitors regulate ECM remodelling in adult
human and primate endometrium [94, 95]. The MMP system is also involved in endometrial

adenogenesis in postnatal mouse endometrium. The mRNA expression of several MMPs (MMP-
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2, MMP-10, MMP-11, MMP-14, MMP-23) and tissue inhibitors of metalloproteinases (TIMP-1,
TIMP2, TIMP3) have been localised in the neonatal mouse endometrium during critical stages of
endometrial adenogenesis [26, 96]. Furthermore, TIMP-1-null mutant adult mice exhibited
unopposed expression of several MMPs resulting in abnormal endometrial luminal morphology
compared to wild-type highlighting the importance of ECM in maintaining normal phenotypes
[97]. Member of the CNN gene family, connective tissue growth factor (CTGF) can also
influence ECM availability therefore the process of tissue remodelling [98, 99]. The role of
CTGF in neonatal endometrial adenogenesis has not been reported, however, its expression in

the endometrium during embryo implantation suggest a role in endometrial remodelling [100].

1.4.2 Mesenchyme derived growth factors

1421 FGF, HGF and IGF

Postnatal uterine epithelial proliferation and differentiation depends not only on changes in ECM
components, but also on the expression of mesenchyme derived growth factors including
Fibroblast growth factor 7 (FGF7) (also known as keratinocyte growth factor), FGF10, and
Hepatocyte growth factor (HGF) are found in mesenchyme(s) both within and outside the FRT
[33, 101-105]. They act in a paracrine manner in stimulating epithelial proliferation and
differentiation. Similarly, Insulin-like growth factors (IGF) play a critical role in mammalian
uterine development and postnatal cell proliferation, and differentiation [18]. In rodents, IGF-I
has been detected in neonatal rat uterine stroma/myometrium, whilst IGF-II and number of IGF
binding proteins have also been identified in the neonatal mouse stroma/myometrium during
early stages of endometrial adenogenesis [26, 106]. Similarly, both IGF-I and IGF-II mRNAs
have been detected in the neonatal ovine uterine stroma, whilst IGF-IR but not IGF-IIR is
localised in all uterine cell types particularly the endometrial glandular epithelium [105].
Disruption of the “IGF system” in the endometrium by estrogen caused aberrant expression of
IGFs, their receptors as well as IGF binding proteins and growth reduction in the postnatal ovine
endometrium highlighting the importance of IGFs in mammalian endometrial gland development
[32, 107, 108]. The “IGF system” has also been characterised in cycling adult human
endometrium where mRNAs of IGF-I and IGF-II are found in the endometrial stroma, and their

receptors and binding proteins ubiquitously distributed throughout the endometrium [109].
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Collectively, these studies suggest that the “IGF system” may be crucial to endometrial

adenogenesis in the developing human FRT.

1.4.2.2 Wnt signalling pathway

A large cohort of Wnt genes have been identified in the neonatal uterus. Only those located in the
mesenchyme will be discussed in this section. By in situ hybridisation, both Wnt4 and Wnt5a are
restricted to the postnatal uterine mesenchyme [50, 65]. In addition to Wnt4 and Wnt5a, recent in
situ hybridisation identified Wntl6 in the neonatal uterine mesenchyme [50]. Its function in
neonatal uterine adenogenesis remains to be determined. Although WNTI16B stimulates cell
proliferation and extended clonogenecity of primary human epidermal keratinocytes in vitro
indicating that it may act as a stromal paracrine signal regulating neonatal uterine adenogenesis
[110]. The precise contribution of Wnt4 in adenogenesis is unknown. On the other hand, genetic
and tissue recombination studies have demonstrated the involvement of Wnt5a in Miillerian duct
differentiation and uterine adenogenesis [62, 111]. By contrast, neonatal ovine endometrial

Wntb5a is predominantly expressed in the epithelium rather than mesenchyme [49].

In the adult mouse endometrium, there is a persistent expression of Wnt4, Wnt5a and Wnt16b in
the peri-implantation mouse uterine stroma, highlighting the critical roles developmentally
regulated Wnt genes may play in decidualisation of the endometrium [48]. Wnt genes have also
been identified by a several studies in the adult human endometrium [51, 112]. The expression

and function of Wnt genes in the developing human endometrium remains to be investigated.

1.4.2.3 Bone morphogenetic proteins

The transforming growth factor beta (TGF-B) super family includes 4 sub-families; TGF-p,
Activins, Bone Morphogenetic proteins (BMPs) and Growth Differentiation factors (GDFs).
Limited literature exists on the role of TGF-f family growth factors in FRT development and
postnatal uterine differentiation compared the large number of studies conducted in adult rodent
and human endometrium [113-118]. However, it has been shown that BMP2 is differentially
expressed in the neonatal mouse uterine stroma between P9 and 12 suggesting its role in
endometrial adenogenesis [26]. The role of BMP ligands in embryonic development of Miillerian
ducts have not been investigated, their role in postnatal adenogenesis has been shown in mice

[119]. The role of BMPs in developing human FRT remains to be investigated.
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1.4.3 Hormones

Mesenchyme derived paracrine growth factors from various molecular pathways discussed in
Sections 1.5.1.1-1.5.1.3 are crucial during postnatal uterine adenogenesis. Systemic factors such
as steroid hormones also regulate the postnatal uterine adenogenesis. For instance, Prolactin
(PRL) is a major regulator of endometrial adenogenesis in the neonatal ovine uterus [120].
Circulating levels of prolactin (PRL) peak in neonatal ewes at the time of uterine bud formation
and tubulogenesis [89, 120]. Restricted expression of PRL receptors in the glandular epithelial
buds indicates a role for PRL in adenogenesis [89]. Furthermore, postnatal ewes treated with
recombinant PRL and PRL inhibitor resulted in a dramatic increase and reduction in glandular
formation respectively [120]. Whilst a large body of evidence exists on the role of PRL in adult
human endometrium [121], no studies have examined its role during the fetal and neonatal

human endometrial adenogenesis.

Circulating factors derived from the ovaries and adrenal glands may also stimulate uterine
growth but do not appear to have a role in endometrial adenogenesis [122-125]. Jost first
conceptualised that prenatal FRT development is an ovary-independent process [126]. This
concept has been further corroborated by a number of animal studies showing the development
of the FRT in the absence of estrogen or its receptors [125, 127]. Similarly, ovarian hormones
are not required for adenogenesis in neonatal porcine or rodent endometrium [123, 124, 128].
The ovarian hormone estrogen is, however, required for uterine growth [125]. Fetal uterine tissue
lacks expression of estrogen receptors compared to oviduct epithelium which had detectable
expression at 38 weeks of gestation [129]. In the light this evidence, human endometrial
adenogenesis observed previously may have occurred independently of circulating fetal or
maternal ovarian hormones [36-38]. The influence of ovarian hormones on human endometrial

adenogenesis during development remains to be investigated.
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1.5 Biology of the adult human endometrium: structure, hormone
regulation and cyclic regeneration

Whilst little is known about the biology and the role of ovarian hormones on human FRT
development, ovarian hormones are primary regulators of adult human endometrial physiology.
The adult human endometrium comprises of the upper functionalis and lower basalis layer
(Figure 1.8). Before puberty, the human endometrium is relatively unremarkable and
underdeveloped due to a suppressed hypothalamus-pituitary-ovary (HPO) axis. As the HPO axis
matures, a positive feedback mechanism is created which provides the basis for an ovarian
estradiol-triggered surge of luteal hormones leading to ovulation and establishment of regular

menses [130].
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Figure 1.8 The changing structure of the human uterus during the menstrual cycle.
Adapted from Gargett et al 2008 [131] with permission from Elsevier.
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1.5.1 Menstrual stage specific endometrial morphological and biochemical
features

The menstrual cycle can be divided into 3 phases; menstrual, proliferative (follicular) and
secretory (luteal) where estrogen and progesterone dominate, respectively. A number of hallmark

morphological and biochemical features of endometrium emerge during the menstrual cycle.

During the early proliferative phase (days 5-7), the endometrial glands are lined by columnar
epithelium, and appear straight and undifferentiated. By contrast, during the mid-proliferative
phase (days 11-14) tortuous longer glands can be observed, lined by pseudostratified epithelium.
The tortuosity of the glands is prominent in the late proliferative phase with glandular cells
appearing as tall pseudostratified columnar cells. The morphology of the luminal epithelium is

also under the influence of estrogen.

In the secretory phase, progesterone regulates endometrial differentiation of both the stromal and
epithelial cells in preparation for embryo implantation, as well as antagonising estrogenic effects.
During the early secretory phase, the glandular epithelium initially appears pseudostratified with
basally located nuclei which is also a feature seen in late proliferative phase. As the secretory
stage progresses, the subnuclear vacuoles displace cell nuclei more centrally, and the glandular
cells appear taller and less pseudostratified. By mid-secretory phase, there is increased tortuosity
of the glands which marks a short period of time known as the ‘window of receptivity’ where
embryo implantation may take place. As glandular cells release their glycogen-rich products into
the lumen, the glandular lumen size increases whilst the epithelial cells contain little secretory
product by the end of the secretory phase, and appear low columnar to cuboidal, with smaller
nuclei and indistinct cytoplasm [132]. At the end of each cycle (menses), the functionalis is shed

whilst the basalis remains intact.

The search for a reliable marker for endometrial receptivity has been elusive, although a
combination of markers (both morphological and biochemical) may be useful; formation of
pinopods, secretion of glycoproteins including Glycodelin A (GdA), Mucin 1, cell surface
associated (MUCI), expression of homeodomain transcription factor HOXA10, and the presence
of a range of adhesion/antiadhesion molecules, calcium-associated proteins as well as growth

factors/cytokines [133, 134].
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Presence of motile cilia on the surface of both endometrial luminal and glandular epithelial cells
is a key feature of the human endometrium epithelium (Figure 1. 9), a characteristic it shares
with only several organs; airways, choroid plexus, ependymal, oviducts and testes [132, 135].
The number of ciliated cells increases as the cycle progresses but decreases dramatically during

withdrawal of estrogen at the end of the cycle [136, 137].
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Figure 1.9 Ciliated endometrial epithelium

Scanning electron microscopy (SEM) of human endometrial biopsy day LH + 6. Single ciliated epithelial
cells separated endometrial cells with flattened surfaces and short microvilli. Adapted from Bentin-Ley et
al 1999 [138] with permission from Oxford University Press.

1.5.2 Ovarian hormone receptors in the human endometrium

Like morphological and biochemical markers, dynamic expression pattern of ovarian hormone
receptors are observed in the endometrial epithelium across the menstrual cycle. This is reflected
in the dramatic cyclical morphological changes that occur in the endometrium (Figure 1.8),
driven by changing levels of circulating estrogen and progesterone which bind to specific high-

affinity nuclear receptors found in endometrial cells.

The location and function of estrogen and progesterone receptors has been studied extensively in
the human body. In adult human endometrium during the proliferative phase, estrogen receptor o

(ERa) and the progesterone receptors (PR) are expressed in both the epithelium and stroma
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[131]. Stromal ERa responds to estrogen and growth factors inducing extensive proliferation of
glandular epithelial cells by juxtacrine mechanisms. Similar to estrogen receptors, PR-A and PR-

B are also be found in glandular epithelium.

During the proliferative phase, both progesterone receptors are upregulated by estrogen, but
downregulated by its own ligands in secretory phase. By mid-secretory phase only PR-B is
expressed [134]. In addition to ER and PR, an early developmental receptor found in the
Miillerian ducts, the AMHR2 has been located in normal and malignant adult human

endometrium [139].

1.5.3 Endometrial regeneration

Another key feature of a functional endometrium is its ability to regenerate the entire
functionalis layer following shedding that occurred during menses (Figure 1.8). The concept of

endometrial regeneration by resident adult stem cells dates back several decades [88, 140-142].

1.5.3.1 Endometrial Stem/Progenitor Cells

Recent studies identified small populations of adult human endometrial epithelial and stromal
cells with adult stem cell properties [143, 144]. Furthermore, a series of studies using the label
retaining technique have also identified adult stem cells in the mouse uterus [145-147]. Human
endometrial side population have also been shown to have stem cell properties [148]. The exact
mechanism by which endometrial adult stem/progenitor cells regenerate the endometrium

remains unknown.

1.5.3.2 Persistent expression of developmental factors

Whilst the presence of adult stem/progenitor cells in the endometrium is consistent with its
ability to regenerate, the persistent expression of developmental factors may explain how it

maintains developmental plasticity required for cyclic tissue regeneration.
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Most of the homeodomain transcription factors listed in Table 1.1 are expressed in the adult
human endometrium. HOXA10 and EMX2 gene expression has been detected in adult
endometrium at different stages of the menstrual cycle [76]. EMX2 is negatively regulated by
HOXAI0 in the secretory phase [133]. HOXA10 expression peaks in both secretory endometrial
stromal and epithelial cells in response to progesterone stimulation, indicating its role in
implantation [76, 133]. Recently, PAX2 has also been identified in the normal human adult
female reproductive tract and gynaecological tumours [59]. The expression of LIM1 in human
FRT remains unknown. The exact contribution of these homeodomain transcription factors on

human endometrial regeneration remains to be determined.

On the other hand, WNT and BMP signalling have been implicated in stem cell regulation in
several systems including embryonic stem cells, neural stem cells, mesenchymal stem cells,
hematopoietic stem cells, and intestinal stem cells [149]. Persistent expression of members of
WNT and BMP signalling pathways in the adult human endometrium underscores the potential
roles of these developmental pathways in endometrial regeneration and their role in resident stem
cell regulation [51, 113]. By contrast, aberrant activation of WNT pathways has been linked to

genesis of endometrial tumours [150].
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1.6 Uterine abnormalities with fetal origins

Amongst the various aetiologies of adult endometrial lesions, exposure to chemicals in utero
during FRT development is a major risk factor. The impact of a synthetic estrogen,
diethylstilbestrol (DES) on FRT carcinogenesis in humans had been known for decades. DES
was first prescribed to reduce the risk of miscarriage and other pregnancy associated
complications between years 1938-71. In utero exposure to DES therapy was subsequently
associated with adenocarcinoma of the endocervix found in daughters whose mothers had
undergone DES therapy [151]. Recent epidemiologic studies revealed other FRT abnormalities
in women exposed to DES in utero including a “T shaped” uterus and increased risk of clear cell
adenocarcinoma of the vagina and cervix as well as enhanced risk incidence of spontaneous

abortion, ectopic pregnancy and preterm delivery [152, 153].

Several animal studies have revealed the mechanisms associated with endocrine disruption. The
action of estrogen or estrogen-mimetic is mediated via estrogen receptors [127, 154]. In absence
of ERa, as seen in ERo knockout mouse models, female mice are infertile and have a
hypoplastic uterus [127]. Exposure of the neonatal ovine uterus to estrogen stimulation during
critical periods of uterine adenogenesis actually reduced gland formation [107]. Over stimulation
of the uterus with non-steroidal estrogen-mimetic such as DES, or Bisphenol-A (BPA) during
development (prenatal and postnatal) can lead to a range of irreversible abnormalities ultimately

leading to malignancy in mouse uterine tissue [155-158].

In recent years, various studies have investigated the impact of other chemicals with estrogenic
activity in mouse models. Genistein, a non-steroidal phytoestrogen usually found in soy products
is one of the compounds. Exposure to genistein in neonatal mice increased the risk of uterine
adenocarcinoma [159]. Similarly, neonatal exposure to BPA also led to the appearance of
endometrial cystic hyperplasia in adult mice [160]. Furthermore, fetal and postnatal exposure to
DES transiently represses and deregulates key developmental pathways such as Hox and Wnt in
the mouse uterus, whilst permanently altering other genes including Lactotransferrin,
Complement C3, Cyclin D1 [50, 64, 161, 162]. Coincidentally, some of the aberrantly expressed
genes associated with DES treatment also overlap with those found in human uterine

adenocarcinoma [162].
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Overall, these studies demonstrate that abnormal exposure to natural or synthetic compounds
with estrogenic activity during critical periods of FRT development may have a long term impact
of reproductive health. Often, the detrimental effects of endocrine disruptors are well disguised
until later in life. During the last few decades, the release of large quantities of chemicals with
estrogenic activity into the environment and our diet may have detrimental consequences for
human FRT development in the future. A developmental model of the human FRT could provide
a platform for novel investigations into the action of various environmental agents (including

estrogen mimetics) during human Miillerian duct development.
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1.7 The need for a developmental model of human female

reproductive tract

Animal models have played vital roles in informing our current understandings of the
development of FRT. Due to ethical and legal restrictions, human Miillerian duct tissues are
almost inaccessible to most investigators. Past studies using human Miillerian duct tissue have
been observational in nature [15, 36-38]. A model of the human FRT would allow investigations
into human FRT development, the impact of various endocrine disruptors on the developing

human FRT and facilitate the characterisation of human uterine stem cells.

The discovery of human embryonic stem cell (hESC) marked the beginning of a new era where
human cell/tissue types can be generated in the laboratory for regenerative medicine purposes as
well as understanding basic biology of human embryonic development. The most accessible
source of pluripotent stem cells today are mouse and human embryonic stem cells. Since the
discovery of human embryonic stem cells (hESC) in 1999 [163], protocols have been developed
for their differentiation into any type of cells in the human body. In recent years, with advances
in cell culture techniques and fewer legal restrictions in some countries, hESCs have become

easier to handle and more readily available for research.

Lineage specific differentiation of hESC in vitro using exogenous factors has been an intense
area of research activity. The most successful differentiation protocol systems today use hESC to
produce wide variety of clinically relevant cells/tissues including connective tissue [164],
haemopoietic cells [165], cardiomyocytes [166-168], neuronal and non-neuronal ectodermally
derived tissue [169, 170], hepatocytes [171], pancreatic cells [172], and respiratory epithelial
cells [173] cell types in vitro for regenerative medicine. Whilst in vitro hESC differentiation
systems using chemically defined conditions have been successful (ie. by addition of exogenous
growth factors), others have showed innovative ways to use hESC to create models in order to

study basic human developmental mechanisms in other fields.

1.7.1 Tissue recombination and in vivo modelling

The principle behind co-culture models where hESC are cultured with an organ specific

mesenchyme is that epithelial-stromal interaction is pivotal for organ development. In a world
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first hESC-derived prostate model, hESC was recombined with embryonic mouse urogenital
mesenchyme [174]. It was shown that the mouse urogenital mesenchyme induced hESC to
develop into functional human prostate epithelial tissue in vivo. Others showed that rat bladder
mesenchyme can induce differentiation of mouse embryonic stem cells (mESC) into mouse
bladder epithelium [175]. These studies involved both tissue recombination and in Vvivo

modelling techniques.

1.7.1.1 Tissue recombination methods

Tissue recombination techniques and in vivo modelling complement each other, and have
traditionally been used to investigate stromal-epithelial cell interaction in a number of visceral

organs, in particular those in the urogenital system [22, 176-179].

In vivo modelling includes several different approaches. One type of experiment involves
transplantation of differentiated cell types into a host stromal niche to study their interaction
[180, 181]. Tissue fragments or cells have also been grafted into an animal host to study their
development in vivo [182-184]. Some in vivo models use tissue recombination technology where
defined epithelial and stromal cells are constructed in vitro and subsequently transplanted as a
xenograft into various sites in an animal host. Sub-renal capsule sites is one of many sites where
grafts could be transplanted, even though it is technically more demanding, it is preferred over

orthotopic and subcutaneous sites by the virtue of its vascularity [185].

Many studies investigating stromal-epithelial interactions in the female reproductive organs used
tissue recombination technology coupled with in vivo modelling [19, 22, 184, 186].
Traditionally, tissue recombination involved the separation of epithelial from stromal cells using
microdissection and enzymatic methods [187, 188]. Generally speaking, tissue recombinants are
generated from mesenchymal and epithelial cells from the same tissue are referred to as
homotypic, whilst those from different tissue are referred to as heterotypic [185]. Furthermore,
homospecific refers to mesenchymal and epithelial cells belonging to the same species whilst
heterospecific refers to cells from different species [185]. The conservation of signalling
pathways between different species is particularly important for the viability and validity of
heterospecific recombinants. The ability of neonatal mouse uterine mesenchyme (nMUM) to

support human adult uterine epithelium and the epithelium inducing myometrial differentiation
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from nMUM suggested that a robust level of conservation exist between mouse and human
signalling pathways regulation endometrial growth and development [184]. Whilst it is
advantageous to transplant heterospecific recombinants for identification of species specific cell
types during analysis, both human and out-bred mice tissue are immunogenic in mouse hosts.
Therefore the use of severe combined immunodeficiency (SCID) mouse hosts is required for

heterospecific tissue recombinants.

Tissue recombination studies focus on understanding the interaction between epithelial and
stromal cells. In general, the interaction is classified as permissive or instructive [176]. A
permissive effect refers to the support of a predetermined developmental program [189]. By
contrast, an instructive effect refers to initiation of a new program of differentiation [189]. Both
the permissive and instructive capabilities of nMUM have been documented in the past [22, 184,
190]. One of the earliest tissue recombination experiments demonstrated the instructive capacity
of the neonatal uterine mesenchyme, which altered the phenotype of the vaginal epithelium to
that of the uterine epithelium [22]. The permissive nature of the nMUM was demonstrated when
nMUM was shown to support the adult human endometrial epithelium [184]. Recently, the
instructive nature of nMUM was again shown when it transdifferentiated mouse spermatogonial
stem cells (SCC) into the mouse uterine epithelium [190]. Despite overwhelming evidence
indicating the inductive capacity of nMUM, the soluble factors involved in various induction

experiments have not been characterised [128].

1.7.2 Technological advances in tissue recombination

The advent of genetic technology in recent times has increased the flexibility of tissue
recombination methods. Researchers can now manipulate a target gene by over-expressing or
silencing it in primary animal cells prior to recombination with another tissue [191].
Alternatively, mesenchyme from gene knockout mice has been used in tissue recombination
studies [186, 192-194]. These approaches have allowed investigators to dissect the molecular
pathways involved in normal organogenesis as well as those involved in disease initiation and

progression.

In summary, in vivo modelling and tissue recombination are powerful tools for investigation of

epithelial-mesenchymal interactions. The technique is applicable to a variety of cell types, from



CHAPTER 1 29

different species, from different developmental lineage (i.e. mesoderm, endoderm), and at
different developmental states (i.e. embryonic, neonatal). Tissue recombination may help to

create a model of human FRT from hESC.
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1.8 Pluripotent stem cells: human embryonic stem cells

Human embryonic stem cells (hESCs) are cells derived from the inner cell mass of blastocyst-
stage human embryo [195]. Unlike adult stem cells (ASCs), hESCs are pluripotent, capable of
forming all tissue types of the human body [196], and undergo self-renewal in vitro and can be
maintained as undifferentiated colonies indefinitely [197]. These properties make hESCs ideal

for both research and possible future clinical applications [195, 198].

There are some 300 hESC lines available since Thomson et al derived the first human embryonic
stem cell line [163, 199]. A recent study employing gene expression analysis showed there may
be significant differences in the developmental potential between hESC lines [200]. The study
highlighted an important issue overshadowing hESC research; differentiation protocols

developed for one hESC line may not yield the same results when applied to another.

Early experiments demonstrated that hESC transplanted alone into immunodeficient mice
spontaneously differentiated into a teratoma containing cells from three germ lineages i.e.
mesoderm, endoderm, ectoderm, which presented a major obstacle for any clinical use of hESC
[195]. In order to avoid transplanting undifferentiated cells and avoid teratoma formation,
researchers have differentiated hESC towards specific tissue types in vitro prior to
transplantation into animal models. Genetic manipulations by transfection of hESC with DNA
constructs produced hESC with reporter genes, which allows purification of cells of interest
following in vitro differentiation [43]. Electroporation of hESC has also been used to genetically
manipulate hESC. Green fluorescent protein (GFP) has been introduced into the HES3 cell line
creating the “ENVY” cell line robustly expressing GFP in all embryoid bodies and their
differentiated progenies [201]. The “ENVY” cell line has been an invaluable tool for both
transplantation experiments and in vitro studies [181, 202]. It allows identification of hESC
unequivocally amidst foreign mouse tissue long after transplantation [181]. In addition to
ENVY, other hESC reporter cell lines have been generated to aid research efforts investigating
early in vitro hESC differentiation [43, 203-206].

In summary, hESC are pluripotent stem cells that can self-renew indefinitely in vitro, with great
variation in the developmental potential of cell lines. Advances in genetic technology have

allowed modifications of hESC to incorporate fluorescent proteins that enables tracking the
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development of hESC under both in vitro and in vivo conditions especially where there are other
species of mammalian cells present. The propensity of hESC to develop uncontrollably into a
teratoma in vivo have impeded their use under clinical setting for cell therapies, as a result, hESC
remains predominantly a research tool. Recently, however, a world first Phase I clinical trial

have commenced using hESC-derived cells for spinal cord injuries [207].

1.8.1 Cultivation of hESC

The laboratory cultivation of hESC in vitro is technically demanding because of the propensity
of hESC to undergo spontaneous differentiation. Under laboratory settings, hESC are maintained
in a pluripotent state (undifferentiated) by co-culture with mitotically inactivated mouse
embryonic fibroblasts (MEF) in medium supplemented with 20% fetal bovine serum (FBS)
[163]. hESC is frequently passaged by manual micro-dissection, followed by transfer of
individual colonies onto fresh MEFs. This method is still widely used but present two major
disadvantages: 1) contamination with animal pathogens through the use of MEFs and FBS and 2)
inconsistency of hESC growth resulting from variations between MEF and FBS batched used.
Alternatively, enzymatic passaging techniques have reduced preparation time while continue to

maintain karyotypic stability [208, 209].

1.8.1.1 Current hESC culture systems

Recently, new and improved culture systems have been designed to eliminate the use of MEF
and FBS. hESC can now be propagated using serum-free media [210]. Alternatively
undifferentiated hESC can be maintained using Matrigel matrix combined with 100% MEF-
conditioned medium [211]. Others have used a variety of human supportive cells such as
embryonic fibroblasts, adult fallopian tube epithelium, and foreskin fibroblasts [212-214]. More
sophisticated systems incorporate defined serum replacement medium containing growth factors
and a matrix replacing the feeder layer [215, 216]. Without a functional supportive layer such as
the MEF or the more advanced serum and feeder layer replacement systems, hESC attached onto
a culture plate can undergo more rapid spontaneous differentiation in the centre and along the
border of the flat colonies [195]. These colonies contain cells representing all three germ layers;

ectoderm, mesoderm and endoderm [217].
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1.8.1.2 Embryoid body formation

hESCs cultured in non-attachment conditions, or plated in the absence either feeder-layer or anti-
differentiation factors will spontaneously form embryoid bodies (EB) [218]. EBs are three-
dimensional (3D) structures with a tri-layer shell covering the ectodermal tissue which lines the
outer layer and internal structures comprising cells from endoderm and mesoderm lineages

[219].

Several methods have been described for the formation of EBs from embryonic stem cells. These
methods generally fall into five categories; 1) suspension culture in bacteriological dish, 2)
methycellulose culture, 3) hanging drop culture, 4) suspension culture on low adherent plates 5)
and spinner flask and bioreactor culture [220]. Each method was designed independently to suit
the goals of particular experiments. The conditions vary between methods, and as a result, the
size and shape of EB produced may also vary. Formation of heterogeneous EBs has been linked
to difference in size and shape of the EB [221]. The lack of homogeneity in the EB results in
asynchronous differentiation of the cells within. Most current methods aim to produce
homogenous or uniform EBs. One method in particular, allows for small-scale production of
uniform EB, where hESCs are centrifuged in the wells of 96-well round-bottom well plates to

generate EBs [222].

1.8.2 Lineage Specific Differentiation of hESC

The hESCs are differentiated as either as an EB structure or flat colonies in vitro. As hESC
differentiate, they become less pluripotent, eventually becoming a precursor to a specific type of
tissue. Depending on the environmental cues these progenitors will terminally differentiate and

resemble their endogenous counterparts.

The 3D structure of the EB allows multi-cellular interaction in a physiologically relevant
manner, i.e. cell-cell contact which is crucial in directing cell fate. Signalling between cells is
believed to generate concentration gradients of morphogens consequently leading to
differentiation. Much of EB development recapitulates events observed in early embryogenesis.
For this reason, EBs are often used to initiate in vitro differentiation [220]. In vitro

differentiation methods often attempt to alter the concentration gradient within the EB by adding
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exogenous soluble biochemicals in the media to influence or direct cells towards specific fates
[219]. More advanced methods involve EB dissociation and isolation of cells bearing particular
antigenic markers by flow cytometric methods for further differentiation under different in vitro

conditions [195].

Several type of assays have been described for differentiation of hESC towards a particular
lineage in vitro; co-culture of hESC with cell types capable of linecage induction [166, 223],
exposure of hESC to one or a combination of growth factors and /or their antagonists [165],
culture of ESC with extracellular matrix proteins [224], and other complicated protocols
involving sequential addition of growth factors at different stages of in vitro differentiation
[172]. There is a growing list of clinically relevant cell types derived from hESC (Figure 1.10).
The progress in differentiation of hESC towards the ectodermal and endodermal lineages is
beyond the scope of this thesis. The focus will instead be on the knowledge relevant to

mesoderm induction from hESC.
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Figure 1.10 Derivation of human embryonic stem cells and various differentiation

strategies
Adapted from Mountford 2008 [199] with permission from John Wiley and Sons.
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1.8.3 Pathways of Mesoderm induction

In mouse embryos, the formation of a transient structure known as the primitive streak (PS)
marks the beginning of gastrulation [225]. The PS is formed in a region of the epiblast destined
to become the posterior end of the embryo. Specific regions of the PS give rise to the mesoderm

during embryogenesis [1].

1.8.3.1 Molecular pathways regulating mesoderm formation

Molecular analyses and lineage mapping studies have delineated different regions of the PS,
based on level of gene expression and developmental potential as illustrated in Figure 1.11 [226].
The anterior PS expresses high levels of Foxa2 and Goosecoid (GSC) compared to the posterior
PS which preferentially expresses homeobox B1 (Hoxbl) and even skipped homeotic gene 1
homolog (Evx1). Genes commonly found throughout the PS include Brachyury and MIX1
homeobox-like protein 1 (Mixll). The specification of subpopulations of mesoderm and
endoderm from the PS during gastrulation is regulated both temporally and spatially beginning
with migration of cells from the posterior PS to form embryonic mesoderm which gives rise to
mesodermally derived cardiac, and vascular cell types. Cell migration continues through the
anterior end of the PS resulting in the formation of axial, intermediate and lateral mesoderm.
Further development of both the lateral and intermediate mesoderm contributes to generation of
urogenital organs (i.e. kidney and reproductive tracts) [2, 227, 228]. Cells migrating through the

most anterior region of the PS form the definitive endoderm.

The ability of PS cells to migrate is attributed to the complex process of epithelial-to-
mesenchymal transition (EMT) that occurs during gastrulation in the mouse embryo [225].
Similarly, in human cells, several studies have identified the upregulation of EMT related genes
including Snail homolog 1 (SNAI1), Snail homolog 2 (SLUG), Vimentin in hESC derived
endoderm and mesoderm progenitor cells, underscoring the critical nature of the EMT process

for mesoderm formation during the mammalian embryogenesis [229, 230].



CHAPTER 1 35

¥ i
#
i.' = "'_I'
o =% EScells
= akdn e |
g A
o= L = .
EE . — e Epiblast
= a . L ¥
£* /m
. Wnt
Aptivin | ar -— BMP4
Mausal = irequiresd] | Serum [9 &L Peauired]
Posterior PS Anterior PS
Faxa2™
Erachyusy”
i
:E . araPa
as Activens | Wink — Wit Activin
o Activin
E=
3£ e
- Tl | BT .
Flk-1" Mesoderm Foxa2® Endoderm
Cardeg v scular
E H-rlnniﬂlnl:@ @:ﬂuﬂﬂmnlu
=
a
= k A EMP4 retinaic acid | — SHH
T uFGF
LT
o
&
o “ €
=
- = <
g P é% T
- ﬁ ';' <

Hemalopoietic  Vascular Cardiac Hepatoeyle Pancrealic

Figure 1.11 ESC differentiation in vitro

A model illustrating the mechanisms regulating primitive streak (PS) formation, primary germ
layer induction and tissue specification from differentiated mouse embryonic stem cells. The
initial step in the differentiation pathway involves development of epiblast-like cells. Upon
exposure to Wnt, activin, BMP4, these epiblast-like cells differentiate to form the PS-like
population (row of cells outlined in blue). In the absence of these inductive molecules, the
epiblast cells will differentiate into ectoderm lineage. The presence of the aforementioned
signalling pathways block ectoderm differentiation. Following PS induction, the anterior streak
cells (dark orange) are fated to generate Foxa2+ cells belonging the definitive endoderm. In
contrast, the posterior PS cells (yellow) become Flk-1+ mesoderm cells. Reproduced from Murry
and Keller 2008 [226] with permission from Elsevier



CHAPTER 1 36

1.8.4 Role BMP and Wnt family molecules in animal models and mESC

differentiation systems

The specification of cell fate through the PS during gastrulation is influenced by both
temporal/spatial factors. A number of key regulatory molecular signalling pathways involved in
the process of cell fate specification include members of the TGF-f3 family, BMP4 and Nodal,
and Wnt family [231].

1.8.4.1 BMP ligands

Studies in mouse embryonic development have shown that Bmp4 is essential for gastrulation and
mesoderm formation [232-234]. In the absence of BMP inhibitors such as Noggin and Chordin,
anterior neural patterning is disrupted by Bmp4 thus allowing formation of the PS. In the
absence of Bmp4, there is expansion of the anterior ectoderm and definitive endoderm [235].
The evidence from mESC differentiation studies correlates with observations made in early
mouse embryos. Neuronal differentiation of mESC in vitro is disrupted in the presence of Bmp4
and increased by the addition of Noggin [236, 237]. Several studies using the mESC
differentiation system have shown that Bmp4 in serum free medium may be dispensable for PS
induction [238], but is critical in specification of the posterior mesoderm which has the potential
to give rise to haemopoietic progenitor cells [236, 239-243]. Other members of the BMP family
including Bmp2 and Bmp7 also influence mesodermal differentiation, promoting mESC to

become renal progenitors at the expensive of haemopoietic progenitors [244, 245].

1.8.4.2 Wnt family ligands

Like BMPs, ligands from the Wnt pathway are heavily involved in gastrulation and PS
formation. The PS and mesoderm fail to form in embryos of Wnt3-null mutant mice [246]. In a
mutation study targeting the frizzled co-receptors Lrp-5 and Lrp-6, it was demonstrated that
Wnt3 is not only required for proper migration of cells from the PS, but also for inhibition of
neuroectoderm and anterior PS formation [247]. Wnt4 was recently shown to play an important
role in formation of haemopoietic cells in a Xenopus study [248]. Recent finding suggest that

Wnt pathway is indispensable for formation of a primitive streak-like region in the self-
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organising mouse EB [238]. Similarly, in a mESC differentiation system, blocking Wnt in
serum-stimulated culture reduced the number of mesodermal cells whilst enhancing
neuroectoderm formation [249-251]. Conversely, addition of Wnt3 to cultures triggered
formation of the PS population and promoted cardiac mesoderm development in a biphasic
manner [251, 252]. Wnt3 in serum-free culture preferentially induced posterior PS population
[253]. Furthermore, cell lines generated with GFP targeting the Brachyury gene and human CD4
cDNA targeting the Foxa2 gene allowed isolation of the PS and its subpopulations [253].

1.8.4.3 Activin/Nodal

Mouse embryo studies showed that Activin and Nodal are indispensable in formation of PS but
may be redundant in producing posterior mesodermal cells [254]. Loss of function of the Nodal
gene resulted in failure of PS development [255]. Notwithstanding the failure of PS
development, posterior mesodermal cells formed, however, they failed to migrate which

suggested a role for nodal in spatial orientation of mesodermal cells.[255].

Studies in mESC differentiation systems often use Activin A as a surrogate for Nodal since both
bind to the same receptors and thus initiate the same signalling events [256]. The addition of
recombinant human Activin A in serum-free culture induced formation of endoderm and
mesodermal cells in a dose-dependent manner [239, 257]. The lower level of activin A resulted
in paraxial mesoderm which gave rise to skeletal muscles. In contrast higher levels induced
formation of definitive endoderm [257]. In summary, studies have indicated the importance of
BMP, Wnt and Activin/Nodal in early embryonic development both in vivo and in vitro. They

have also shown that the signalling pathways are inextricably linked.

1.8.4.4 Interaction between signalling pathways

Collectively, the studies mentioned above suggest the BMP, Wnt and Activin/Nodal signalling
pathways are critical in normal development of the PS and mesoderm in both mouse embryo and
mESC differentiation systems. Evidence from mouse embryo studies also indicates the complex
interactions between the signalling pathways. For example, in a gene mutation study, a
mathematically modelled network showed that where Nodal promotes expression of endogenous

Bmp4 from extra-embryonic sources which subsequently led to activation of Wnt3 and
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amplification of Nodal expression to promote mesoderm formation [258]. Both Wnt and Nodal
are simultaneously required for formation of PS [253]. Combination of Wnt, Activin and Bmp4
led to induction PS and FIk1+ mesoderm, however the effect of Bmp4 may be indirect through

endogenous activation of Wnt and Nodal, similar to the Ben Haim’s model [241, 258].

1.8.45 Role of ECM and mesoderm induction

In addition to soluble factors, extracellular matrix (ECM) proteins form part of the niche that
determines cell fate during ESC differentiation. Loss of B1 integrin receptor (a cell membrane
receptors involved in signalling between ESC and the ECM) resulted in delayed induction of
cardiac-specific genes and functions in differentiating ESC [259, 260]. Furthermore, another
study using the same PB1 integrin deficient ESC observed an accelerated neuroectodermal
commitment at the expense of mesodermal tissue in differentiating ESC which also paralleled an
upregulation of Wnt-1 levels and downregulation of Bmp4 levels [261]. ESC was also
demonstrated to differentiate preferentially towards a mesodermal and endodermal lineage when
grown as an aggregate in the presence of exogenous ECM. In contrast, a reduction in
endogenous ECM caused disaggregation of ESC highlighting the role of ECM in their
differentiation [224].

1.8.5 Primitive streak and mesoderm induction in hESC differentiation

systems

The developmental fate of differentiating hESC depends on a complex cocktail of soluble growth
factors, signalling molecules, and ECM proteins that make up the developmental niche.
Although, there are fundamental differences in the developmental processes mESC and hESC
[163, 217], the signalling pathways responsible for early developmental stages of PS and

mesoderm formation are evolutionarily conserved between mammalian species.

In hESC systems, BMP4 also induces PS and mesoderm formation. Several studies using hESC
showed that a combination of cytokines including stem cell factor (SCF), granulocyte colony-

stimulating factor, Flt3-ligand, interleukin 3 (IL-3) and interleukin 6 (IL-6), vascular endothelial
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growth factor (VEGF) with BMP4 promoted haemopoietic development in vitro [165, 262].
Studies using both wild-type and modified hESC with GFP targeting the MIXL1 gene showed
that addition of BMP4 in culture lead to an increased number of cells expressing both Brachyury
and MIXL1 followed by formation of KDR" and PDGFR" mesodermal subpopulations [204, 222,
263-265]. More interestingly, hESC exposed to BMP4 for shorter periods resulted in mesoderm
induction, where as longer treatment of hESC with BMP4 resulted in trophoblast and extra-
embryonic endoderm differentiation [266]. The importance of Wnt signalling in PS and
mesoderm formation was further demonstrated in hESC culture by blocking Wnt ligands in
serum-containing cultures which diminished the development of haemopoietic progenitor cells
[267]. The combined action and interaction of the major signalling pathways involved in
mesoderm development has been demonstrated in hESC differentiation systems; combination of
Activin A and BMP4 induces cardiac mesoderm [168]. Through the use of small molecule
inhibitors which blocked PS and mesoderm formation despite the presence of BMP4, it was
demonstrated that BMP4 relies on Activin/Nodal as well as FGF to induce mesoderm formation

[266].

The addition of ECM protein complex consisting of laminin and nidogen increases
differentiation of mesodermally derived hematoendothelial cell types in differentiating human
EBs compared to untreated EBs further highlighting the role ECM may have on mesodermal
lineage commitment [268]. Collectively, these studies demonstrate that there are similarities
between the development of mESC and hESC, and strategies used in mESC differentiation

system can also be applied in hESC culture.

The standard combination of growth factors used for mesoderm induction in current protocols
for hESC differentiation culture often includes BMP4 and Activin A along with a variety of
other growth factors including vascular endothelial growth factor (VEGF), FGF, and TGF-B1. A
recent study showed that a combination of factors is capable of inducing the formation of a
multipotent mesoderm-committed progenitor population in vitro [229]. Whilst, a large number of
investigations focus on differentiating hESC towards ectodermally- and endodermally-derived
organs, mesodermally derived organs and cells types of the haemopoietic, and cardiac lineages
have also been an intense focus of research [206, 269]. By contrast, little effort has been directed
towards differentiation of hESC into other mesodermally derived organs; urogenital organs.

There are only two published studies in which the authors examined the possibility of
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differentiating hESC towards early renal progenitors in vitro [270, 271]. Differentiation of hESC

towards other urogenital organs such as the human FRT remains to be attempted.
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1.9 Hypotheses and Aims

1.9.1 Hypotheses

1.

1.9.2

Neonatal mouse uterine mesenchyme induces hESC to differentiate towards a
mesodermal lineage in vitro and will subsequently develop into human FRT epithelium in
Vivo

The development of a hESC-derived FRT will recapitulate sequence of events observed

during normal mammalian FRT development

. A model of hESC-derived FRT will facilitate identification of molecules involved in

human FRT development
The earlier stage of mesenchyme and hESC interaction will reveal mesenchyme- derived

growth factors involved in hESC differentiation towards Miillerian duct precursors

Aims

Generate human FRT epithelium by recombining hESC with neonatal mouse uterine
mesenchyme in a xenograft tissue recombinant model.

Characterise and stage the development of hESC-derived Miillerian duct epithelium
Using hESC-derived FRT epithelium to investigate the dynamic expression of LIM1 and
examine its expression in adult human endometrium

Identify neonatal mouse uterine mesenchyme-derived growth factors involved in hESC

differentiation.
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CHAPTER 2 Development of a method to generate human
female reproductive tract epithelium from human
embryonic stem cells

2.1 Introduction

Human embryonic stem cells (hESC) are derived from the inner cell mass of blastocyst stage
embryos [163]. These pluripotent cells differentiate into any cell types in the body. Much effort
has focused on differentiating hESC into various clinically relevant cell types by addition of
exogenous growth factors or co-culture with various murine and human feeder layers in vitro
[226, 272]. In vitro culture system, however, can not match the complexity of an in vivo
environment. In vivo models are therefore important tools to expand the understanding of

complex interaction between cell types during normal development.

In vivo modelling uses several different approaches. Differentiated cell types (i.e. epithelial,
stromal) can be transplanted into a host stromal niche to study epithelial-stromal interactions
[180, 181]. Alternatively, tissue fragments can be grafted into an animal host to study their
development in vivo [182, 183]. Finally, there are in vivo models that use tissue recombination
technology where defined stromal and epithelial cells are brought together in vitro and
subsequently transplanted into an animal host as a xenograft. Commonly used transplantation
sites include sub-renal capsule or subcutaneous locations. Sub-renal capsule sites are technically
more demanding however are better vascularised than subcutaneous sites resulting in higher take

rates [185].

In a seminal study, Taylor et al applied tissue recombination methods in an in vivo model of
prostate organ development using murine fetal and postnatal urogenital /seminal vesicle
mesenchyme to direct the differentiation of hESC [174]. Similarly, mouse embryonic stem cells
(mESC) were differentiated into bladder epithelium in vivo following tissue recombination with
fetal rat bladder mesenchyme [175]. These experiments suggested that in vivo organ
development models can be established by combining undifferentiated ESC with organ specific

mesenchyme.
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The use of neonatal mouse uterine mesenchyme (nMUM) in tissue recombination experiments
has been instrumental in increasing understanding of female reproductive tract (FRT) biology
[19, 22, 26, 184, 186, 194, 273, 274]. Unlike other visceral organs (ie. pancreas, liver), the
tubular nature of the fetal/neonatal mouse uterus allows easy separation of the stroma from the
epithelium. Cunha et al first described the method of uterine epithelial-stromal separation using
an enzymatic digestion coupled with micro-dissection [23, 188]. Later it was shown by tissue
recombination that nMUM supports adult human uterine epithelium in vivo [184]. Recently, the
nMUM transdifferentiated mouse spermatogonial stem cells (SCC) into the mouse uterine
epithelium further highlighting the instructive capacity of the nMUM [190]. We therefore
hypothesized the nMUM will also support differentiation of hESC in vivo.

Tissue recombination involving ESC and embryonic mesenchyme required impeccable timing
with regards to obtaining both types (ESC and mesenchyme) for differentiation. The amount of
embryonic tissue available for experiments is also a limiting factor for establishing in vivo
models. The aims of the current investigation was to establish a 2 step differentiation protocol
utilising nMUM to direct the differentiation of hESC by 1) making heterospecific/heterotypic
tissue recombinants from differentiating hESC in vitro and 2) transplanting the recombinant graft

in vivo for further development into human FRT epithelium.
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2.2 Methods

2.2.1 Animals

Animals were obtained from Monash Animal Services. Day 0-3 nMUM was obtained from
female C57BL/6JAsmu (F1) mice. Female NOD.CB17-prkdcscid/Asmu (NOD.SCID) mice 4-6
weeks old were housed under controlled environmental conditions at 20°C with 12-hour
dark/light cycles and unlimited access to food and water. All animal handling and procedures
were carried out in accordance with National Health and Medical Research Council of Australia
guidelines for the Care and Use of Laboratory Animal Act and approval was obtained from the
Monash University Animal Ethics Committee at Monash Medical Centre — A (MMC-A),
Clayton, Australia. The approval numbers are 2006/44 and 2010/41.

2.2.2 Micro-dissection of neonatal uterine mesenchyme

nMUM tissue collection was modified based on methods previously reported [23, 188]. The
uterus from donor 0-3 day old F1 mice were separated into two horns, 6 pieces each measuring
0.5mm (each piece contained approximately 8x10° cells) from each uterine horn were then
placed into 1% Trypsin (Gibco, Invitrogen) in Dulbecco’s Phosphate Buffer Saline
(DPBS)(Invitrogen). After one hour digestion at room temperature, the tissue pieces were
washed briefly with Dulbecco’s modified Eagle’s medium (DMEM)(Invitrogen) to inactivate the
trypsin reaction. The uterine pieces were then further treated with dexoyribonuclease I (DNase)
(4mg/ml) (Worthington Biochemical Corporation, Lakewood, NJ) to enhance separation of
epithelium and mesenchyme. Separation was performed mechanically with fine surgical forceps
in a modified watch glass (Maximov depression slides (Fisher, Pittsburgh, PA) using a Zeiss
dissecting microscope (Stemi-2000C, Zeiss). The mesenchyme was rinsed again in DMEM
followed by a final rinse with DPBS to remove residual DMEM and DNase I in the tissue before

recombination with hESC.
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2.2.3 hESC culture

The International Stem Cell Initiative Registry listed hESC line, MEL-1 (The International Stem
Cell Initiative, 2007) was obtained from Australian Stem Cell Centre (ASCC, Australia) and
cultured in Dr Paul Verma’s laboratory according to previously published methods (Centre of
Reproduction and Development, Monash Institute of Medical Research) [275]. Approval was
obtained from Southern Health Standing Committee on Ethics in Research Involving Humans
(approval number: CF08/1793 — 2008000889) The MEL-1 cell line was maintained on
mitotically inactivated mouse embryonic fibroblasts (MEF) in gelatin-coated culture dishes in
hESC medium: Dulbecco’s modified Eagles’s medium (DMEM) supplemented with 1%
nonessential amino acids, 1mM L-glutamine, 1% Insulin-Transferrin-Selenium (ITS), 4 ng/ml
basic fibroblast growth factor (bFGF), 0.1 mM 2-mercaptoethanol (all from Invitrogen, Mount
Waverly, VIC, Australia) and 20% fetal calf serum (FCS; Hyclone, Melbourne, Australia) under
a humidified atmosphere of 5% CO2 in air at 37°C. For passage, the cells were dissociated by
treatment with 4 mg/ml Dispase (Invitrogen) in DMEM for 10 min at 37°C, centrifuged at 100g
for 10 min, and then seeded onto MEF feeder layers. To check pluripotency of the hESC, cells
were seeded at high density onto gelatin coated chamber slides for attachment overnight. Cells
were fixed briefly in 4% PFA on the following day and then rinsed for storage or

immunocytochemistry for pluripotency markers.

2.2.4 Generation of heterotypic tissue recombinants

To form embryoid bodies (EBs), MEL-1 colonies were microdissected and the cell clumps were
resuspended in hESC medium without bFGF. The cell clumps were cultured together with
nMUM in non-adherent cell inserts (Millicell, Millipore) placed in individual wells of 24 well
plates. One genetically modified hESC lines; the constitutively GFP" line, ENVY [201] was
used. T25 culture flasks from Stem Core were purchased (ASCC, Australia). The pluripotency
and karyotype of the hESCs were regularly tested by the staff at Stem Core and Monash
Cytogenetics department respectively. hESCs were harvested from the culture flask using
TrypLE Select (Invitrogen) and cells were force aggregated to form embryoid body (EB) by
centrifugation in 96 well plates in serum-free medium (SFM) according to previously reported
protocols for 24 hours before nMUM was added to culture [205, 222]. Tissue recombinants for

grafting were cultured in vitro for a total of 42 hours for MEL-1 recombinants and 72 hours for
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ENVY recombinants at 37°C in hESC medium (without bFGF) or SFM respectively, prior to
transplantation into NOD.SCID mice.

2.2.5 Kidney capsule transplantation, in vivo imaging and tissue
processing

Prior to transplantation, culture media was removed from each well containing tissue
recombinants, and tissue recombinants were re-suspended in 10ul of neutralised rat tail collagen
(a generous gift from Dr. Renea Taylor, Department of Anatomy and Developmental Biology,
Monash University, Australia) and placed on the surface of a non-adherent Petri-dish and
incubated without medium for 10-15 minutes at 37°C for gel solidification. Medium was then

added and recombinants were incubated for 15 minutes at 37°C prior to transplantation.

The tissue recombinants were grafted under the renal capsule of adult female NOD.SCID mice
as previously described [175]. Briefly, vertical skin incision was made along the dorsal midline
and the kidney was exteriorised with gentle pressure. A capsulomtomy was performed to create a
subcapsular space. Grafts were then placed underneath the renal capsule. Two grafts were placed
into each kidney which was reintroduced back into the mouse. Surgical incisions were closed

with staples. All mice were ovariectomized at the time of grafting.

Four weeks after grafting, mice were anesthetized, abdominal hair was removed to prevent auto-
fluorescence, and the fluorescence emitted from the ENVY hESC was detected using LAS3000
(Fuji, Tokoyo, Japan) Imaging Systems (courtesy of Dr Elizabeth Williams, MIMR) and
digitally captured as previously described [276]. At the time of harvest, mice were sacrificed by
CO, asphyxiation. Grafts were harvested together with the kidney, fixed in 4%
paraformaldehyde (PFA) overnight. After fixation, the grafts were imaged and measured.
Specimens were processed, paraffin embedded, and serial sections cut at 3um for H&E and
Hoechst staining. Hoechst Dye 33258 was placed on sections for 30 seconds (Molecular Probes,

Eugene, Oregon, USA) and rinsed with distilled water and allowed to air dry before mounting.

2.2.6 Immunocytochemistry

hESCs cultured on chamber slides were permeablized with 0.5% Triton-X 100 in PBS for 15

min. The endogenous peroxidase activity was blocked with 3%H,0; in methanol for 10 min at
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RT followed by 3 rinses with PBS. Protein Block was applied to sections to minimise non-
specific antibody binding (Serum-free protein block, DAKO, Denmark) for 10 min at room
temperature. Antibodies of the same IgG isotype as the primary antibody were incubated on the
same slide at a matched concentration as a negative control. Cells were incubated with primary
antibodies to Oct-3/4 (Santa Cruz sc-9081), SSEA-3 (MAB4303; Millipore), SSEA-4
(MAB4304; Millipore), TRA-160 (MAB4360; Millipore), and TRA-181 (MAB4381; Millipore)
overnight at 4°C. Slides were then washed thoroughly with PBS, and cells were incubated with
the appropriate Alexa Fluor secondary antibody (Invitrogen) for 30-60 minutes at RT. Slides
were washed, air dried in the dark and mounted with fluorescent mounting medium (DAKO).
Fluorescent images were captured with a Leica DMR upright fluorescence microscope (Leica).
Alkaline phosphatase activity of hESC was analyzed using the Vector Red Alkaline Phosphatase
Substrate Kit (Cat. No. SK-5100; Vector Laboratories) according to manufacturer’s
specifications and the reaction product was visualized using bright field. Images were captured

with an Olympus upright microscope (Olympus).
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2.3 Results

2.3.1 Pluripotency of MEL-1 cells

MEL-1 hESCs were cultured on mouse embryonic fibroblast (MEF) feeder layers to prevent
differentiation and maintain their pluripotency for continuous passaging. Expression of a panel
of commonly used pluripotent markers were assessed for manually passaged colonies of MEL-1
cells (Figure 2.1A). Robust expression of pluripotency markers including Oct4, SSEA-4, TRA-
181, and TRA-160 was observed. Strong alkaline phosphatase activity was also detected,
consistent with previous studies [277, 278]. However, weaker expression of SSEA-3 suggests
some differentiation may have already occurred in the hESC colonies, nevertheless, the majority
of the colonies remained pluripotent. The pluripotency of the manually passaged MEL-1 cells
was further checked by intramuscular injection of hESCs into the legs of the immunodeficient
NOD.SCID mice. The pluripotent MEL-1 cells formed teratoma consisting of tissues from the
three germ layers (Figure 2.1B) consistent with previous studies [279, 280].

2.3.2 Tissue recombination in vitro: MEL-1 with nMUM

It had been shown previously that the viability of embryonic stem cells (ESCs) is markedly
reduced if they are prepared as single cells [281, 282]. No attempts were made to recombine
dissociated single hESC with nMUM despite a previous study showing that single mESC
successfully recombined with rat bladder mesenchyme [175]. Rather than single cells, embryoid
bodies (EB) were created from hESC for tissue recombination with nMUM. Non-attached
hESCs in suspension culture form EB [220]. Heterospecific/heterotypic recombinant tissues
consisting of nMUM and hESC derived EBs formed after 48 hours in vitro culture (Figure 2.2,
n>20) consistent with previous reports on the ability of mouse mesenchyme to form tissue
recombinants with ES cells in vitro [174, 175, 283], The hESC were distinguished from nMUM
by the more transparent nature of the hESC under bright field microscopy, in contrast to the
denser connective tissue that made up the nMUM. In summary, microdissected nMUM formed
heterospecific recombinants with MEL-1 derived EB under serum conditions in suspension

culture in vitro.
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Figure 2.1 Assessment of pluripotency of MEL-1 hESCs

(A) Co-Expression of pluripotency markers in cultured MEL-1 colonies (B) representative photograph of a MEL-1 derived teratoma (n=1) (arrow head
shows pigmented tissue). (B.1-4 photomicrograph of representative H&E sections showing tissue types found within the teratoma. (B.1) photograph of a
teratoma (arrow head points to pigmented tissue) (B.2) endodermally derived gut-like epithelium (asterix indicate a Paneth cell, arrow points to a mucous
cell). (B.3) ectodermally derived tissue (arrow head points to pigmented epithelial tissue). (B.4) mesodermally derived cartilage (arrow points to
chondrocytes in lacunae).
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Figure 2.2 Tissue recombination of MEL-1 hESC with nMUM
(A) Photomicrograph showing MEL-1 cell clump in culture with day 1 nMUM at 0 and 48 hours (arrows
point to epithelial-free nMUM). Abbreviations: H, MEL-1 hESC; M, nMUM.

2.3.3 Morphological analysis of the MEL-1/nMUM recombinant graft

After 8 weeks of in vivo incubation, recombinant grafts had developed into teratoma-like tissue
consistent with previous studies [174, 175]. Whole grafts were sectioned and representative
serial sections (3um) at every 60um intervals were used to search for hESC derived epithelium

surrounded by mouse stromal cells using Hoechst and H&E stains (Figure 2.3).

hESC-derived epithelium surrounded by mouse stromal cells was identified in recombinant
grafts (n=2) in the presence of other tissue types (Figure 2.3). The mouse stromal cells were
distinguished from human cells by their speckled nuclear chromatin pattern (Figure 2.3E-F) in
Hoechst stained sections as previously described [284]. In one case, a mouse uterine gland was
detected in the recombinant graft in the vicinity of the hESC derived hybrid epithelium possibly
due to remnants of uterine epithelium not removed during enzymatic separation in
microdissected neonatal mouse uterus (Figure 2.3G), a technical difficulty also reported in a

previous study [184].

Examining the recombinant glandular structures surrounded by mouse stromal cells in sections
stained with H&E revealed a number of morphological features of the upper FRT epithelium of
the oviduct or uterus. Ciliation and basal vacuolation of epithelium with cuboidal/columnar
morphology were observed (Figure 2.3D) [285]. To our knowledge, no studies have reported
spontaneous differentiation of FRT epithelium in ESC derived teratomas, although spontaneous

differentiation of hESC towards glandular tissue has been documented [280]. The FRT-like
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morphology of the recombinant glandular structure was not found in control grafts comprising of
hESC EB xenografts (n=4). Consistent with a previous report, no hESC derived epithelial

structures in controls were surrounded by host stromal cells [286].

Collectively, these data suggest that tissue recombinants consisting of nMUM and hESC
transplanted under the kidney capsule for further differentiation and development generated a
recombinant glandular structure consisting of hESC-derived epithelium with underlying mouse

uterine stroma.
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Figure 2.3 Morphological analysis of MEL-1 nMUM/hESC recombinant grafts

(A) Two 8 week recombinant grafts comprising MEL-1/nMUM on top of a mouse kidney after 8 weeks
of incubation. (B-C) representative H&E sections that correspond to R.1 and R.2 labelled in the top left
panel (asterix marks the hESC derived epithelial structure surrounded by mouse stromal cells, hash marks
the mouse uterine epithelium surrounded by mouse stroma). (D) is a high power view showing ciliation
on the recombinant epithelium (arrowhead points to cilia, arrow point to basal vacuolation). (E-F) are
serial sections at higher magnification following sections depicted in (C, B respectively) stained with the
Hoechst dye (arrows point to mouse stromal cells with speckled nuclei). Note epithelium have smooth
nuclei indicating human cells. (G) Contaminant mouse uterine epithelium with stroma correspond to area
with hash symbol in (B). Abbreviations: C, cartilage; E, epithelium; G, glandular structure; K, kidney; L,
lumen; S, stroma; R, recombinant.
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2.3.4 Tissue recombination of nMUM with ENVY

A recent gene expression analysis revealed that there are significant differences in the
developmental potential between human embryonic stem cell lines [200]. In order to show that
nMUM was able to support the differentiation of multiple hESC lines, ENVY cells were
purchased from Stem Core (Monash University). The ENVY hESC is a green fluorescent
protein-tagged hES cell line [201].

Unlike MEL-1, ENVY cells were supplied with minimal laboratory preparation. Following
established protocols of embryoid body formation [205, 222], embryoid bodies were created by
force aggregation for tissue recombination with nMUM under serum free conditions. The ability
of embryoid bodies to form teratoma structures in vivo was tested first. Consistent with a
previous study [222], the minimum number of cells required for tumour formation was 3000
cells (Figure 2.4A), no tumours formed using embryoid bodies developed from <3000 cells
(n>20). It appeared that as the number of cells increased, the size of the tumour growth also

increased (Figure 2.4B).

&

Figure 2.4 Cystic growths from ENVY-derived embryoid bodies transplanted under the
capsule of NOD.SCID mouse kidney

(A) Representative photograph of a 4 week cystic growth on the mouse kidney developed from a single
3000 cell embryoid body (arrow points to the EB-derived growth, arrowhead points to a patch of collagen
gel, a sign of failed EB growth). (B) Representative photograph of 4 week cystic growth on the mouse
kidney developed from a single 15,000 cell embryoid body (arrow points to area of solid tumour).
Measuring units of the ruler depicted in the photograph is Imm. Abbreviation: K, kidney.
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Initially, nMUM (2-4 pieces) were cultured with EB on Day 0 of EB formation. After 48 hours
of culture, it appeared that nMUM prevented aggregation of the embryoid body (Figure 2.5A). In
subsequent experiments, hESCs were aggregated first to form EBs for 24 hours before culturing
with nMUM. With this strategy, EBs formed tissue recombinants with nMUM (Figure 2.5B).
Following in vivo incubation under the renal capsule between 4-8 weeks, ENVY derived
epithelium surrounded by mouse stromal cells was detected in recombinant grafts (Figure 2.5C)

with similar features described for hESC derived epithelial structure in MEL-1 derived grafts.

(A) representative photomicrographs showing the development of a tissue recombinant at two
time points in vitro using the first strategy where nMUM was added at 0 hr of EB formation
(n=20). (B) second strategy where nMUM was added 24 hrs after EB formation (n>150). (C) Far
left panel is a representative photomicrograph of H&E section of a single 8 week ENVY derived
recombinant graft, middle panel is a magnified view of the asterix area in the recombinant
glandular structure depicted in first panel (arrows show cilia), far right panel is Hoechst stained
serial section corresponding to the recombinant structure showing hESC-derived epithelium with
smooth nuclei and mouse stromal cells with speckled nuclei (representative of n=6).
Abbreviations: BF, brightfield; E, epithelium; GFP, green fluorescent protein; H, ENVY hESC;
M, nMUM; S, stroma.
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At this point, a comparison was made between the two cell lines in terms of accessibility, costs
and future applications (Table 2.1). It was decided that ENVY cells would be ideal for future

experiments. The work flow using ENVY cells to create tissue recombinants is depicted in

Figure 2.6.

Table 2.1 Technical considerations of hESC lines used

Source

Manual Passage

Availability of cells

Cells harvested for
experiment

Cost

Pluripotency/Karyotype

Genetic modification

MEL-1 [275, 287]
ASCC/Dr Paul Verma’s
Laboratory (CRD, MIMR)
Every 2-3 days

Usually weekly, variable,
depends on MEF and
passage
4-5 pieces (averaging 5000
— 10,000 cells)
Costs of general laboratory
consumables + hESC
culture media (with growth
factors)

Self assessed periodically

ENVY [181, 201, 202]
ASCC/Stem Core

N/A

Usually available twice per
week (Tuesday or
Thursday)

T25 (1-2 million cells)

$30 for cells and services

Checked by Stem Core
Stable transfection of Green

Fluorescent Protein (GFP)
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Figure 2.6 Work flow: from tissue recombination to analysis

Schematic diagram illustrating the work flow of the method used in the current study. Step 1
illustrates the formation embryoid bodies from ENVY hESC (green circles). Step 2 involves the
collection of nMUM (image modified from Kurita et al 2001 [19] with permission from
Elsevier). Step 3 involves the transplantation of recombinant grafts for in vivo development.
Abbreviations: nMUE, neonatal mouse uterine epithelium; nMUM, neonatal mouse uterine

mesenchyme.

2.3.5 Efficiency and macroscopic appearance of recombinant grafts

In total, 114 ENVY/nMUM recombinant grafts were transplanted under the renal capsule of 58
mice, and only 6 grafts contained recombinant glandular structure. In the remaining 108 grafts,
either or both of the cell types transplanted perished in vivo. Unique macroscopic appearance
made it possible to distinguish failed recombinant grafts from successful grafts (Table 2.2,
Figure 2.7) thus facilitated quicker analysis without the necessity of processing and sectioning

failed grafts.
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In these experiments, the nMUM always survived in vivo transplantation, in contrast, to hESCs
which rarely survived the procedure. A recombinant graft where neither cell types survived was
detected by the remnants of a collagen patch under the renal capsule (Figure 2.4A, 2.7B). A
recombinant graft containing hESC derived structures were smaller cystic/solid growth
compared to EB transplanted alone (Figure 2.7A-B). The presence of hESC derived structure is
evident by areas of cartilage or bone like growth, pigmented areas and small areas of cystic sacs
(Figure 2.7B, 2.7D). In a failed recombinant graft, where nMUM/remnant epithelial cells
developed exclusively into uterine gland, the macroscopic appearance was a small well
vascularised smooth growth on top of the kidney. In contrast, in recombinant grafts where hESC
have survived, the surface was always irregular. In summary, ENVY hESCs can also be
recombined with nMUM and will undergo further differentiation in vivo, albeit with a dismal

take rate.

Table 2.2 Macroscopic descriptions of graft types

Appearance of grafts under the renal capsule at 4-8 weeks

Size Surface Fluid filled sacs Pigmented/Cartilage
Tissue
EB (control) Large Irregular Numerous Occasional
Recombinant Small Irregular Occasional Occasional
Failed grafts (cells - Flat collagen - -
death) patch under
capsule
Failed grafts Small Smooth, half none none
(uterine gland sphere

formation )
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Figure 2.7 Macroscopic appearance of various grafts

(A-D) representative photograph of various grafts harvested at 4 weeks. (A) Cystic teratoma
developed from EB alone (arrowhead points to area solid tissue growth at the base of the gratft,
nearest to the kidney parenchyma, arrow points to a fluid filled sac). (B) teratoma like growth
developed from a recombinant graft (arrowhead points to fluid filled sacs, arrow points to
cartilage-like growth at the base of the growth, circle points to patch of collagen). (C) Smooth,
vascularised growth typically seen in grafts containing mouse uterine gland only. (D) Small solid
growth with irregular surface (arrow points to pigmented tissue). (E) Representative
photomicrograph of H&E section of recombinant graft containing only mouse uterine gland.
Abbreviations: C, collagen; K, kidney; mG, mouse uterine gland.
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2.3.6 Real time imaging of ENVY grafts

Due to the high failure rate of recombinant grafts, it was decided that in vivo imaging would
enable detection of failed grafts at earlier time points, allowing non — invasive monitoring over
longer incubation time points (ie. 8 weeks). It has been shown previously that GFP expression
can be captured by high sensitivity cameras [288]. It was hypothesized that in vivo imaging for
GFP expression would be sufficient and reliable method to detect ENVY cell survival in vivo
under the renal capsule since ENVY hESCs constitutively express green fluorescent protein
(GFP) [201]. Fluorescent signal from an area corresponding to the location of the host kidney
where ENVY cells were grafted was detected (Figure 2.8A, C). Similarly, signal in a region of
the hind leg where single hESCs were in injected was also detected (Figure 2.8B). These were

verified by when animals were sacrificed.

A W Wk 4 Graft

C = Control

Figure 2.8 Non-invasive in vivo imaging of transplanted ENVY hESC

(A-C) Photographs demonstrate GFP signal detected in NOD/SCID mouse hosts carrying renal
recombinant grafts at two different time points; (A) one animal at week 4 and (C) one animal at week 8
after grafting (dotted lines encircle detected GFP signal). (B) one animal with GFP signal detected in the
leg where hESC were injected intramuscularly (arrows point to GFP signal). (D) Photograph of a control
animal that did not receive any grafts or cells
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2.4 Discussion

Differentiation of ESC into clinically relevant tissue or cell types in vitro holds promises for
future regenerative therapies. Few studies have used tissue recombination methods to establish in
vivo models of organogenesis [60, 175]. Using in vivo models to study human organ
development is a powerful approach to understand human development previously not possible.
In vivo modelling coupled with tissue recombination would allow dissection of complex
pathways involved in fate specification by the utilisation of transgenic and gene knockout
technologies [191]. In the current study, I have established an in vivo model of human organ
development wusing tissue recombination technology forming heterospecific/heterotypic

recombinant grafts using nMUM with two separate hESC cell lines; MEL-1 and ENVY.

2.4.1 Instructive interaction between nMUM and hESC

Interactions between epithelial and stromal cells are classified as permissive or instructive [176].
Both the permissive and instructive effects of the nMUM have been documented in the past [22,
184, 190].The former refers to the support of a predetermined developmental program, the latter
refers to the initiation of a new program for differentiation. The interaction between nMUM and
hESCs reported in the current study is instructive because nMUM specified the fate of
undifferentiated hESCs. Notwithstanding the propensity of hESC to spontaneously differentiate
towards a certain type of tissue [200], a small percentage of both MEL-1 and ENVY hESCs used
in this study faithfully followed the instructions of nMUM to form glandular epithelial structures
with FRT-like morphological features. This is consistent with the concept that most
developmental pathways are evolutionarily conserved between human and mouse [184]. Further

characterisation is, however, required for the hESC derived FRT-like epithelium.

2.4.2 Off target differentiation

Similar to previous studies, a considerable degree of ‘off target differentiation’ was observed in
the current study where hESC formed teratoma-like growths that consisted of tissue types from
various lineages [174, 175]. Whilst a reduction of hESC numbers reduced the tumour size in the
current and a previous study [175], it may also reduce the viability of hESC in vivo [281]. An
alternative strategy could be to partially differentiate hESC by addition of exogenous growth
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factors to form progenitor or more mature cell types prior to recombination or transplantation
[180]. Although to differentiate hESC into fully mature FRT epithelial cells prior to
transplantation would relegate the nMUM to a purely permissive role since much of the hESC
fate specification would have been completed by growth factors in vitro. Such a differentiation
strategy may still be too futuristic since little is known about the growth factors involved in fate
specification and differentiation of the Miillerian duct during development despite the discovery
of the major molecular pathways involved [17]. A more realistic strategy would be to partially
differentiate hESC to form pre-Miillerian progenitors found at different stages of embryogenesis.
For example, the primitive streak cells, lateral plate mesodermal cells and coelomic epithelial
cells [2]. Primitive streak cells are the obligate intermediate for both mesoderm and
endodermally derived tissue, there is a large collection of literature documenting efficient
differentiation strategies for formation of mesoderm and endodermally derived tissue using a
wide range of growth factors [226, 272]. Such pre-differentiation strategies could potentially
reduce ‘off target’ outcomes by increasing differentiation of hESC, thereby reducing

pluripotency of the stem cells.

2.4.3 Immune rejection and cell death

As hESC differentiate, they express low levels of the major histocompatibility complex class I
(MHC-I) antigens suggesting that hESC derivatives may elicit an immune response when
transplanted in vivo across histocompatibility barriers [289, 290]. Interestingly, it was originally
thought that ESC had immune privileges because embryos consisting of paternal material are
usually not rejected by maternal hosts. Results from a number of studies offer conflicting
evidence of hESC survival in xenogeneic hosts. Whilst some showed that both mESC and hESC
evade immune recognition in immunocompotent mice [291, 292], others showed some level of
rejection of both undifferentiated hESC and its derivatives from the host [293, 294]. Ultimately,
the rejection was attributed to T cell recognition of the MHC-I on hESC and its derivatives
[293]. Immunocompromised mice such as the NOD.SCID has impaired T and B lymphocyte
development and was therefore able to host xenografts containing hESC without rejection [174,
293]. A recent study showed a new strain of NOD/SCID/gamma(null) (NOG) mice without T, B
or NK cell activity were superior hosts for cynomolgus ES cells compared with NOD.SCID mice
[281, 295, 296]. In contrast to previous studies, the current study had an extremely low take rate

with transplantation of recombinants containing hESCs. Unlike these previous studies, less than
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0.5% of the total number of cells (3,000 cells vs 1x10° cells in previous study) transplanted in the
past studies was used in the current study [281, 293]. Communication with the author of a
similar study [174] where approximately only 1,500 hESC were transplanted in tissue
recombinants revealed a similar disappointing take rate in their recombinant grafts. Whilst
residual immunogenic response from NOD/SCID hosts may play a small part in low hESC
survival rate, hESC cell death noted in the current study is likely due to the extremely low
number of cells transplanted into the host. However, to ensure that any residual immunogenic
response on hESC survival was avoided, we have imported another strain of
immunocompromised mice known as NOD/Scid II-2R Gamma (NSG) for future studies. The
NSG mouse is the most immunocompromised strain available today. Even though cell survival is
important, low number is pivotal for reduction of teratoma size in order to achieve a

homogenous differentiation of ESC in vivo [174, 175].

2.4.4 Other strategies to increase efficiency and reproducibility of the in
vivo model

The in vivo incubation time of recombinant grafts in the current study ranged from 4 to 8 weeks,
during which time, the fate of hESC can not be assessed due graft site location. In contrast,
injection of large numbers of hESC into hind legs of mice allows for palpation after several
weeks of in vivo incubation. Today, the most advanced systems of in vivo imaging of hESC
detect both bioluminescence and GFP signal since each have their unique advantages [297, 298].
However, for the purpose of cell detection, GFP signal emitted from recombinant grafts was

sufficient.

Maintaining hESC in any laboratory is a costly affair. Since both MEL-1 and ENVY were able
to form FRT-like epithelium when transplanted with nMUM in vivo, to reduce cost in laboratory
consumables and time, it was decided that ENVY hESCs was a much more cost effective way
for experiments conducted in the following Chapters of this thesis. The scheduled delivery of
ENVY cells allowed experiments to be planned ahead and harvesting of neonatal uterine

mesenchyme to be co-ordinated with the creation of EBs in an orderly and efficient manner.
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2.4.5 Conclusion

The methods developed in the current study include the recombination of nMUM with hESC
(MEL-1 and ENVY), transplantation of heterotypic/heterospecific recombinant grafts, macro-
and microscopic analysis, and real time imaging of recombinant grafts. The recombinant
glandular epithelium described in this in vivo model required in depth morphological and
functional characterisation which is described in the following Chapter. In Chapter 3, the
addition of growth factors to pre-differentiate hESC prior to recombination was also attempted to
reduce “off target” differentiation and NSG mice used to enhance survival of transplanted

hESCs.
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Abstract

Background: Recent studies have identified stem/progenitor cells in human and mouse uterine epithelium, which are
postulated to be responsible for tissue regeneration and proliferative disorders of human endometrium. These progenitor
cells are thought to be derived from Miillerian duct (MD), the primordial female reproductive tract (FRT).

Methodology/Principal Findings: We have developed a model of human reproductive tract development in which
inductive neonatal mouse uterine mesenchyme (nMUM) is recombined with green fluorescent protein (GFP)-tagged human
embryonic stem cells (hESCs); GFP-hESC (ENVY). We demonstrate for the first time that hESCs can be differentiated into cells
with a human FRT epithelial cell phenotype. hESC derived FRT epithelial cells emerged from cultures containing MIXLT*
mesendodermal precursors, paralleling events occurring during normal organogenesis. Following transplantation, nMUM
treated embryoid bodies (EBs) generated epithelial structures with a typical MD phenotype that expressed the MD markers
PAX2, HOXA10. Functionally, the hESCs derived FRT epithelium responded to exogenous estrogen by proliferating and
secreting uterine-specific glycodelin A (GdA).

Conclusions/Significance: These data show nMUM can induce differentiation of hESC to form the FRT epithelium. This may
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provide a model to study early developmental events of the human FRT.
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Introduction

During embryogenesis, the mesoderm emerges from the pri-
mitive streak and gives rise to coelomic epithelium. The Miillerian
Duct (MD) arises from invagination of coelomic epithelium during
fetal development. Subsequently, the MD gives rise to the human
female reproductive tract (FRT) that further differentiates to form
the oviduct, uterus and upper vaginal canal. The mucosal lining of
the uterus is known for its remarkable regenerative capacity during
a female’s reproductive years. Recently, the regenerative capacity
of the endometrium has been attributed to a small population of
resident stem/progenitor cells. Our laboratory discovered these
cells in both the stroma and epithelium of the adult human and
murine uterus [1,2,3]. We have identified cell surface markers that
enrich for endometrial mesenchymal/stromal stem/progenitor
cells, and ongoing investigations now focus on finding definitive
markers for the epithelial stem/progenitor cells. Identifying and
characterising these stem/progenitor cells will provide a better
understanding of the normal cyclical regenerative processes in
human endometrium and the pathophysiology of human endo-
metrial proliferative diseases, such as endometriosis, endometrial
hyperplasia and endometrial cancer.

@ PLoS ONE | www.plosone.org

Recent studies have shown that creating developmental models
from embryonic stem cells (ESCs) is a tractable approach to track
and potentially identify adult stem/progenitor cells [4,5]. In this
context, we believe a hESC based model of human MD develop-
ment will facilitate the identification and characterization of female
reproductive tract stem/progenitor cells. Tissue recombination is a
powerful tool for studying stromal-epithelial interactions. For
example, neonatal mouse uterine mesenchyme (nMUM) had been
recombined with human and mouse uterine epithelial cells in
previous tissue recombination experiments [6,7,8,9]. nMUM also
transdifferentiates pluripotent spermatogonial stem cells into
murine uterine epithelial tissue [10] and a number of studies have
shown that specific stromal populations can direct ESC differenti-
ation towards derivatives of their corresponding epithelia, including
bladder, prostate and oocytes [4,5,11]. We hypothesized that
nMUM might provide inductive cues capable of directing hESCs to
differentiate into human FRT epithelium. We adopted established
methods for hESC differentiation to form embryoid bodies (EB)
from green fluorescent protein-tagged hESCs; GFP-hESCs
(ENVY). EBs were then combined with nMUM and the resultant
recombinant subsequentlty grafted into immunocompromised
mice. We demonstrated that nMUM induced differentiation of

June 2011 | Volume 6 | Issue 6 | 21136



hESCs to form human FRT epithelium in a process that paralleled
known stages of human FRT organogenesis.

Results

Neonatal mouse uterine mesenchyme directed hESCs to
form human female reproductive tract epithelium in vivo

No single marker defines the adult FR'T epithelium which in-
cludes the oviduct, uterus and upper vaginal canal. Therefore we
used a previously established combination of a morphological
marker (cilia) and the immunohistochemical markers cancer an-
tigen 125 (CA125), Glycodelin A (GdA) and estrogen receptor
alpha (ER-o) to identify the FR'T epithelium [12,13]. As a prelude
to experiments utilising nMUM mesenchyme, we first tested the
ability of differentiating hESCs to spontaneously differentiate into
human FRT epithelium following transplantation. To this end, we
grafted ovariectomized mice with two types of controls; EBs
formed in the absence of growth factors (n = 4) or EBs treated with
BMP4/ACTIVIN A (n=4), growth factors known to induce
hESCs to differentiate towards mesendoderm, an obligate inter-
mediate during FRT development. Lack of ovarian hormones
does not impair ciliogenesis or development of the female repro-
ductive tract [14,15,16], but the absence of these hormones
enables distinction of reproductive and respiratory tract epithelia.
Specifically, under these conditions, normal human uterine epithe-
lium is a ciliated simple columnar epithelium (Figure 1A), in
contrast, respiratory epithelium is ciliated and pseudostratified
(data not shown). We found no evidence of ciliated simple colum-
nar epithelium in either control group, however, we detected
ciliated pseudostratified columnar epithelium resembling respira-
tory epithelium similar to that described in a previous report [17].
In addition to these hESC controls, we also grafted nMUM alone
and found no evidence of epithelial differentiation, consistent with
previous studies (data not shown) [7,10]. In the experimental
groups, we detected ciliated simple columnar epithelium in each
graft derived from both the non-growth factor treated (n = 2) (data
not shown) and growth factor treated EB/nMUM recombinant
tissues (n = 30) (Figure 1B, C). Grafts derived from these samples
were smaller than those arising from EBs formed in the absence of
nMUM and/or growth factors, (Figure S1A), consistent with
previous studies showing that differentiated hESC had reduced
the potential for teratoma formation [5,17]. We also found the
viability of hESC differed between immunodeficient host mouse
strains and that NOD.Scid gamma (NSG) mice were ideal for
hESC cell development compared to NOD.Scid mice (data not
shown) consistent with a previous study [18].

In order to confirm that ciliated structures were indeed hESC
derived epithelium, we used a combination of Hoechst stain and anti-
GFIP antibody staining (Figure 1C-F, Figure S6A). This analysis
enabled GFP" ENVY-derived human epithelial cells containing
smooth Hoechst-stained nuclei to be distinguished from GFP™ mouse
cells with speckled nuclei [19]. In week 8 recombinant grafts, ciliated
simple columnar epithelium was only observed when surrounded by
mouse stromal cells (Figure 1C). In GF-treated week 8 recombinant
grafts, we found epithelial tissue made up a small percentage of the
total area (4.8%2.3%), and that ciliated simple columnar human
epithelium accounted for 33.8+22.6% of all epithelial structures
(n=4, mean*s.e.m.). Consistent with a previous report, our data
showed that a considerable portion of each graft consisted of non-
epithelial tissue and fluid filled cavities (Figure S1C) [17]. In addition,
the proportion of ciliated simple columnar epithelial structures in
recombinant grafts varied; for instance, in one graft, the only epithelial
structure present was ciliated whilst the rest of the graft consisted of
fluid-filled cavities (Figure S1C). In other grafts, several hESC derived
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FRT epithelial structures were present (Figure S1B, Figure S1D).
Despite this variability, structures with characteristics consistent with
FRT epithelium were found in all grafts where both nMUM and
hESC derived cell types were present (n = 30) (Figure S2).

Immunofluorescence analysis indicated that the hESC derived
FRT epithelium expressed human CK18 and CA125 (Figure 1D,
Figure 1E). This result excludes the possibility that these structures
represented luminal epithelium of the male reproductive tract or
ependymal epithelium of the central nervous system, which do not
express CA125 [20]. Following exogenous estrogen treatment,
estrogen receptor-o. (ERa) was detected in the hESC derived FRT
epithelium (Figure 1F, Figure S4A) albeit at a low frequency and
variable intensity, comparable to ERa expression in human
endometrial glands (Figure 1G, Figure S4C, Figure S4D). In
recombinant grafts, ERa is only detected in mouse stromal cells
and hESC derived FRT epithelium (Figure S4A, Figure S4B). To
assess the functional capacity of the hESC derived FRT epithe-
lium, we treated host mice with multiple estrogen injections over 5
days [9]. Estrogen induced epithelial proliferation, as demonstrat-
ed by Ki67 expression (Figure 1I), similarly, the hESC derived
epithelia in estrogen treated animals expressed GdA in the cyto-
plasm (Figure 1K). We also observed morphological changes in
response to exogenous hormonal stimulation, the hESC derived
FRT epithelium increased in height, whilst the underlying stromal
cells demonstrated edematous change (Figure 1M), mirroring
changes that occur in normal cycling adult proliferative uterine
epithelium and stroma (Figure 1N). In contrast, grafts from vehicle
alone treated hosts contained low cuboidal epithelium and lacked
stromal edema (Figure 1L). Furthermore evidence of reciprocal
interaction between differentiated human epithelial cells and
mouse endometrial stromal cells was indicated by the expression of
alpha - smooth muscle actin (3-SMA) in the latter (Figure 10),
consistent with previous studies [4,5]. Collectively, these results
demonstrate that nMUM can direct hESCs to differentiate into
hormonally responsive FR'T epithelium.

FRT epithelia arises from MIXL* embryoid bodies

Since MD is derived from primitive streak mesendoderm, we
sought to determine if nMUM induced formation of mesendo-
dermal cells in differentiating human EBs. To examine this
process, we generated EBs with a MIXLI®™* hESC reporter line
in which GFP expression has been placed under the control of the
of the primitive streak gene, MIXLI. We detected GFP expression
as early as day 3 in developing EBs cultured in serum-free-medium
in the presence of nMUM (Figure 2A). Reporter activity in the
recombinant EBs, which paralleled that seen in EBs treated with
growth factors (BMP4 and ACTIVIN A), first appeared on day 3
and gradually diminished by day 7 (Figure 2A). Furthermore, in
larger EBs (>4000 cells), reporter activity was localised to the area
of contact between EB and mesenchyme (Figure 2B, Figure S3).
When we recombined MIXLI“"’* EBs with neonatal mouse
uterine epithelial (nMUE) cells under serum free conditions, we
observed no reporter activity (Figure 2C). These observations
suggest close range morphogens from nMUM, but not nMUE,
directed the differentiation of hESC to mesendodermal cells in
MIXLI®™® EBs. These observations indicate that nMUM, but
not nMUE, produced factors capable of directing the differenti-
ation of hESCs to mesendodermal progenitors.

Expression of mesoderm markers in EBs induced to
differentiate with nMUM

We hypothesized that nMUM might induce the differentiation
of MIXLI" mesendodermal progenitors to mesoderm with cha-
racteristics of lateral plate mesoderm. In the first instance, we
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Figure 1. Characterisation of hESC-derived FRT epithelium in GF treated heterotypic (hMUM) recombinant 8 week xenograft. f3-
tubulin expression in (A) ciliated simple columnar epithelia of human adult proliferative endometrium and (B) in hESC derived ciliated, simple
columnar FRT epithelium (arrows indicates cilia). (C) immunofluorescence analysis of hESC derived FRT epithelium (green) where B-tubulin (yellow
orange) is expressed on cell surface (inset shows a close up view of the cilia), the hESC origin of epithelial cells was assigned on the basis of GFP
expression. Note that adjacent mouse uterine stromal cells are GFP~. hESC derived FRT epithelium co-localised (D) cytoplasmic CK18, (E) CA125 on
epithelial surface (arrow), and (F) ERa (pink) with GFP* hESC derived epithelial cells. Weak ERa expression was also evident in mouse uterine stromal
cells (filled arrows). (G) ERa. expression in human proliferative endometrial gland (full arrows), dotted line indicates epithelium. Ki67 expression in
hESC derived FRT epithelium before (H) and after (I) estrogen injections showing estrogen-induced epithelial cell proliferation. The expression of GdA
in hESC derived FRT epithelium without (J) and with (K) estrogen injections showing estrogen-induced cytoplasmic expression of GdA. H&E of hESC
derived FRT epithelium lined by simple columnar cells without (L) and with (M) estrogen treatment, showing estrogen-induced increase in epithelial
height and stromal oedema (arrows), classical hormonal responses of adult uterine epithelium (N). (O) Three hESC derived FRT epithelial structures
surrounded by o-SMA positive cells. Inset in (K) is concentration matched mouse IgG1 negative control. Hoechst stained serial sections
corresponding to (I) and (K) are found in Figure S6E-F. Abbreviations: a-SMA, a-smooth muscle actin; CA125, cancer antigen 125; E, epithelium; ERa,
estrogen receptor alpha; E2, estrogen; G, gland; GdA, glycodelin A; S, stroma.

doi:10.1371/journal.pone.0021136.g001

analysed the expression of genes which mark cells from the
mesendoderm and mesoderm in the differentiating recombinant
ENVY EBs from day 3 to day 9 using qRT-PCR. In the presence
of growth factors (BMP4 and ACTIVIN A) alone, MIXLI,
Brachyury (T), PAX2, were rapidly upregulated and slowly declined
over time (Figure 3). Goosecoid (GSC), and OSRI increased over time
compared to control (no growth factor). High levels of MIXLI,
GSC, and T suggest differentiation of hESCs towards anterior
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population of mesendodermal cells, consistent with the role of
ACTIVIN A [21,22]. In addition, we also observed the
upregulation of intermediate and lateral plate mesodermal
markers OSRI and PAX2, consistent with a previous study,
suggesting that under these conditions, EBs potentially harbour a
precursor of MD [23]. nMUM upregulated MIXLI, T, and GSC as
early as day 3, but there was delayed upregulation of OSR/
compared to growth factor treated EBs (Figure 3). PAX2 showed
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Figure 2. Neonatal mouse uterine mesenchyme induces MIXL1 expression in MIXL1%" EBs. (A) nMUM induced GFP expression in
MIXL1S"P™ EB recombinants after three days of co-culture (3™ panel), representative example of n>100. The duration of reporter activation is
comparable to that observed in growth factor treated EBs (2™ panel, days 3,5), while little to no reporter activity was detected in the control (1
panel) (n>100) (x40 magnification, first 3 panels are fluorescent images, images in 4" panel represent phase contrast images of recombinants in 3
panel). (B) Co-culture of two nMUM pieces (0.5 mm) with a larger EB (>4000 cells) activated reporter activity locally (dotted area is the EB) (x20
magnification). (C) No reporter activity was detected in embryoid bodies co-cultured with neonatal uterine epithelium (0.5 mm) (x40 magnification).
Areas marked as mesenchyme in recombinants are based on morphological evidence and recombination experiments using ENVY hESC (refer to
Figure S2A-C). Abbreviations: EB, embryoid body; E, neonatal mouse uterine epithelium; GF, growth factors; M, neonatal mouse uterine mesenchyme.

doi:10.1371/journal.pone.0021136.g002

little change compared to control over time. Gene expression
profiles of recombinant EBs treated with growth factors were
similar to that of EBs treated with growth factor alone, although
the nMUM appeared to maintain higher levels of expression for
MIXLI, and T, on day 9 compared to GF treated EBs (Figure 3).
The pluripotency marker Oct4 decreased steadily over time in all
groups except control. These results suggest that in the absence of
growth factors, nMUM can promote hESC differentiation towards
mesendoderm, albeit less efficiently than BMP4/ACTIVIN A.
However, despite the similar gene expression profile of growth
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factor only treated EBs and growth factor treated EB/nMUM
recombinants, the former never developed FRT epithelium
following transplantation.

nMUM induced differentiation of hESCs recapitulates
aspects of rodent and human Miillerian Duct development
To investigate the kinetics of MD development following EB
transplantation, we harvested recombinant grafts at 2 and 4 weeks.
hESC-derived FRT epithelial structures were detected at both time
points (Figure 4) and comprised of areas of pseudostratification
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Figure 3. Neonatal mouse uterine mesenchyme induces expression of primary germ layer markers in ENVY/nMUM recombinants.
Real time PCR analysis of RNA collected from EB and recombinants cultured in serum-free BPEL medium. Growth factors (BMP4, 50 ng.ml~" and
ACTIVIN A, 20 ng.ml~") were added immediately after forced aggregation of hESCs. Neonatal mouse uterine mesenchyme was added 24 hours after
EB formation into either growth factor treated or untreated EB culture. Expression of genes relative to GAPDH were analysed by quantitative RT-PCR
after 3, 5, 7 and 9 days incubation. Expression of target genes in undifferentiated hESCs is indicated as day 0 of differentiation (Data is plotted as
meanz*s.e.m., n=3 independent differentiation experiments). Abbreviations: GF, growth factor; nNMUM, neonatal mouse uterine mesenchyme.

doi:10.1371/journal.pone.0021136.9003

(Figure 4A), as described in a previous report of human MD
epithelium [24]. To determine the stage of development, we
examined expression of known MD developmental markers such as
PAX2 and HOXAI0 [25]. PAX2 expression first appears after MD
specification, during the elongation stage of development [26].

@ PLoS ONE | www.plosone.org

Although at 2 weeks, PAX2 and HOXAI0 expression was not
detected in the hESC derived FRT epithelium (Figure 4B-C), at 4
weeks, HOXAI10 and PAX2 expression was observed in the
developing hESC derived FRT epithelium (Figure 4D-E, Figure
S5A, Figure S5B), consistent with the temporal expression pattern
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previously reported for the elongation and differentiation stages of
MD development in mice [25,27]. Co-expression of CKI18
(Figure 4G) and Vimentin (Figure 4H, Figure S5C) in cells present
on serial sections suggested that the hESC derived FRT epithelium
was meso-epithelial in character. In addition, the expression of
CA125 (Figure 41, Figure S5D) supports our hypo-
thesis that like human and rodent MD, hESC derived MD
originates from a coelomic-like epithelia [12,28]. The complete
absence of ERa in the hESC derived MD epithelium (Figure 4])
at this stage of development is consistent with previous reports
showing human fetal MD lacks ERo expression [29]. Motile
B-tubulin-expressing cilia were not detected on the hESC-derived
FRT epithelium (data not shown). We then optically reconstructed a
hESC derived FRT gland from stained serial sections (de-
picted from Figure 4E-]J), and found it was ductal in character
(Figure 4K). These data indicate that following in vitro dif-
ferentiation, nMUM induced MD differentiation from hESCs
recapitulated some of the known sequential stages MD ontogeny.
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Discussion

Very few studies have examined the developing human MD
[24,30,31] and none have examined the differentiation of hESCs
to mesoepithelial derivatives. In this study we established a model
of MD development, providing an opportunity to investigate
factors affecting the genesis of the human FRT. In contrast to
recent work where nMUM was used to differentiate spermatogo-
nial stem cells into murine uterine epithelium [10], developmental
stages observed in our model are similar to normal Miillerian
organogenesis, making it an ideal platform to study human FRT
development (Figure 5). Our current protocol involves two distinct
stages; hESCs were first differentiated towards cells expressing
mesodermal markers in vitro, and then transplanted in vivo to
form the hESC derived FRT epithelium expressing markers of the
MD and its derivatives. To our knowledge, this is the first report of
hESC differentiation into mesodermally derived epithelium, in this
case the human FRT epithelium.
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Figure 4. Morphological and immunohistochemical characteristics of hESC derived FRT epithelial structures in grafted GF treated
recombinants. (A) H&E showing pseudostratification in the hESC derived FRT epithelium surrounded by co-transplanted mouse stroma in a 4 week
graft. (B) no PAX2 or HOXA10 (C) expression in week 2 hESC derived FRT epithelium (B, C) were serial sections representative of two week 2 graft)
(arrows point to HOXA10" mouse stromal cells). (D-1) Representative sections from two different 4 week grafts, (E-J) serial sections of a single gland
(sectioned at 3 um), (D, E) Nuclear expression of HOXA10 and PAX2 in hESC derived FRT epithelium at 4 weeks. (F) representative serial sections of the
same gland depicted from (E-J) showing GFP* hESC derived epithelium surrounded by GFP™ mouse uterine stromal cells. The gland co-localised
cytoplasmic expression of (G) CK18 and (H) Vimentin in hESC derived FRT epithelium. (I) CA125 expressed on hESC derived FRT epithelium surface. (J)
ERa expressed in transplanted mouse stromal cells but absent from hESC derived FRT epithelium. Insets in (B) is a positive control of PAX2 expression
in adult human endometrial epithelium, inset in (C) concentration matched goat IgG negative control, inset in (E) concentration matched rabbit IgG
negative control, inset in (I) mouse IgG1 negative control for (G-I). (K.1-2) 3D reconstruction of hESC derived FRT epithelium from serial sections
depicted in (E-J) (arrow) shown on the Y-axis, (K.2) shown on the Z-axis view as a duct. Abbreviations: E, epithelium; hFRT, hESC derived FRT;
HOXA10, Homeobox A10; PAX2, Pair box gene 2; S, stroma.

doi:10.1371/journal.pone.0021136.9004
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Figure 5. Schematic of the proposed Human Miillerian Duct development model and its potential applications. Stages of
development of the hESCs/nMUM recombinant in vitro and in vivo. Key stages are numbered from 0-5 accompanied by some stage specific markers.
(0): Undifferentiated hESC cells (white circles) were recombined with nMUM (black ovals), (1): primitive streak formation: nMUM (black ovals) induced
some hESC to differentiate into MIXL1" mesendodermal cells (green circles) whilst the rest remained either as undifferentiated (white circles) or
belonging to the ectodermal lineage (blue circles), (2): germ layer induction: mesodermal cells (yellow circles) derived from MIXL1" mesendodermal
cells in the previous stage, other colored circles represent a variety of differentiated (purple, orange, blue) and undifferentiated cells (white circles),
(3): in vivo differentiation, and formation of a pre-Miillerian epithelium (yellow) possibly derived from mesodermal cell types in the EB (the presence
of tissues from other lineages is omitted from this figure for illustration purposes), (4): transition from the pre- Millerian epithelium into MD
epithelium (red), (5): maturation of MD epithelium into adult FRT epithelium (pink) containing residual MD epithelial cells (in red). Text boxes (below

schematic) include potential applications of the model at different stages of development.

doi:10.1371/journal.pone.0021136.9005

In order to identify MD epithelium and its derivatives in the
recombinant grafts, we examined a short list of commonly known
morphological and immunohistochemical markers of adult human
female reproductive (oviduct/uterine) epithelium used in routine
diagnostic laboratories and other tissue recombination studies
[7,10]; cilia (B-tubulin), CK18, ERa, CA125 and GdA. Our results
indicate only the hESC derived FRT epithelium in our
recombinant grafts expressed this suite of epithelial markers.
Several estrogen-induced functional responses of FRT epithelium
were also demonstrated; increased epithelial proliferation, a
defining feature of the uterine epithelium [8,9,10], and secretion
of GdA. GdA is found in both oviduct (uterine tube) and uterine
epithelium of the female reproductive tract and is produced by
epithelium in response to estrogen or progesterone [13,32]. Low
levels of ERat expression in the hESC derived FRT epithelium
suggests that the action of estrogen on the recombinant structure
may be mediated via ERo in the underlying mouse stroma by a
paracrine mechanism, recapitulating a characteristic feature of
stromal-epithelial interactions in mouse and human reproductive
tract tissue [9]. Other evidence of stromal-epithelial interaction is
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the smooth muscle differentiation of the mouse stromal cells,
consistent with previous recombination studies using hESCs and
other urogenital tissues [4,5]. One possible explanation for the
weak expression of ERa is that our model developed in the
absence of endogenous ovarian hormones. However, since MD
development is an estrogen-independent process, the absence of
ovarian hormones did not impair formation and differentiation of
the MD, as expected [15,16]. Together these data suggest that
nMUM directed differentiation of hESCs to become human FRT
epithelium. However, as a recombinant model consisting of mouse
and human cells, one would expect some functional differences
between our hESC derived FRT epithelium and that of the
normal human FRT epithelium especially in the area of hormone
responsiveness of the tissue as demonstrated previously in other
uterine recombinant models [9]. In future experiments, for further
characterisation of the hESC derived FRT epithelium, we plan to
compare the molecular signatures between our FRT epithelium
with the normal human FRT epithelium.

Animal studies have shown that coelomic epithelium is specified
to form the MD [28]. During embryogenesis, the coelom itself

June 2011 | Volume 6 | Issue 6 | 21136



derives from the lateral plate mesoderm that emanates from the
primitive streak [33]. Similar to ontological development, our gene
expression analysis indicated that nMUM first initiated mesendo-
derm differentiation and then influenced mesodermal lineage
commitment in the differentiating human EBs. Rather than simply
acting as an external cue to initiate EB self-organisation [34], our
results suggest nMUM created morphogen gradients that in-
fluenced lineage commitment of differentiating hESCs, similar to
other co-culture experiments [35]. Our previous microarray analysis
in the nMUM (unpublished data) showed gene expression of several
members of the TGF-beta super family of ligands (BMP, Activin)
and Wnt family ligands consistent with other reports [36,37,38]. We
propose that these and other morphogens in the nMUM initiated
formation of mesendodermal cells and their subsequent differenti-
ation in the EB. Further investigations are required to unravel the
exact combination of mesenchymal soluble factors responsible for
this induction. Following in vitro mesodermal lineage commitment,
subsequent in vivo development of the hESC derived FRT
epithelium at earlier time points mimicked known stages of MD
development [27], both in morphological and molecular features
previously described for human and mouse MD [24,28].

A persistent problem in developing both in vitro and in vivo
human organogenesis models from hESCs is the heterogeneity of
tissue types produced. Similar to recent tissue recombination
studies involving pluripotent cells [4,5,10], our method employing
organ specific mesenchyme for generation of human FRT
epithelium also generated a large fraction of ‘off target’ cell types.
Although, manipulating the ratio of mesenchyme and hESCs
could enhance differentiation and reduce unwanted lineage
differentiation [4], a more consistent and robust outcome might
be achieved if the appropriate inductive growth factors could be
identified. In this study, we combined both techniques by first pre-
differentiating EBs in the presence of mesendoderm promoting
factors and then recombining them with inductive mesenchyme.
Future studies aimed at identifying mesenchymally derived
inductive factors will enable further refinement and control over
the direction and efficiency of differentiation.

Overall, we demonstrated for the first time that nMUM can direct
differentiation of hESCs to form human FR'T epithelium. The entire
process can be dissected and studied over a period of 8 weeks
(Figure 5), providing an avenue to investigate human MD develop-
ment. Both host environment and mesenchyme can be manipulated
to examine systemic and local factors involved in MD development
and maturation. Furthermore, our model of human FRT develop-
ment may also provide a platform for the characterisation of human
endometrial stem/progenitor cells recently identified in human and
mouse uterus [1,2,39]. Indirect evidence suggests that stem/pro-
genitor cells reside in the basalis (non-shedding layer) of the
endometrium and it is postulated that they are remnants of fetal
MD epithelium [40]. However, the isolation and identification these
cells have been hampered by lack of defining cell surface markers. In
this context, the availability of hESC derived fetal human MD
epithelium may facilitate the search for cell surface markers that can
be used to locate rare adult stem cells residing in the adult human
uterus. Identifying these cells has the potential to profoundly impact
on understanding normal physiological processes and diseases
affecting the female reproductive tract epithelium, such as endo-
metriosis, endometrial hyperplasia and endometrial cancer [41,42].

Materials and Methods

Animals
Animals were obtained from Monash Animal Services. Day 1
nMUM and epithelium were obtained from female C57BL

@ PLoS ONE | www.plosone.org
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/6JAsmu (F1) mice. Female NOD.CB17-prkdcscid/Asmu (NOD.
Scid) and NOD/Scid II-2R Gamma (NSG) mice 46 weeks old
were housed under controlled environmental conditions at 20°C
with 12-hour dark/light cycles and unlimited access to food and
water. All animal handling and procedures were carried out in
accordance with National Health and Medical Research Council
of Australia guidelines for the Care and Use of Laboratory Animal
Act and approval was obtained from the Monash University
Animal Ethics Committee at Monash Medical Centre — A (MMC-
A), Clayton, Australia. The approval numbers are 2006/44 and
2010/41.

hESC Lines and Tissue Recombination

Two genetically modified hESC lines were used; the constitu-
tively GFP* line, ENVY [18] and MIXL1°"™** reporter line [17],
both of which were derived from HES3 (karyotype 46, XX) [43].
For differentiation experiments, 3000 hESCs per well were
aggregated by centrifugation to form spin EBs in serum-free
BPEL medium according to previously established protocols [44,
45]. In some experiments, the medium was supplemented with
50 ng.ml~' BMP4 and 20 ng.ml~" ACTIVIN A (both from R&D
Systems). The uterine tubes of postnatal day 1 mice were me-
chanically dissected following enzymatic treatment as described
in previous studies [7,46]. Two small pieces of epithelial-free
mesenchyme measuring 0.5 mm were recombined with day 1 EBs
by co-culture in serum-free BPEL medium with or without growth
factors (BMP4, 50 ng.ml™!, ACTIVIN A 20 ng.ml™"). On day 3
or 5, recombinants were re-suspended in 10 pl of neutralised rat
tail collagen (a gift from Dr. Renea Taylor, Anatomy and
Developmental Biology, Monash University, Australia) and placed
on the surface of non-adherent Petri dishes for 1015 minutes at
37°C to allow the gel to solidify. Medium was then added to the
Petri dish and recombinants in collagen droplets were immersed in
the medium and incubated at 37°C for 30 minutes prior to
transplantation into NOD.Scid or NSG mice.

Xenografting tissue recombinants

Tissue recombinants or mesenchyme alone and differentiated
hESCs alone (EBs) were grafted under the renal capsule of female
(56 weeks old) NOD.Scid or NSG mice for 2 to 8 weeks as
previously described [5,47]. All mice were ovariectomized at the
time of surgery. For experiments assessing the functional capacity
of hESCs-derived reproductive tract epithelium, animals were
subjected to hormonal treatment one week before harvesting.
Hosts carrying tissue recombinants were injected daily with 500 ng
estradiol valerate (E2) in 100 pl corn oil (experiment group) or
corn oil alone (control group) for 5 days. All grafts were harvested
and fixed overnight in 4% paraformaldehyde (PFA), imaged,
paraffin embedded and 3 pum serial sections cut for histology and
immunohistochemistry. Some recombinants were harvested on
day 5 following in vitro incubation for histology. These grafts were
first re-suspended in collagen and fixed with 4% PFA prior to
processing.

Real time PCR

Individual recombinants and EBs were harvested from in vitro
culture for gene expression analysis on days 3, 5, and 7, and 9.
Samples were incubated in TrypLE Select (Invitrogen) for
30 minutes at 37°C then disaggregated by mixing, and digested
completely with Lysis Solution provided with the RNA extraction
kit (Ambion, Applied Biosystems, CA,). Following RNA extrac-
tion, DNase treatment was performed to eliminate contaminating
genomic DNA using RNaqueous Micro DNase Treatment Kit
(Ambion, Applied Biosystems). The quality and quantity of the
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RNA was checked using a Nanodrop Spectrophotometer ND-
1000 in conjunction with ND-1000 V3.3.1 computer software
(Thermofisher Scientific). Approximately 50 ng of total RNA from
each sample was reverse transcribed to first strand cDNA with
random hexamer primers using Superscript III reagents with
RNase Inhibitor (Invitrogen). Real-time PCR was performed using
Tagman gene expression probes, Tagman reagents and the 7900
HT Fast Real-Time PCR system absolute thermal cycler with
software from Applied Biosystems. PCR reactions for all samples
were run in triplicates. The comparative cycle threshold (Ct)
method was used to analyse data. Gene expression levels were
compared to the reference gene (REF), glyceraldehye-3-phosphate
dehydrogenase (GAPDH). Since gene expression is inversely
proportional to the Ct, the expression for target gene relative to
GAPDH was calculated according to previously described formula
below [48,49].

Gene expressionoc m
For purposes of presentation, we multiplied calculated values
normalised to GAPDH by 1,000.

We tested for species cross reactivity of individual genes from
information available on manufacturer’s website; we performed a
BLAST search using the amplicon to determine the gene’s location
in the human genome (GenBank mRNA reference numbers)
against the mouse genome. The species specificity of each assay was
tested by including neonatal uterine mesenchyme and human tissue
in real time PCR reactions (data not shown). The inventoried
Tagman Gene Expression Assays (Applied Biosystems) used in this
study were: GAPDH: Hs99999905_m1, MIXLI: Hs00430824_gl,
BRACHYURY: Hs00610080_m1, GOOSECOID: Hs00418279_m1,
OSRI: Hs00377071_ml, PAX2: Hs01057415_ml, POUSFI
(0OCT4): Hs03005111_gl. The ID suffix “_m” indicates the probe
spans an exon junction and will not detect genomic DNA. “_g”
indicates an assay that may detect genomic DNA. The assay
primers and probes may also be within a single exon. While
genomic DNA amplification was possible for MIXLI and POUSFI,
this was highly unlikely because of the DNase digestion step after
RNA purification.

Immunohistochemistry/Immunofluorescence

Sections were deparaffinized and hydrated through xylene and
graded alcohols. Antigen retrieval was performed by microwaving
sections in 0.01 M citrate buffer solution, pH-6 for 20 min,
followed by cooling to room temperature. Sections stained with
antibodies specific for nuclear proteins were permeablized with
0.5% Triton-X 100 in PBS for 10 minutes. Endogenous pero-
xidase activity was blocked with 3% HyOs in methanol for
10 minutes at room temperature followed by 3 rinses with PBS.
Protein Block was applied to minimise non-specific antibody
binding (Serum-free protein block, DAKO, Denmark) for
10 minutes at room temperature. Concentration matched mouse
IgG isotype negative controls were included in each run, rabbit
IgG (DAKO) and goat IgG (Santa Cruz) were included in runs
using polyclonal antibodies as negative controls. Following over-
night incubation with primary antibodies at 4°C in a humidified
chamber, slides were washed with PBS, and incubated with
reagents from appropriate kits or stained with Alexa Fluor
secondary antibodies (Table 1) at 1:200, RT for 30 minutes;
Mouse or Rabbit ENVISION (DAKO), LSAB HRP for Mouse/
Rabbit/Goat (DAKO) were used according to manufacturer’s
protocols. Immunoreactivity was detected by incubating with DAB
(DAKO) for 10-15 minutes, then rinsing with distilled water,
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Table 1. Primary antibody used in this study.

Primary Antibody Species Clone Dilution Source Reference
o-SMA* Mouse 1A4  1:100 Dako [
Anti-GFP' Mouse  N/A 1:500 Millipore [50]
Anti-GFP? Rabbit N/A  1:500  Abcam

Anti-B -Tubulin* Mouse ~ TUB2.1 1:1000 Sigma-Aldrich  [51]
CA125" Mouse  OC125 1:200 Invitrogen [12]
cK18' Mouse  DC10  1:500 Dako [52]
ERa!' Mouse  6F11  1:50 Nova Castra  [53]
Glycodelin A* Mouse  001-13 1:100 Abcam [54]
HOXA10? Goat N/A 1:1000 Santa Cruz [55]
Ki67* Rabbit ~ SP6 1:200 ThermoScientific [56]
PAX2' Rabbit ~ N/A 1:100 Invitrogen [57,58]
Vimentin* Mouse Vo 1:500 Sigma-Aldrich  [1]

'secondary antibody: goat anti-mouse IgG;-AlexaFluor 488 (Invitrogen) or
goat anti-mouse IgG;-AlexaFluor 568.

2secondary antibody: donkey anti-rabbit AF 488 or donkey anti-rabbit AF
568 (Invitrogen).

3secondary antibody: donkey anti-goat AF568 (Invitrogen).

“HRP kits; mouse or rabbit envision (Dako) depending on the host species of
the primary antibody.

*primary antibody is CY3 conjugated.

doi:10.1371/journal.pone.0021136.t001

followed by haematoxylin counterstain. Refer to (Table 1) for a list
of primary antibodies used in this study. Hoechst 33258 staining
was performed for 30 seconds (Molecular Probes, Eugene,
Oregon, USA). Bright field images were taken with an Olympus
upright microscope (Olympus Corporation, Tokyo, Japan). Fluo-
rescent images were taken with a Leica DMR upright fluorescence
microscope (Leica Microsystems, Mannheim, Germany). Individ-
ual color images were merged using Image J analysis software.
Adult human endometrial sections were included as positive
controls for every staining run.

3D modelling of harvested tissue recombinant

Consecutive H&E and immunohistochemically stained serial
sections of the tissue were imaged in their entirety using the
Olympus DotSlide system (Olympus BX51, Olympus Corpora-
tion, Tokyo, Japan). The system utilised a 10 x 0.3NA objective to
image multiple connected fields-of-view and digitally joined the
images together to form a single image covering the entire tissue
section. The images of consecutive serial sections were then
stacked into a 3D volume and aligned using AutoAligner v6.0.1
(Bitplane AG). The 3D tissue volume was then visualised and
analysed using Imaris v7.0 (Bitplane AG).

Supporting Information

Figure S1 Xenograft size and hESC-derived FRT epi-
thelium orientation. (A) Size of grafts derived from EBs alone,
growth factor (BMP4 and ACTIVIN A) treated EBs alone,
recombinants and growth factor treated recombinants after 8
weeks in vivo incubation. Inset shows mean volume of three
groups; GI EB, GF Recomb, Recomb, data plotted as mean *
s.e.m. (n=4 per group, except for n=2 for recombinant group).
(B) H&E of a section from week 8 recombinant graft showing
hESC derived epithelium grown in proximity to other epithelial
and connective tissue structures (arrows indicate transplanted
mouse stromal cells) (G) Composite image of a GF recombinant
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graft. The Hoechst stain shows hESC derived FRT epithelium
structure comprising human epithelial cells with smooth nuclei
surrounded by mouse stromal cells with speckled nuclei (arrows).
All images were captured on x4 magnification, inset was captured
on x40. (D) H&E of a section from week 4 recombinant graft
showing two hESC derived epithelium in the same field of view
(arrows indicate transplanted mouse stromal cells). Abbreviations:
C, cartilage; E, epithelium; FC, Fluid-filled cavity; GF, growth
factor; K, kidney; R, hESC derived FRT epithelium; S, stroma.
(TIF)

Figure S2 Histogram summarising the percentage of
grafts that contained hESC derived FRT epithelium,
asterix indicates that week 2 & 4 grafts are included.
(TIF)

Figure S3 (A-B) representative ENVY hESC recombinant
graft in vitro (C) representative H&E section of ENVY
hESC recombinant graft consisting cells with distinct
morphologies, two populations; ENVY hESC and nMUM.
Abbreviations: EB, embryoid body; M, neonatal mouse uterine
mesenchyme.

(TIF)

Figure S4 (A-B) representative section demonstrating
ERa expression in hESC derived epithelium in grafts with
(A) or without (B) E2 treatment (arrows indicating weakly
stained nuclei), full arrows in (A) indicate mouse uterine
stromal cells (C, D) representative sections showing ERa
expression in normal human adult proliferative uterine
glands and stroma. Abbreviations: L, epithelium; S, stroma.

(TIF)
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Figure S5 Immunofluorescent images showing co-local-
isation of GFP' hESC derived epithelium from 4 week
grafts with (A) HOXA10 (arrows indicate nuclear stain-
ing), (B) PAX2 (arrows indicating partial/diffuse nuclear
staining), (C) VIMENTIN, and (D) CA125 (arrows on cell
surface).

(TTF)

Figure S6 (A-D) are constituents of the composite
images in Figure 1C-F respectively. DAPI stained images in
(E) and (F) are serial sections corresponding to glandular structures
depicted in Figure 1T and 1K respectively illustrating that hESC
derived epithelium (smooth nuclei) is surrounded by mouse stromal
cells (arrows, speckled nuclei). Abbreviations: CA125, Cancer
Antigen 125; E, epithelium; HOX, Homeobox A10; PAX2, Pair
box gene 2; S, stroma; Vim, VIMENTIN.

(TTF)
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3.1 Supplementary Figures
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Supplementary Figure 3.1.1
(A) Size of grafts derived from EBs alone, growth factor (BMP4 and ACTIVIN A) treated EBs alone,
recombinants and growth factor treated recombinants after 8 weeks in vivo incubation. Inset shows mean
volume of three groups; GF EB, GF Recomb, Recomb, data plotted as mean * s.e.m. (n=4 per group,
except for n=2 for recombinant group). (B) H&E of a section from week 8 recombinant graft showing
hESC derived epithelium grown in proximity to other epithelial and connective tissue structures (arrows
indicate transplanted mouse stromal cells) (C) Composite image of a GF recombinant graft. The Hoechst
stain shows hESC derived FRT epithelium structure comprising human epithelial cells with smooth
nuclei surrounded by mouse stromal cells with speckled nuclei (arrows). All images were captured on x4
magnification, inset was captured on x40. (d) H&E of a section from week 4 recombinant graft showing
two hESC derived epithelium in the same field of view (arrows indicate transplanted mouse stromal

cells). Abbreviations: C, cartilage; E, epithelium; FC,
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Supplementary Figure 3.1.2

(A-B) representative ENVY hESC recombinant graft in vitro (C) representative H&E section of ENVY
hESC recombinant graft consisting cells with distinct morphologies, two populations; ENVY hESC and
nMUM. Abbreviations: EB, embryoid body; M, neonatal mouse uterine mesenchyme.
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Supplementary Figure 3.1.3
Histogram summarising the percentage of grafts that contained hESC derived FRT epithelium, asterix

indicates that week 2 & 4 grafts are included.
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Supplementary Figure 4
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Supplementary Figure 3.1.4

(A-B) representative section demonstrating ERa expression in hESC derived epithelium in grafts with (A)
or without (B) E2 treatment (arrows indicating weakly stained nuclei), full arrows in (A) indicate mouse
uterine stromal cells (C, D) representative sections showing ERa expression in normal human adult
proliferative uterine glands and stroma. Abbreviations: E, epithelium; S, stroma.
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Supplementary Figure 5

Supplementary Figure 3.1.5

Immunofluorescent images showing co-localisation of GFP™ hESC derived epithelium from 4 week grafts
with (A) HOXA10 (arrows indicate nuclear staining), (B) PAX?2 (arrows indicating partial/diffuse nuclear
staining), (C) VIMENTIN, and (D) CA125 (arrows on cell surface).
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Supplementary Figure 6

Supplementary Figure 3.1.6

(A-D) are constituents of the composite images in Figure 1c-f respectively. DAPI stained images in (E)
and (F) are serial sections corresponding to glandular structures depicted in Figure 1I and 1Krespectively
illustrating that hESC derived epithelium (smooth nuclei) is surrounded by mouse stromal cells (arrows,
speckled nuclei). Abbreviations: CA125, Cancer Antigen 125; E, epithelium; HOX, Homeobox A10;
PAX2, Pair box gene 2; S, stroma; Vim, VIMENTIN.
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CHAPTER 4 Lim1/LIM1 is expressed in developing and
adult mouse and human endometrium

Abstract

Liml encodes a homeodomain transcription factor required for head, kidney and female
reproductive tract development in the murine embryo. Recently, Liml expression was
documented in several adult murine and human organs. In the developing female reproductive
tract, Liml expression was first detected in the Miillerian ducts. Using immunofluorescence, we
detected LIM1 expression in a developmental model of human female reproductive tract which
was established by recombination of neonatal uterine mesenchyme with human embryonic stem
cells. In addition, we report a dynamic expression of Lim1/LIM1 in neonatal and adult mouse,
and adult human endometrial epithelium and stroma as revealed by immunofluorescence and
quantitative real time polymerase chain reaction. LIM1 expression was also observed in several
endometrial epithelial cancer cell lines (ECC-1, Ishikawa, and HECI1A). These studies
demonstrate previously unreported Lim1/LIM1 expression in neonatal, adult mouse and human
endometrium suggesting Liml/LIM1 may have a role in endometrial development and

remodelling.

Key Words

Lim1/LIM1 (LHX1), human endometrium, mouse endometrium, uterus
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4.1 Introduction

The endometrium or lining of the uterus is one of few organs in the human body that undergoes
cyclical degeneration and regeneration. This complex process of tissue remodelling in the adult
endometrium coincides with the expression of several early developmental homeodomain
transcription factors including HOXA10, PAX2, and EMX2 [59, 60, 70, 263, 299]. The persistent
expression of these development genes in adult uterine tissue is thought to be fundamental to the
plasticity of the endometrium. Whilst these genes are temporally and spatially expressed in the
endometrium, the role of another crucial female reproductive tract (FRT) developmental
homeodomain transcription factor, Lim1/LIM1 has not been reported in the adult human and

mouse endometrium.

LIM1 (also know as LHX1) is a member of the LIM homeodomain (LIM-HD) family, which
encode nuclear transcription factors. Members of the LIM-HD family play a critical role in
development of several organs during embryogenesis. Lim1 is first expressed during gastrulation
where it facilitates cell movements and is subsequently detected in both lateral and intermediate
mesoderm [300, 301]. It is required for the development of the nervous system and urogenital
organs [10, 12, 58, 302, 303]. Recently, LIM1 has been implicated in uterine aplasia associated
with Mayer-Rokitansky-Kuster-Hauser syndrome (MRKH) suggesting that it is indispensable for
human FRT formation [40, 81].

It was previously shown that Liml expression in the adult mouse was restricted to brain and
kidney, and was not expressed in the uterus and testis [58]. More sensitive detection methods
have revealed that Liml is also expressed in other adult murine organs including the retina and
testis [304, 305]. Human LIM1 expression has been reported in the adult kidney, brain as well as
organs and cells outside the nervous and urogenital systems including thymus, tonsil, and in
leukemic cell lines [306, 307]. The LIMI transcription factor has numerous functions in both
undifferentiated and terminally differentiated cells ranging from cell specification, migration,
differentiation and stem cell regulation in postnatal and adult tissue [305, 308-310]. We therefore
hypothesized that LIM1 will also be expressed in adult human endometrium during the

menstrual cycle where significant tissue remodelling occurs monthly.
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We recently reported the differentiation of human embryonic stem cells (hESC) into Miillerian
duct-like epithelium [311]. In the present study, our aim was to 1) localise LIM1 expression in
our developmental model and 2) to examine Lim1/LIM1 expression in adult human and mouse
endometrial tissue. We found LIM1 was expressed in our human female reproductive tract
developmental model. For the first time, we report its expression in neonatal/adult mouse and
human endometrial epithelial and stromal cells, as well as human endometrial cancer epithelial

cells.



CHAPTER 4 86

4.2 Methods

4.2.1 Animals

Animals were obtained from Monash Animal Services. Day 1 neonatal mouse uterine tissue was
obtained from female C57BL/6JxCBA (F1) mice. Adult uteri were harvested from sexually
mature 5-6 week old C57BL/6J mice (n=16). NOD/Scid II-2R Gamma (NSG) mice 4-6 weeks
old were used as hosts for tissue recombinant transplants. All adult mice were housed under
controlled environmental conditions at 20°C with 12-hour dark/light cycles and unlimited access
to food and water. All animal handling and procedures were carried out in accordance with
National Health and Medical Research Council of Australia guidelines for the Care and Use of
Laboratory Animals and approval was obtained from the Monash University Animal Ethics
Committee at Monash Medical Centre — A (MMC-A), Clayton, Australia. The approval numbers
are 2006/44, 2008/12, and 2010/41.

4.2.2 Tissue recombination and graft transplantation

ENVY hESC [201] were obtained from Stem Core (Australian Stem Cell Centre, Monash
University). Embryoid bodies (EB) were generated by force aggregation in 96 well plates and
individual EBs were subsequently recombined with dissected neonatal mouse uterine

mesenchyme (P1) in vitro for several days before transplantation into mice as previously

described [311].

4.2.3 Human and Mouse tissue collection

Archival normal endometrial tissue paraffin blocks (n=15) were obtained from the Department
of Obstetrics and Gynaecology, Monash University, Tissue Bank. The samples were originally
collected from ovulating women aged 34-51 yr undergoing hysterectomy for fibroids or
adenomyosis who had not taken exogenous hormones for 3 months before surgery. The full-
thickness uterine samples were formalin fixed and paraffin embedded. The menstrual cycle stage
was categorized into proliferative (n=4), early secretory (n=5), mid secretory (n=4), late

secretory (n=2) by experienced pathologists according to established criteria [312]. Endometrial
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adenocarcinoma sections (n=7) were obtained from the Victorian Cancer Biobank (approval
number #09012). Tumours were graded by pathologists and comprised of 2 grade 1, 3 grade 2, 1
grade 3 (all type 1) and 1 type II endometrial carcinoma. Approximately 200,000 freshly
isolated human endometrial epithelial cells were provided by Ms Hong Nguyen (The Ritchie
Centre, Monash Institute of Medical Research) for tissue culture. Four snap-frozen normal
curette samples were collected for RNA extraction. All samples were used with patients’ written
informed consent in accordance with ethics approval obtained from Southern Health Institutional

Review Board.

Mouse uterine horns were collected without oviduct or ovarian tissue attached. The stage of
estrus cycle was determined by assessing cell morphology and ratio in vaginal smears as

previously described [313].

4.2.4 Tissue culture

Three human endometrial epithelial cancer cell lines were used; ECC-1 [314] (generous gifts
from Professor Lois Salamonsen, Prince Henry’s Institute), Ishikawa (ISH) [315], and HEC1A
[316] were obtained from ATCC. Cells were grown in bicarbonate buffered DMEM/F-12
medium, containing 10% FCS (CSL Ltd.), 2 mM glutamine (Invitrogen), and antibiotic-
antimycotic. Cells were passaged regularly and collected for either immunofluorescence or real-
time PCR. For immunofluorescence, cells were cultured in 2 well chamber slides (20,000 cells
per well)(Falcon, BD) to confluence over 48 hours then fixed in 4% PFA for 30 minutes
followed by 3 rinses with PBS for immunofluorescence staining. Three independent experiments

were performed by collecting cells from three different passages.

4.2.5 Immunofluorescence

Serial paraffin sections (3um) from mouse and human uterine tissue, embryoid bodies as well as
hESC-derived recombinant grafts were deparaffinized and hydrated through xylene and graded
alcohols. Antigen retrieval was performed by microwaving sections in 0.01 M citrate buffer

solution, at pH-6 for 20 min, followed by cooling to room temperature. Both cells on chamber
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slides and paraffin sections were permeablized with 0.5% Triton-X 100 in PBS for 15 minutes.
Endogenous peroxidase activity was blocked with 3% H,0, in methanol for 10 minutes at room
temperature followed by 3 rinses with PBS. Protein Block was applied to minimise non-specific
antibody binding (Serum-free protein block, DAKO, Denmark) for 10 minutes at room
temperature. Concentration matched mouse IgG isotype and rabbit IgG (DAKO) were included
in each run as negative controls for monoclonal and polyclonal antibodies respectively (refer to
Supplementary Table 1 for the list of primary antibodies used in this study). A well characterised
and widely published rabbit polyclonal Anti-LIM-1 (Millipore) was selected for the current
study. Sections containing differentiating human embryoid bodies were included as positive
controls for every staining run (Supplementary Figure 1L). Following overnight incubation with
primary antibodies at 4°C in a humidified chamber, slides were washed with PBS, and incubated
with Alexa Fluor secondary antibodies diluted 1:200 at RT for 30 minutes; Hoechst 33258
staining was then performed for 30 seconds (Molecular Probes, Eugene, Oregon, USA).
Fluorescent images were taken with a Leica DMR upright fluorescence microscope (Leica
Microsystems, Mannheim, Germany). Individual color images were merged using Image J

analysis software.

4.2.6 Quantification of LIM1" cells in human endometrium

Five randomly selected glands from each endometrial region (ie. functionalis and basalis) were
imaged from immunofluorescent stained sections. Glands were first selected in the DAPI filter
and imaged. The same area was then imaged again using a FITC filter. The total number of
glandular epithelial cells was counted in 5 randomly selected glands for each patient (at least 300
cells). The same number of stromal cells surrounding the glands was also counted. The
percentages of the LIM1" cells were determined by dividing the number of labelled nuclei by the
total number of nuclei counted in the selected regions . Only cells with full nuclear staining were

counted as positive.

4.2.7 Quantitative real time-PCR

Total RNA was extracted using RNeasy Mini (Qiagen) or Trizol (Invitrogen) according to
manufacturer’s instructions. Following RNA extraction, DNase treatment was performed to
eliminate contaminating genomic DNA using RNaqueous Micro DNase Treatment Kit (Ambion,

Applied Biosystems). The quantity of the RNA was checked using a Nanodrop
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Spectrophotometer ND-1000 in conjunction with ND-1000 V3.3.1 computer software
(Thermofisher Scientific). 500ng-1pg of total RNA from each sample was reverse transcribed to
first strand cDNA with oligoDT using Superscript III reagents with RNase Inhibitor (Invitrogen).
PCR reactions were run in triplicates with primers using SYBR Green master mix (Applied
Biosystems), alternatively, Tagman gene expression probes were used with Tagman Gene
Expression master mix (Applied Biosystems) on the 7900 HT Fast Real-Time PCR system
absolute thermal cycler with software from Applied Biosystems. PCR reactions for all samples
were run in triplicates. The nucleotide sequences for human LIM1 were obtained from a previous
study [230]: TATA box binding protein (TBP), 5-TGTGCACAGGAGCCAAGAGT-3’
(Forward), 5’-ATTTTCTTGCTGCCAGTCTGG-3’ (Reverse); LIM1 5—
TCCCCAATGGTCCCTTCTC-3* (Forward) and 5’-CGTAGTACTCGCTCTGGTAATCTCC-
3’ (Reverse). Tagman gene expression assay specific for mouse Liml (Assay ID:
MmO00521776_ml) and Tbp (Assay ID: MmO00446971 ml) were purchased from Applied
Biosystems. Tbp/TBP was selected as the housekeeping gene as it is stable in the presence of
ovarian hormones [317, 318]. The comparative cycle threshold (Ct) method was used to analyse
data. Gene expression levels were compared to the reference gene (REF), Thp/TBP. Since gene
expression is inversely proportional to the Ct, the expression of the target gene relative to
Tbp/TBP was calculated according to previously described formula below [206, 265]. RNA for
endometrial carcinoma samples (n=2) was provided by Dr. Sonya Hubbard (The Ritchie Centre,

MIMR)
1

Gene expression oc o G RED
For purposes of presentation, we multiplied calculated values normalised to Tbp/TBP by 1,000.

4.2.8 Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 5.00 for Windows, GraphPad
Software, San Diego CA, USA). Statistical differences were assessed by One-way ANOVA
(Kruskal Wallis) with Dunnett’s post test.
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4.3 Results

4.3.1 LIM1 expression in the human developmental reproductive tract
model

In a recent study, we demonstrated that neonatal uterine mesenchyme directs the differentiation
hESC to form human FRT epithelium [311]. We investigated LIM1 expression in this
developmental model of human FRT and found that whilst the expression of cancer antigen 125
(CA125) and CK18 increased over time as the Miillerian-like epithelium differentiated, the
number of LIM1" hESC-derived epithelial cells diminished (Figure 4.1, Supplementary Figure
4.5.1A-F, 4.5.11-K and 4.5.1M-0). We have previously shown that by week 8, the hESC-derived
FRT have features resembling that of adult uterine epithelium [311]. The persistent LIM1
expression in week 8 hESC derived FRT epithelium suggests that it may also be expressed in

adult FRT epithelium.

Week 1 Week 3 Week 8

Figure 4.1 LIM1 expression in hESC-derived human female reproductive epithelium
Immunofluorescence photomicrographs of representative sections from three hESC-derived FRT glands
after 1 (A, D, G), 3 (B, E, H), and 8 (C, F, I) weeks of in vivo incubation respectively (n=3, per time
point) showing co-localisation of LIM1 with CK18 and CA125. (arrows point to LIM1™ hESC-derived
FRT epithelial cells). Abbreviations: E, epithelium; L, lumen; S, stroma. Scale Bars: 25um
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4.3.2 LIM1 expression in human uterine tissue

We then examined the expression of LIMI1 in adult human uterine tissue. In normal human
uterine samples, LIM1 was predominantly expressed in epithelial cells of the endometrium
(including luminal epithelial cells) (Figure 4.2A-G, Supplementary Figure 4.5.1G-H, 4.5.1P-R)
consistent with the observation that Lim1 expression is restricted to Miillerian epithelial cells in
mouse [10]. Significantly more LIMI™ cells were found in glandular epithelium of the
functionalis than in the basalis epithelium (Figure 4.2A, 4.2H). Furthermore, the percentage of
LIM1" cells varied across the menstrual cycle in the functionalis glandular epithelium, where
significantly more LIM1" cells were observed in proliferative and mid-late secretory stages
compared to early secretory endometrium (Figure 4.2B-D, 4.2I). LIM1" cells were barely
detectable in early secretory endometrial samples (Figure 4.2C). It was previously demonstrated
that ciliated endometrial epithelial cells are terminally differentiated [319]. LIM1" ciliated and
non-ciliated epithelial cells were observed indicating that its expression was not restricted to
terminally differentiated epithelial cells (Figure 4.2G, Supplementary Figure 4.5.1P-R). We also
observed LIM1" stromal cells (Figure 4.2D, 4.2E). No LIM1" cells were detected in the

myometrium (Figure 4.2A, 4.2F). LIM1 mRNA expression in the endometrium was confirmed

by quantitative real time PCR in human endometrial curettage samples (Supplementary Figure

4.2A).

n=10 =12
n=12
T T l i
FE Fs BE BS

Cell Compartment!QeII Type

I—Ll—|
= n=6
E 40 n=4
2 |
2
5 20
s n=5
i 0 T ——
P ES MS-LS

Menstrual Cycle Stage



CHAPTER 4 92

Figure 4.2 LIM1 expression in normal adult human endometrial tissue

(A-G) Immunofluorescence photomicrographs of representative endometrial sections showing LIM1"
epithelial cells located in the endometrial functionalis (f) and the basalis (b) (n=15) (arrow in (C) points to
a single LIM1" epithelial cell, arrows in (D) and (E) point to LIM1" stromal cells). merged
immunofluorescent images showing (E-F) co-localisation of LIM1 with CK18, (G) LIM1" ciliated and
non-ciliated epithelial cells (arrow points to ciliated epithelial cells (red), arrow heads point to non-
ciliated LIM1" cells). (H) Histogram showing the percentage of LIM1" cells in epithelial and stromal cells
of functionalis and basalis in the endometrium (asterix denotes p<0.05 for functionalis epithelium vs
functionalis stroma, functionalis vs basalis epithelium) (I) Histogram showing the percentage of LIM1"
cells in the glandular epithelium of the functionalis at different stages of menstrual cycle (asterix denotes
p<0.05 for P vs ES, ES vs MS-LS, data is presented as meants.e.m.). Abbreviations: b, basalis; BE,
basalis epithelium; BS, basalis stroma; E, epithelium; f, functionalis; ES, early secretory; FE, functionalis
epithelium; FS, functionalis stroma, MS, mid-secretory; LS, late secretory; F, functionalis; L, lumen; m,
myometrium. P, proliferative; S, stroma. Scale Bars: (G) 10um (B,C,E) 25um, (D) 50um, (F) 100um, (A)
200pm

4.3.3 Lim1 expression in mouse uterine tissue

Lim1 expression in uterine segment of the developing Miillerian ducts is downregulated during
late stages of embryogenesis [10]. However, the murine uterus is not fully developed at birth
since adenogenesis and myometrial development occur postnatally [24, 25]. Based on evidence
of LIM1 expression in our human developmental model of the FRT, we examined the expression
of Liml in day 1 neonatal mouse uterus which comprises of luminal epithelium surrounded by
differentiating mesenchyme (Figure 4.3). Lim1" cells were observed in luminal epithelial cells
and the inner layer of mesenchymal cells (according to previously described morphological
characteristics [24]) of the neonatal uterus (Figure 4.3A). In the cycling adult mouse
endometrium, Liml1" cells were almost exclusively found in luminal and glandular epithelial
cells (Figure 4.3B-C). Similar to the distribution of LIM" cells in the human uterus, Liml
expression was absent from the mouse uterine myometrium (Figure 4.3C), and the number
Lim1" cells also appeared to vary between different stages of the estrus cycle (Figure 4.3B-C).
Further quantitative analysis of Liml mRNA in the adult mouse uterus revealed a dynamic
pattern of expression during the estrus cycle; higher level of expression at proestrus and diestrus
of the cycle, and lower level during estrus (Figure 4.3D). Neonatal uterine Liml expression was
significantly higher than the lowest level of expression detected at the estrus stage of the cycle

(Figure 4.3D).
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Figure 4.3 Lim1 expression in neonatal and adult mouse uterine tissue

(A) Immunofluorescence photomicrographs of Lim1" endometrial epithelial and mesenchymal cells in a
representative longitudinal section of the day 1 neonatal mouse uterine tissue (arrows indicate orientation
of mesenchymal cells, dotted line show majority of the Lim1" cells are in the inner mesenchymal layer of
the uterus). (B) Distribution of Lim1" cells in proestrus endometrium (inset shows higher magnification
of endometrial glandular epithelium) (C) Lim1" cells in luminal and glandular epithelium but absent from
the myometrium during estrus stage of the mouse cycle. (D) Real time PCR analysis of expression of
Lim1 in neonatal (Day 1) mouse kidney, and uterus, and in sexually mature adult uterus during the estrus
cycle including proestrus (P), estrus (E), metestrus (M), and diestrus (D) relative to the housekeeping
gene Tbp. Expression of target genes in kidney is included as a positive control for Lim1 (data for uterine
samples is presented as meants.e.m., n=4 per cycle stage asterix denotes p<0.05 for neonatal uterus (P1)
vs estrus). Abbreviations: E, epithelium, L, lumen; m, mesenchyme; M, myometrium; NK, neonatal
kidney; NU, neonatal uterus; Scale bars: 100pum
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4.3.4 LIM1 expression in human endometrial cancer tissue and cell lines

We further confirmed the expression of LIM1 in cultured normal human uterine epithelial cells
as well as three human endometrial epithelial cancer cell lines (Figure 4.4A-D). We also
observed that both Ishikawa and HEC1A cell lines had higher levels of LIM1 mRNA expression
compared to ECC-1 although not statistically significant (Figure 4.4D). With limited samples,
we confirmed LIM1 mRNA expression in primary cancer samples (Supplementary Figure
4.5.2B). However, we did not detect LIMI" cells in any of the primary human endometrial

cancer samples (data not shown, n=8).

Normal

Relative gene expression
[ ]
1

ECC1 Ishikawa HEC1A

Figure 4.4 LIM1 expression in human endometrial cancer cell lines

(A-D) Representative photomicrographs showing the LIM1" cells in cultured normal human uterine
epithelial cells and three cancer cell lines (arrows point at LIM1" nuclei). (E) Relative mRNA expression
of LIM1 in the cancer cell lines relative to the housekeeping gene TBP (Data is presented as means£s.e.m.,
n=3 independent experiments).
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4.4 Discussion

In the current study, we detected expression of the homeodomain transcription factor
Lim1/LIM1 in developmental, postnatal, adult human and mouse endometrium. Furthermore, we

demonstrated Lim1/LIM1 expression in human endometrial epithelial cancer cell lines.

The expression of LIMI in the hESC-derived epithelium further confirmed the Miillerian
identity of the epithelial duct like structures (surrounded by mouse endometrial stroma)
demonstrated in our developmental model described in a previous study [311]. The diminishing
level of LIM1" cells observed in the hESC-derived FRT epithelium is consistent with gradual
decline of Liml expression in the developing mouse Miillerian duct [10]. In the current study,
we went a step further to characterise the expression of Lim1 in neonatal mouse uterus showing
that its expression in endometrial epithelium and stroma coincides with postnatal epithelial
development [25]. Furthermore, its expression in the inner layer of mesenchymal cells
immediately adjacent to the epithelium suggests Lim1 may also be involved in mesenchymal cell

fate specification and differentiation [24].

LIM1 expression has been demonstrated in normal adult human brain, kidney, tonsil, and thymus
[306, 307]. An earlier study failed to detect Lim1 in embryonic oviduct and adult mouse uterine
tissue by Northern Blot analysis [58]. A subsequent study definitively demonstrated that Lim1
was strongly expressed in the Miillerian ducts and its derivatives including embryonic oviduct
and uterus [10]. In the current study we extend these findings and report the expression of
Lim1/LIM1 in both adult mouse and human uterine tissue. We suspect the discrepancy observed
between our study and the results described by the earlier study using Northern Blots may be

attributed to differences in methodology.

Similar to other homeodomain transcription factors detected in neonatal and adult uterus [59, 60,
70], the persistent expression of Lim1/LIM1 in neonatal and adult endometrium suggests it may
have a role in maintaining the organ’s developmental plasticity during reproductive life. This
plasticity is required since both the mouse and human adult endometrium undergo cyclical
degeneration and regeneration during estrus/menstrual cycles. Recently, we and others have
identified adult stem cells residing in the endometrium that may be responsible for its

regenerative ability [143, 145, 146, 148, 320, 321]. LIM homeobox genes have been implicated



CHAPTER 4 96

in the regulation of haemopoietic, testicular and hair follicle progenitor cells [305, 322-324]. It is

possible that uterine Lim1/LIM1 is also involved in regulating endometrial stem/progenitor cells.

In addition to cyclical regeneration, extensive structural and functional differentiation also
occurs in the endometrium during the window of implantation and early pregnancy.
Coincidentally, the dynamic expression of Lim1/LIM1 observed in the current study suggests it
may be involved in both regeneration of endometrium during the proestrus/proliferative stage of
the cycle and tissue remodelling during mid/late secretory stage of the human cycle. The exact
mechanisms that regulate Lim1/LIM1 expression in the endometrium is beyond the scope of the
current study, although it is interesting to note that the pattern of Liml/LIMI1 expression
observed in the current study parallels serum Activin A levels during the menstrual cycle [325].
Furthermore, high levels of Activin A have been reported in decidualized endometrial stromal
cells during mid-late secretory stage of the menstrual cycle [113]. Given that XLim/LIM1 has as
an Activin A response element and can be upregulated by exogenous Activin A [230, 326, 327],

we speculate that Activin A may regulate Lim1/LIM1 expression in the uterus.

A number of studies have reported LIM1 expression in human cancer cells including leukemic
cells, renal carcinoma and ovarian cancer epithelial cells [306, 328, 329]. We also detected LIM1
expression in a number of uterine epithelial cancer cell lines and mRNA in primary cancer
samples. However, we failed to detect LIM1" cells in primary human cancer tissue, possibly
because protein expression in primary cancer samples may be regulated by an unknown
posttranslational mechanism involving microRNAs (miRNAs). Recently, members of the miR-
30 family have been identified amongst a list of upregulated miRNAs in endometriod
endometrial adenocarcinomas [330, 331]. Of interest, is that XLim/Lim1 is negatively regulated
by miR30a-p suggesting conservation of regulatory mechanisms across species and members of

the miR-30 family may be involved in LIM1 regulation in human endometrial cancer cells [332].

In conclusion, we have demonstrated the expression of Liml/LIM1 in human and mouse
endometrial tissue at different stages of development, as well as in human primary and cancer
epithelial cell lines. To our knowledge, this is the first report of Lim1/LIM1 expression in
postnatal and adult FRT.
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4.5 Supplementary Information

Supplementary Table 4.5.1 Primary antibody

Primary Species | Clone Dilution | Source References
Antibody

Anti- — | Mouse | TUB2.1 1:1000 | Sigma- [311]

Tubulin* Aldrich

CA125* Mouse | OC125 1:200 Invitrogen | [311, 333]

CK18* Mouse | DC10 1:500 Dako [311, 334]

Lim!° Rabbit | Polyclonal | 1:200 Millipore [307, 328, 335-337]

4secondary antibody: goat anti-mouse IgG;-AlexaFluor 568

97

bsecondary antibody: donkey anti-rabbit AlexaFluor 488 or donkey anti-rabbit AF 568

(Invitrogen)

* primary antibody is CY3 conjugated
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B-Tubulin Hoechst

Supplementary Figure 4.5.1

(A-K, M-R) images of individual channels of the merged fluorescent images shown in Figures 1 and 2
(arrows from A-K, O point to LIM1" cells) (A-B) are images of individual channels of the merged image
in Figure 1A (arrows point to LIM1" cells). (C-D) images of individual channels of the merged image in
Figure 1B. (E-F) images of individual channels of the merged image in Figure 1C. (G-H) images of
individual channels of the merged image in Figure 2B, inset in (H) represent a negative control section
stained with rabbit IgG. (I-K, M-O) images of individual channels of the merged image in Figures 11 and
IF respectively. (L) merged image of positive control tissue. (P-R images of individual channels of the
merged image in Figure 2G (arrows point to a ciliated LIM1" cell). Asterix in (B, D, F, J, N) indicate
areas of mouse stromal cells with speckled nuclei. Abbreviations: EB, embryoid body; CA125, Cancer
Antigen 125; E, epithelium; S, stroma.
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Supplementary Figure 4.5.2

(A) Real time PCR analysis of LIM1 expression in 4 samples of premenopausal normal human
endometrial tissue relative to the housekeeping gene TBP. (B) Real time PCR analysis of LIM1
expression in 2 samples of human endometrial cancer relative to the housekeeping gene TBP.
Abbreviations: ES, early secretory; G2. Grade 2; LS, late secretory; M, menstrual; MS, mid-secretory;
MMMT, malignant mixed Miillerian tumour.
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CHAPTER 5 Identification of mesenchyme-derived growth
factors directing hESC differentiation

5.1 Introduction

Vertebrate embryo studies have demonstrated the complexity of organogenesis during
development which relies heavily on finely orchestrated interactions between neighbouring cells
and tissues. This interaction between different cell types is maintained in differentiating
embryonic stem cells in vitro [238]. In order to generate clinically relevant cells and tissues from
human embryonic stem cells (hESCs), various differentiation strategies have been devised to
mimic embryogenesis. Conventionally, a cocktail of growth factors is added in vitro to stimulate
differentiation of hESC towards a particular lineage. This approach generated a long list of cell

types representing all three germ layers in vitro [164, 165, 168, 169, 171, 172, 338].

Other methods involve co-culturing hESC with mouse stroma or feeder layers derived from other
cell types. For instance, mouse embryonic fibroblasts (MEF) interact with hESC to prevent
hESC differentiation and maintain their pluripotency [217]. Various stromal niches induce
mesoderm lineage specific differentiation. For example, mouse stromal cell lines S17, OP9, and
the yolk sac endothelial cell line C166 and human bone marrow stromal cells induced
haematopoietic-like cells from embryonic stem cells (ESCs) [339-341]. In addition, mouse
visceral endoderm-like cells (END2) and bone marrow stromal cells directed differentiation of
hESC to become cardiomyocytes [166, 342]. Murine OP9 stromal cells induced hESC to form

mesenchymal precursors that gave rise to a number of connective tissue types [283].

ESC co-cultured with stromal cells also produce endodermally and ectodermally derived cell
types. For instance, co-culture of mouse embryonic stem cells (mESC) with embryonic
pulmonary mesenchyme generated pulmonary epithelial cell types [283]. Co-culture of hESC
with a bone marrow-derived mouse stromal cell line (PA6) induced dopaminergic (DA) neurons
[343]. Recently non-stromal feeder layers have also induced differentiation of ESC to form

retinal epithelial cells [344].

There have been attempts to identify the soluble factors provided by mesenchyme/stroma that

direct ESC differentiation. Bone marrow stromal cells (BMSC) have been screened for secreted
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products using ELISA [345]. A more recent study used a microarray approach to interrogate the
PAG6 cell line for molecules important for induction of dopaminergic (DA) neurons [346]. Whilst
several studies have shown the inductive capacity of neonatal mouse uterine mesenchyme
(nMUM), none have identified specific growth factors involved in the process of induction [19,
22, 128]. However, a number of mesenchyme-derived growth factors and signalling molecules
from both Wnt and TGF-B families have been identified in nMUM which have roles in
endometrial adenogenesis during postnatal development [26, 50, 52, 104, 106]. Collectively,
these studies suggest that nMUM secretes morphogens that are also important during

embryogenesis.

It has been shown previously that nMUM and hESC formed a heterospecific/heterotypic
recombinants in vitro in Chapter 3 [311]. The nMUM induced the formation of primitive streak-
like cells. In light of these findings, the aim of the current study was to use gene profiling
approach to identify genes in nMUM coding for growth factors that may direct differentiation of
hESC.
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5.2 Methods

5.2.1 Animals

Animals were obtained from Monash Animal Services. Day 1 nMUM and epithelium were
obtained from female C57BL/6JAsmu (F1) mice. All animal handling and procedures were
carried out in accordance with National Health and Medical Research Council of Australia
guidelines for the Care and Use of Laboratory Animal Act and approval was obtained from the
Monash University Animal Ethics Committee at Monash Medical Centre — A (MMC-A),
Clayton, Australia. The approval numbers are 2006/44 and 2010/41.

5.2.2 Tissue Recombination, RNA extraction and Microarray

Experimental workflow of the current study is illustrated in Figure 5.1. ENVY hESCs were
purchased from Stem Core (Australian Stem Cell Centre, Monash University). nMUM
dissection, tissue recombination and embryoid body (EB) formation were performed as
previously described under serum-free conditions [311]. The purity of separated nMUM (without
epithelial contamination) was assessed by reverse transcription-polymerase chain reaction (RT-
PCR) using calbindin-D28k, primers from a previous study [26]. For some experimental
conditions, growth factors (BMP4, 50 ng.ml”, ACTIVIN A 20ng.ml™") were included in the
culture medium. Each sample for microarray experiments consisted of a pool of 50-60 individual
recombinants or mesenchyme(s ) (consisted of two 0.5mm pieces in each well, up to 100 pieces
altogether), cultured for 2 or 6 days at 37°C 5% O,. The hESC cells were micro-dissected from
the mesenchyme in recombinant samples with a 30-gauge needle. It is possible that some hESC
remained attached to the mesenchyme. All samples were incubated in TrypLE Select
(Invitrogen) for 30 minutes at 37°C then disaggregated by mixing, and digested completely with
Lysis Solution provided with the RNA extraction kit (Ambion, Applied Biosystems, CA).
Following RNA extraction, DNase treatment was performed to eliminate contaminating genomic
DNA using RNaqueous Micro DNase Treatment Kit (Ambion, Applied Biosystems). The
quantity of the RNA was checked using a Nanodrop Spectrophotometer ND-1000 in conjunction
with ND-1000 V3.3.1 computer software (Thermofisher Scientific). A total of 1pg of total RNA

(per sample, n=12 samples) were sent to Australian Genome Research Facility (AGRF) for
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quality assurance. [llumina platform was used to process the Mouse Sentrix WG6 v2.0 Beadchip.

The procedure was carried out by staff at the AGRF and raw data were recorded onto a disc.
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Figure 5.1 Schematic diagram of experimental design: Part 1

Recombinants were made by combining ENVY EBs (3000 cells) with two 0.5mm nMUM. Two sample
types were harvested for RNA extraction 1) recombinant nMUM dissected from the recombinant (n=3 on
day 2, n=3 on day 6) 2) nMUM cultured alone (n=3 on day 2, n=3 on day 6). All samples were sent to
AGREF for further quality assurance and processing (n = 12) and raw data returned to Monash University
for bioinformatics.

5.2.3 Microarray analysis

Raw array data analysis was performed with assistance from Dr. Kara Britt (Department of
Anatomy and Developmental Biology, Monash University). Raw data was assessed in Genome
Studio (Illumina) for array controls and then exported to R for further analysis using the Lumi
Bioconductor package especially designed to process the Illumina microarray data [347]. Data
was read using LumiR, background corrected using LumiB, transformed using variance-
stabilizing transformation (VST) LumiT and then robust spline normalized (RSN) using LumiN
[347]. Flagged data was removed and then differential gene expression was assessed using SAM

analysis with a false discovery rate of 10%. Following SAM analysis, two lists were generated
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including genes that changed between day 2 and day 6 in two experiment groups; recombinant

mesenchyme or mesenchyme alone (ie. up in day 2 or up in day 6).

5.2.4 Gene ontology (GO)

The enriched GO terms for recombinant mesenchyme or mesenchyme alone between day 2 and
6 was determined by uploading the combined gene list for each group individually on the
Database = for ~ Annotation, Visualisation, and Integrated Discovery (DAVID)
(http://david.abcce.ncifcrf.gov) and analysed according to published methodology [348, 349]. GO

terms associated with biological process (GO-BP), molecular function (GO-MF) and cellular
component (GO-CC) were all considered for analysis. Statistical significance of the GO terms
was established by Fishers Exact T test. GO terms with p values <0.05 were considered

statistically significant

5.25 PCR

Approximately 200ng to 1pg of total RNA was reverse transcribed to first strand cDNA with
Oligo-DT primers using Superscript III reagents in the presence of an RNase Inhibitor
(Invitrogen). PCR reactions were run in triplicates with primers using SYBR Green master mix
(Applied Biosystems), alternatively, Tagman gene expression probes (for genes including human
specific MIXL1, GSC, OSR1, GAPDH) were used with Tagman Gene Expression master mix
(Applied Biosystems) on the 7900 HT Fast Real-Time PCR system absolute thermal cycler with
software from Applied Biosystems or Veriti Thermal Cycler (Applied Biosystems) for
conventional PCR. Previously published primers were used in the current study [26, 350, 351]. A
list of primer sequences can be found in Supplementary Table 3.5.2. The comparative cycle
threshold (Ct) method was used to analyse data. Gene expression levels were compared to the
reference gene (REF), glyceraldehye-3-phosphate dehydrogenase (GAPDH). Since gene
expression is inversely proportional to the Ct, the expression of the target gene relative to

GAPDH was calculated according to previously described formula below [311].

1

Gene expression oc W



CHAPTER 5 105

For purposes of presentation, calculated values normalised to GAPDH were multiplied by 1,000.
For CTGF blocking experiments, results were calculated using the AACt method using rabbit
IgG treated EBs as the calibrator (which had an arbitrary value of 1).

5.2.6 Immunohistochemistry

All EBs were harvested and fixed overnight in 4% paraformaldehyde (PFA) then processed and
paraffin embedded. 3 pm serial sections were cut for immunohistochemistry. Sections were
deparaffinized and hydrated through xylene and graded alcohols. Sections were stained with a
rabbit polyclonal antibody specific for CTGF (1:200, Abcam). Endogenous peroxidase activity
was blocked with 3% H,0, in methanol for 10 minutes at room temperature followed by 3 rinses
with PBS. Protein Block was applied to minimise non-specific antibody binding (Serum-free
protein block, DAKO, Denmark) for 10 minutes at room temperature. Concentration matched
IgG isotype negative controls were included in each staining run. Following overnight incubation
with primary antibodies at 4°C in a humidified chamber, slides were washed with PBS, and
incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody (1:200, Invitrogen) at RT for
30 minutes. Hoechst 33258 staining was performed for 30 seconds (Molecular Probes, Eugene,
Oregon, USA). Fluorescent images were taken with a Leica DMR upright fluorescence
microscope (Leica Microsystems, Mannheim, Germany). Individual color images were merged

using Image J analysis software.

5.2.7 Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version 5.00 for Windows, GraphPad
Software, San Diego CA, USA). Statistical differences were assessed by t-test (Mann-Whitney)
and one-way ANOVA (Kruskal Wallis) with Dunnett’s post test.
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5.3 Results

5.3.1 Genes upregulated in mesenchyme during hESC differentiation

Previously, it was demonstrated that nMUM upregulated MIXL1 expression in differentiating
hESCs between days 3-7 in vitro [311]. Therefore, differentially upregulated genes in the nMUM
during this incubation time may be involved in directing hESC differentiation, particularly genes
coding for soluble growth factors. Total RNA was collected from the nMUM in recombinant
samples (hereafter referred to as recombinant nMUM) cultured in vitro for 2 and 6 days (n=3 per
time point). In addition, total RNA was also collected from cultured mesenchyme (nMUM alone)
samples for comparison with recombinant nMUM to assess any influence hESC may have had in

directing the nMUM to secrete unique growth factors.

Samples belonging to each group (Recombinant nMUM or nMUM alone) were placed on two
separate [llumina Mouse WG-6 expression chips (6 samples per group, 2 time points). Euclidian
distance hierarchical clustering of samples showed that the largest differences in gene expression
occurred between day 2 and day 6 rather than between experimental groups tested (Figure 5.2). It
should also be noted that variation existed within the experimental groups which may explain the
lack of significant differences between sample types (ie. between recombinant nMUM and
nMUM alone). Comparison between day 2 and 6 recombinant nMUM showed that 364 genes
were upregulated assuming 10% false discovery rate (FDR) (Table 5.1). Similarly, 486 genes

were upregulated between day 2 and 6 in mesenchyme cultured alone.
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Figure 5.2 Euclidian distance hierarchical clustering of samples

Euclidian distance for 12 samples including recombinants nMUM and nMUM alone in vitro, each sample
was assigned with a number (1-9). Abbreviation: M2, nMUM day 2; M6, nMUM day 6; R2, recombinant
day 2; R6, recombinant day 6.

Gene Ontology (GO) pathway analysis was carried out to identify groups of genes (as defined by
Gene Ontology) related to growth factors, extracellular matrix and cell differentiation from
upregulated genes in recombinant nMUM or nMUM alone between day 2 and 6 (Table 5.2,
Supplementary Table 5.5.1-showing only growth factor category). Despite the number of genes
associated with these GO terms, only Connective Tissue Growth Factor (Ctgf) was selected as a
potential factor involved in MIXL1 induction and hESC differentiation for several reasons, these
include low FDR (<5%), greater than 2-fold change, relevant function in embryogenesis, as well
as cellular location (Table 5.2). Other growth factors commonly found in early embryogenesis
and uterine adenogenesis were not differentially expressed in either of the recombinant nMUM
or nMUM alone groups. Quantitative real-time PCR was performed to confirm microarray gene
expression changes using a mouse specific Ctgf primer. The fold-change in recombinant nMUM
sample detected by RT-PCR was consistent with microarray data, although not statistically
significant (Figure 5.3A). Ctgf protein expression in day 6 recombinant nMUM was further
confirmed by immunofluorescence using Ctgf specific antibody which showed that Ctgf was

found in both the nMUM as well as differentiating hESC (Figure 5.3B).
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Table 5.1 Number of differentially upregulated genes between time points

Genes Genes FDR

upregulated  upregulated

on Day 2 on Day 6
Mesenchyme (Day 2 vs Day 6) 139 347 10%, n=3 per group
Recombinant (Day 2 vs Day 6) 221 143 10%, n=3 per group

Table 5.2 Candidate mouse genes expressed in Gene Ontology terms associated with growth
factors, proteinaceous extracellular matrix and cell differentiation

Accession Gene Fold FDR% Description
Symbol Change
Growth factor activity (GO:0008083) p < 0.003

NM_011118.1 Pri2c3 6.90 1.73 prolactin family 2, subfamily c, member 3
NM_010217 Ctgf 4.18 4.48 connective tissue growth factor
Ogn 11.66 6.91 osteoglycin
NM_00870.4
NM_031191.1 Pri2c2 5.19 9.75 prolactin family 2, subfamily c, member 2

Proteinaceous extracellular matrix (GO:0005578) p< 0.0004

NM_010217 Ctgf 4.18 4.48 connective tissue growth factor
NM_009931.1 Col4al 1.60 7.06 procollagen, type IV, alpha 1
NM_008760.2 Ogn 11.66 6.91 osteoglycin
XM_131451.2 Adamtsll 1.45 5.09 ADAMTS-like protein 1
NM_021355.2 Fmod 1.16 6.50 KSPG fibromodulin
NM_019922.1 Crtap 1.32 9.54 cartilage associated protein

Cell Differentiation (G0O:0030154) p < 0.001

AKO077498 Robol 1.24 2.57 roundabout homolog 1

AK078589 Sema3c 1.16 3.01 semaphorin-3C

NM_011145.3 Ppard 1.42 3.07 peroxisome proliferator activator receptor delta

NM_008597.3 Mgp 1.47 4.09 matrix Gla protein

NM_010217 Ctgf 4.18 4.48 connective tissue growth factor

NM_019867 Ngef 1.11 4.89 intraflagellar transport 81 homolog
(Chlamydomonas)

NM_007921.1 EIf3 5.96 7.31 E74-like factor 3

NM_009879.2 Ift81 1.32 10.64  carnitine deficiency-associated gene expressed in

ventricle 1
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Figure 5.3 Expression of CTGF in recombinant mesenchyme
(A) Real time PCR analysis of Ctgf expression in recombinants on day 2 and day 6 relative to GAPDH (Data is presented mean+ts.e.m., n=3 per time
point). (B) Expression of CTGF in day 6 recombinants (dotted lines marks the boundary between nMUM and hESC).



CHAPTER 5 110

5.3.2 Endogenous CTGF is expressed in hESC derived embryoid body

The expression of CTGF in human developmental tissue has not been reported previously,
however, Ctgf is found in embryonic mesoderm and endoderm of the developing murine embryo
[100, 352]. Before examining the effects that exogenous Ctgf may have on hESC differentiation,
the expression of endogenous CTGF in hESC derived embryoid bodies (EB) was assessed. The
experimental workflow for the experiments that will be described in this section and 5.3.3 is
illustrated in Figure 5.4.

Part 2. Functional study

Day O Day 3 Day 5 Day 6 Day 7

1 s B B B =B = @ ——

+BMP4 (50 ng.ml-)
Activin A (20ng.ml)

Day O Day 3 Day 5 Day 6 Day 7

Expt 2 '.hﬁ . oy . ey . — . — .1 RMAe:Iracllon

Or Histology

-1 +Anti-CTGF +Anti-CTGF
iBI\-ﬂF—'d (o ! }1 (200 ng.ml*y {200 ng.ml") (only Expt 1)
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Expt 3 :lﬁ.ﬁ.ﬁ.ﬁ. ﬁ.
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Activin A {20ng.mI7) 150 ng.ml'}

Figure 5.4 Schematic diagram of experimental design: Part 2

Investigations into the role of CTGF on hESC differentiation was separated into three different
experiments. Experiment 1 (Expt 1) was designed to investigate endogenous CTGF in differentiating
EBs. Experiment 2 (Expt 2) was performed to block endogenous CTGF in differentiating EBs.
Experiment 3 (Expt 3) was completed to assess the influence exogenous CTGF had on hESC
differentiation. Each experiment included untreated control groups (Expt 2 had rblgG treated EBs as
control group). Samples from Expt 2 and 3 were not collected for histology.

It was previously shown that MIXL1 induction in hESC was achieved by treatment with
recombinant human BMP4 and Activin A as early as day 2 in vitro (Chapter 3) [311], consistent
with other studies [204, 265]. In the current study, endogenous CTGF mRNA expression
gradually decreased during MIXL1 induction suggesting that CTGF had little or no role in the

formation of primitive streak-like cells in differentiating hESCs (Figure 5.5A. As demonstrated
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previously, following the transient upregulation of MIXL1 in differentiating EB (treated with
BMP4, 50 ng.ml”', ACTIVIN A 20ng.ml™), there was gradual up-regulation of the mesodermal
gene OSR1 in differentiating hESC. The gradual increase in OSR1 mRNA expression was
confirmed and coincided with an increase in CTGF mRNA expression in growth factor treated
group compared to the control group although not statistically significant (Figure 5.5A).
Immunofluorescence demonstrated unequivocally that CTGF expression is found in the growth
factor treated EBs but not controls (Figure 5.5B). Furthermore, MIXL1 induction appears to be a
pre-requisite for CTGF production by differentiating hESCs. Although, endogenous CTGF does
not appear to be involved in MIXL1 induction, it may have a role in mesoderm formation

consistent with its localisation in embryonic mesoderm [100, 352].

2000-
A EB (CTGF)
8 GF EB (CTGF)
g EB (MIXL)
s GF EB (MIXL)
2 1000- 4. EB (OSR1)
2 GF EB (OSR1)
500 P ..
3 & A e
.-"'dd‘..'
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0 2 ] 7
Days in culture
B , Day 7 GF EB

Figure 5.5 Endogenous expression of CTGF in differentiating EBs

(A) Real time PCR analysis of CTGF expression in growth factor treated EB versus untreated EB across
time on days 0, 3, 5 and 7 relative to GAPDH. Expression of target genes in undifferentiated hESCs is
indicated as day O of differentiation (Data for CTGF is presented as meants.e.m., n=3 independent
experiments, statistical significances were not found, data for MIXL and OSR1 represent values from a
single experiment for illustration purpose only, the expression level of MIXL and OSR1 is multiplied by
100,000 for illustration purpose). (B) Immunofluorescent expression of CTGF in untreated EB and
growth factor treated EB on day 7.
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Several studies have shown that anti-CTGF antibody inhibits CTGF activity in vitro [353-355].
Therefore, it was hypothesized that blocking CTGF with neutralising rabbit anti-CTGF antibody
(200 ng.ml”, Abcam) after MIXLI induction may reduce mesodermal gene expression.
Furthermore, since vertebrate primitive streak undergoes epithelial-mesenchymal transition
(EMT) to form mesoderm and endoderm, it was hypothesized that several EMT related genes
would also be down-regulated following treatment with anti-CTGF antibody [356]. EMT related
genes were also included to assess the effectiveness of the anti-CTGF antibody treatment since
previous studies have demonstrated the upregulation of EMT related genes following exogenous

treatment with CTGF [357].

Since mesendoderm formation (marked by MIXL1 induction) may be a pre-requisite for the
production of endogenous CTGF in differentiating hESC, EBs were treated on day 0 with 50
ng.ml" BMP4, and 20ng.ml" ACTIVIN A prior to addition of the neutralising CTGF antibody
on both days 5 and 6 (Figure 5.4). The concentration of anti-CTGF antibody used in the current
study was similar to a previous report [355]. Control samples were treated with rabbit IgG at a
matching concentration to the neutralising rabbit anti-CTGF. RNA was harvested from EBs on

day 7.

Real time quantitative PCR was performed to assess the expression of a mesoderm gene, OSR1;
an endoderm gene, GSC; and a number of EMT related genes (SNAI1, SLUG, VIMENTIN and
ECAD). Comparisons were made between control (EBs pre-treated with BMP4/ACTIVIN A on
day 0, and then rabbit IgG on days 5 & 6) and experiment group (EBs pre-treated with
BMP4/ACTIVIN A on day 0, and then polyclonal rabbit anti-CTGF antibody on days 5 & 6). A
small increase in GSC expression coincides with a decrease in OSR1, and EMT related genes
SLUG, SNAI1 and VIM (not statistically significant) was observed suggesting that CTGF may be
involved in the process EMT and mesoderm formation in differentiating EBs (Figure 5.6) [100,

352, 357].
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Figure 5.6 Fold change of in gene expression in differentiating EBs following anti-CTGF
antibody treatment

Real time PCR analysis of expression of EMT (SLUG,SNAI1, VIM, ECAD), mesoderm (OSR1) and
endoderm (GSC) related genes in growth factor treated EBs (BMP4, 50 ng.ml”', ACTIVIN A 20ng.ml
on day 0) followed by treatment with anti-CTGF antibody (200ng.ml™" on days 5 & 6) on day 7 of EB
differentiation. The expression if relative to the calibrator (control group) which has an arbitrary value of
1 (Data is presented as mean from 2 independent experiments)

5.3.3 Role of exogenous CTGF on EB differentiation

To assess the role of exogenous CTGF on hESC differentiation, recombinant human CTGF (50
or 150 ng.ml”, Invitrogen) was added to both BMP4/ACTIVIN A treated or untreated EB
cultures on day 3 (when MIXL1 expression in growth factor treated hESC is reduced, marking
the end of primitive streak formation in EBs, Figure 5.5A, and Chapter 3-Figure 2) (Figure 5.4).
Two concentrations of CTGF previously considered biologically active were used in the current

study to detect a dose response from CTGF treatment [357, 358].

Several studies have shown that significant increase in the expression of OSR1, GSC and EMT
related genes is achieved by addition of BMP4/ACTIVIN A to differentiating EBs [229, 265,
270, 311]. In the absence of these growth factors, hESC tend to remain undifferentiated or
spontaneously commit to ectodermal lineages. In the current study, higher concentration of
CTGF (150 ng.ml™) failed to increase the expression OSR1, GSC, EMT related genes (SLUG,
SNAIL,VIMENTIN) to the same level as that observed in growth factor treated groups at both
time points (Figure 5.7). CTGF alone was comparable to the untreated EB culture indicating that

CTGF alone was unable to induce differentiation of mesendodermal lineage consistent with the
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previous results section (5.3.2). In contrast, both concentrations of CTGF (50 or 150 ng.ml™)
added into EB cultures pre-treated growth factors slightly increased expression of SLUG, SNAIL,
VIM, ECAD, and OSR1 gene whilst decreasing GSC in growth factor treated hESC on both days
5 and 7 compared to GF treated EBs (not statistically significant) in a dose dependent manner
consistent with a previous report (Figure 5.7) [358]. It must be noted that there is an increase in
ECAD expression similar to a previous study where CTGF induced partial EMT and temporarily
increased ECAD expression [357]. These results suggest that CTGF may play a role in EMT
induction and mesodermal formation during hESC differentiation.
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Figure 5.7 Gene expression of differentiating EBs following treatment with CTGF

Real time PCR analysis of expression of EMT, mesoderm and endoderm genes in differentiating hESC
following treatment with various combinations of growth factors on day 5 and 7 relative to GAPDH.
Expression of target genes in undifferentiated hESCs was from day 0 of differentiation (Data for samples
on days 5 and 7 are presented as meants.e.m., n=3 independent experiments, statistical significances were
not found). Abbreviations: BA, Bmp4/Activin A; C, CTGF; GF, growth factor
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5.4 Discussion

In the current study, gene profiling of the inductive nMUM revealed Ctgf as a mesenchyme-
derived growth factor that may have a role in mesendoderm differentiation of hESC. CTGF was
also localised in differentiating human EBs for the first time. Furthermore, exogenous CTGF

may induce EMT and mesoderm differentiation in hESC derived EBs.

5.4.1 Genes coding for mesenchyme-derived growth factors

In ESC differentiation systems, the addition of ligands from TGF-B and Wnt families induced
primitive streak-like cell formation in vitro [238, 265]. Uterine mesenchyme contains a variety of
growth factors belonging the TGF-f and Wnt families, and are upregulated during endometrial
adenogenesis and decidulisation in both human and mouse [26, 48, 50, 113]. Surprisingly, genes
coding for BMP and Wnt ligands in the nMUM were not upregulated in the current recombinant
system [26, 50]. It is, however, possible that these growth factor and signalling molecules may
have been revealed if the comparison had been made with a none inductive cell type. Therefore,
the lack of differentially upregulated genes from the BMP and Wnt pathways does not rule out
their potential involvement in hESC differentiation in the current model. Some growth factors
are capable of inducing spontaneous differentiation of hESC to become primitive streak cells at

very low concentrations.[238].

Only a small number of genes in the recombinant nMUM coding for proteins with growth factor
activity were found to be differentially upregulated in the current study. Lack of significant
differences between the control (nMUM alone) and recombinant nMUM groups suggest that
differentially upregulated genes were more likely the result of culture related changes rather than
reciprocal interaction between hESC and nMUM. More samples per group may have revealed

more differences between the experimental conditions.

Genes coding for inducers of primitive streak were not upregulated in the nMUM in the current
study. Genes coding for other mesenchyme-derived growth factors were identified, Lack of
commercially available recombinant proteins and specific antibodies for most of factors made it
difficult to investigate them further in the current study. Ctgf has not been identified as an
inducer of primitive streak induction, however, developmental studies have identified Ctgf

expression in murine embryos [100, 352].



CHAPTER 5 116

5.4.2 Expression and role of CTGF in hESC differentiation

CTGF is a pleiotropic growth factor implicated in embryogenesis, implantation, angiogenesis,
tumorigenesis, wound healing, differentiation, and transdifferentiation [359]. It was first
described as a polypeptide growth factor secreted by human endothelial cells in culture [360] and
later classified as one of six members of the CNN family of genes that code for cysteine-rich
secreted proteins found in a wide variety of vertebrate tissues [361-363]. Increased CTGF
production in tissue is primarily a response to injury [364-368]. It is possible that an increase of
Ctgf in the nMUM was a result of epithelial/mesenchyme separation and in vitro culture
conditions. Presence of TGF- in the hESC component of the recombinant may also upregulate
CTGF production in nMUM [369]. The mechanisms underlying the induction of CTGF
expression in both nMUM and hESC requires further investigation.

CTGF have been localised in maternal uterine tissue and fetal embryonic mouse tissue [100,
352]. The current study showed for the first time its expression in differentiating hESCs, and its
potential role in directing hESC differentiation. It is known that primitive streak cells undergo
EMT in the vertebrate embryos [356]. Recent studies have shown that hESC can form primitive
streak-like cells (mesendodermal cells) in differentiating EBs that also undergo EMT in vitro to
form endodermal and mesodermal cell types [229, 230, 370]. The addition of exogenous
recombinant human CTGF had some positive influence on EMT related genes as well as on a
mesoderm gene during hESC differentiation. By contrast, blocking endogenous CTGF had the
opposite effect confirming previous reports of CTGF’s role in EMT induction and highlighting

its involvement in mesoderm formation [100, 352, 354, 357].

Further experiments would aim to demonstrate functional changes in differentiating EB by
assessing changes in extracellular protein markers including fibronectin and collagen [354].
Whilst CTGF is important for EMT and therefore potentially impact the formation of mesoderm
and endoderm from mesendodermal progenitors, its preferential localisation in the mesoderm
and ability to induce differentiation of mesodermally derived progenitor cell types into various
connective tissue cell types may explain the positive influence of exogenous CTGF on
mesoderm gene and reduction in endodermal gene expression observed in the current study [100,
352, 371, 372]. Furthermore, CTGF has also been implicated in production of extracellular
matrix (ECM) components both in vitro and in vivo [98, 99, 373]. Coincidentally, ECM

production has also been linked to preferential mesoderm differentiation of hESC which further
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highlights the role CTGF may have in mesoderm induction in hESC shown in the current study
[224]. The exact interaction and mechanisms between exogenous CTGF with hESC development
requires further investigations. CTGF has not been shown to bind to a specific receptor, its
principle domains, however, bind to integrin that subsequently interact with extracellular and
intracellular proteins [374]. Moreover, CTGF also antagonizes or enhances members of both the
TGF-B and Wnt family during development with implications in embryo patterning [375, 376].
In this context, CTGF may be seen as a modulator of endogenous morphogen gradients within
the differentiating EB by interacting with ‘key regulators’ of TGF-f and Wnt family members
involved in the dorsal-ventral patterning of the primitive streak [377]. Further investigation may

reveal how CTGF interacts with endogenous gradients in differentiating EB.

5.4.3 Limitations and future studies

An alternative way to screen novel secreted products involved in hESC differentiation would
have been to compare inductive mesenchyme with non-inductive cell types such as uterine
epithelial cells, or a known non-inductive cell line such as mouse embryonic fibroblast (MEF,
commonly used as a feeder layer to maintain hESC pluripotency) [346]. Using such strategies
would require explants to be cultured as a monolayer feeder to support hESC. Whilst this may
easily be achieved with MEF, one would need to isolate a large amount of freshly dissected
uterine mesenchyme to harvest enough stromal cells for in vitro culture, a costly and extremely
labour intensive process that would have been impractical for the current study. Recently, a
human uterine stromal cell line has been established [378]. The creation of a mouse uterine
stromal cell line in the future would be ideal for this type of experiment as it may reveal a range
of inductive growth factors that were not differentially upregulated using the current strategy.
Since neonatal epithelial cells do not form recombinants with hESC [311], it is also inaccurate to
compared uterine epithelial cells to nMUM. Extracting total RNA from recombinants and
mesenchyme for comparison over time was a more efficient method. Whilst the current study
revealed that a number of growth factors were upregulated in nMUM during hESC
differentiation, for revelation of more organ specific induction, one could compare nMUM with
embryonic or postnatal mesenchyme(s) from other organs following recombination with hESC

or mESC [174, 175, 179].
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Only limited number of mesodermal and endodermal genes were assessed in the current study
due to financial and time constraints. Future studies could examine a panel of mesodermal genes
for more definitive evidence of CTGF’s role in mesoderm induction. Furthermore the recent
discovery of surface markers for a multi-potent CD326-CD56+ mesoderm progenitor population
[229], could become useful in future studies where mesodermal cell types may be quantified

following treatment with thCTGF.

Whilst the addition of exogenous recombinant human CTGF appears to influence hESC
differentiation, the contribution of nMUM derived Ctgf has not been addressed in the current
study. It appears from the previous study (Chapter 3), that nMUM in the presence of growth
factors, also slightly enhanced expression of OSR1 whilst reducing GSC although not at
statistically significant levels [311]. The anti-CTGF antibody used in the current study was
unsuitable to investigate the role of nMUM derived Ctgf on hESC differentiation. However, with
the advances in siRNA technology, one could temporarily silence the Ctgf gene in the nMUM
prior to tissue recombination with hESC. Future studies would aim to demonstrate that a
reduction of Ctgf in the nMUM using siRNA technologies would reduce mesodermal
differentiation of hESC.

5.4.4 Conclusion

In conclusion, the current study has identified CTGF as a factor that may have a role in
mesendoderm differentiation especially towards the formation of mesoderm lineages. Since
CTGF was found in both the nMUM and hESC, further investigation is required to ascertain the
relative contribution of nMUM-derived CTGF in the differentiation of hRESC.



CHAPTER 5 119
5.5 Supplementary Information

Supplementary Table 5.5.1 Candidate genes expressed in Gene Ontology terms associated
with growth factor activity in nMUM alone group

Accession Gene Fold FDR% Description
Symbol  Change
Growth factor activity (GO:0008083) p<0.000001

NM_008808 Pdgfa 1.88 0 N/A

NM_008760.2 Ogn 10.45 0 osteoglycin

NM_010275.2 Gdnf 3.31 0 glial cell line derived neurotrophic
factor

NM_001039537.1 Lif 1.20 0.4 leukemia inhibitory factor

NM_007778.3 Csfl 1.37 4.41 colony stimulating factor 1

NM_001048141.1 Bdnf 1.38 5.81 brain derived neurotrophic factor

NM_010217.1 Ctgf 3.98 5.93 connective tissue growth factor
NM_010216.1 Figf 2.25 9.93 c-fos induced growth factor



CHAPTER 5
Supplementary Table 5.5.2 Primer Sequences

Gene Name

Connective
tissue growth

factor

E-Cadherin
Goosecoid
Mix1
homeobox-like 1
Odd-skipped-1
Snail homolog 1
Snail homolog 2
Vimentin

Glyceraldehyde-
3-phosphate
dehydrogenase

Calbindin-
D28k

Gene
Symbol

CTGF (H)

Ctgf (M)
ECAD
GSC
MIXL1

OSR1
SNAIl
SLUG
VIM
GAPDH

GAPDH
Calbl

PS

Expression Domains

Gastrulation Stages

Ecto

Refs

Meso  Endo

N/A [350]
n + [100, 350, 352]
i +- [229, 351, 379]
+ + [380]
I _ [381, 382]
+ - [270, 383, 384]
+ + [229, 351, 385]
n - [229, 351, 386]
+ 4 [229, 351, 387, 388]
Housekeeping gene
Housekeeping gene

N/A [26]

120

Forward Reverse

AGGCAGTTGGCTCTAATCAT GCCCTCGCGGCTTACC
AGTTG

CCGCCAACCGCAAGATC ACCGACCCACCGAAGACA
GTCAGTTCAGACTCCAGCCC  AAATTCACTCTGCCCAGGACG
ABI Tagman assay# Hs00418279_m1

ABI Tagman assay# Hs00430824_g1

ABI Tagman assay# Hs00377071 ml

ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA
TGTTGCAGTGAGGGCAAGAA GACCCTGGTTGCTTCAAGGA
TCTACGAGGAGGAGATGCGG GGTCAAGACGTGCCAGAGAC
ACCACAGTCCATGCCATCAC  TCCACCCTGTTGCTGTA

ABI Tagman assay# Hs99999905_m1
CCCACATGTAACTCTGTTTCG TCACAATAAAGAATCCAGGC
TGTA AATTAA
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CHAPTER 6 General Discussion

In this study, I developed a 2 stage in vitro and in vivo model of hESC differentiation. I
demonstrated for the first time, neonatal mouse uterine mesenchyme (nMUM) direct human
embryonic stem cells (hESC) to form human female reproductive tract (FRT) epithelium. This is
also the first report of mesodermally-derived epithelial structure differentiated from hESC. The
ability of nMUM to direct hESC differentiation was confirmed using three separate hESC cell
lines (MEL-1, ENVY and MIXL1). The model provided a platform on which two other
discoveries were made 1) LIM1 expression in the uterine tissue and 2) involvement of

connective tissue growth factor (CTGF) in hESC differentiation.

At the commencement of this study, no experimental models existed for developing human FRT.
Fetal tissues obtained from miscarriage or stillborn babies were the primary source of human
tissue for investigations into human Miillerian duct development [15, 36-38, 129]. In Chapter 2,
a novel method was developed using tissue recombination of hESC with nMUM to generate
human FRT-like epithelium in vivo. The interaction between hESC and nMUM corroborates
previous reports with regards to the capacity of nMUM to form recombinants and communicate
with various epithelial cell types [22, 60, 175, 184, 190]. In Chapter 3, morphological and
functional markers in the hESC-derived FRT-like epithelium matched features in adult human
upper FRT epithelium whilst earlier time points recapitulated events during fetal development.
Evidence suggests that hESC-derived epithelial cells belong to a mesodermal lineage with
characteristics of the human FRT. Collectively, Chapter 2 & 3 reports the establishment and
characterisation of a novel experimental model of the human FRT development. Subsequent
chapters described several studies conducted using this experimental model. In Chapter 4, the
expression of the homeodomain transcription factor LIM1 in both early and late developmental
stages of the current model contradicted a previous report of Liml expression in mouse FRT
[58]. Further investigation of Lim1/LIM1 in mouse and human uterine tissue revealed for the
first time that its expression is not restricted to the Miillerian ducts and its derivatives during late
fetal development, but is also present in adult uterine tissue, where its function is currently

unknown [10].

In a separate investigation into the role of nMUM-derived growth factors on hESC

differentiation (continuation from findings described in Chapter 3), a mesenchyme-derived
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growth factor known as the CTGF was identified that may have had some influence on hESC
differentiation in vitro (Chapter 5). Further studies examining the role of CTGF and other short

listed growth factors may reveal the mechanism by which nMUM induced hESC differentiation.
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6.1 Development of methods to differentiate human FRT epithelium
from hESC

Instructive capacity of the nMUM was first discovered several decades ago when nMUM was
shown to transdifferentiate the mouse vaginal epithelium to form uterine epithelium [22]. The
primary hypothesis of the current study was that nMUM will induce hESC differentiation into
epithelial cells of the human FRT. The primary aim of the study was to establish a model for
generating heterospecific/heterotypic recombinants consisting of hESC and nMUM for
transplantation in vivo for further development into human FRT epithelium. Other important
considerations for the experimental model were reproducibility, applicability to several hESC

cell lines, and adaptability for cell tracking methods.

Co-culture of hESC with mouse stromal feeder layers or embryonic mesenchyme explants in
vitro is more commonly used for hESC differentiation [272]. Alternatively, pre-differentiation of
hESC into a homogenous cell population has become a more desirable option for experiments
involving transplantation of cells directly into host organs [180, 181]. Recombination of
embryonic stem cells with organ specific mesenchyme to produce an organ development model
in vivo is a relatively new concept. The first demonstration of this technology was the
differentiation of hESC into human prostate epithelial structures in vivo by tissue recombination
with embryonic urogenital mesenchyme [174]. Later, the differentiation of mouse embryonic

stem cells (mESC) into bladder epithelial cell types in vivo was demonstrated [175].

In Chapter 2, a novel method was developed for recombination of nMUM and hESC. When the
recombinant grafts were transplanted in vivo, hESC formed ductal structures lined with
epithelium reminiscent of the human wupper female reproductive tract epithelium
(oviduct/uterine) based on morphological assessments. Differentiation was achieved with two
separate hESC cell lines (MEL-1 and ENVY), one of which can be tracked non-invasively by in
vivo imaging techniques (ENVY). To our knowledge, this was the first study attempting to
produce human FRT from hESC and only the second study ever to differentiate hESC using
tissue recombination methods in vivo. The results are consistent with the inductive capacity of
the nMUM demonstrated previously [22]. During the course my PhD studies, another study was
published further demonstrating nMUM’s instructive capacity for transdifferentiating mouse

spermatogonial stem cells into uterine epithelium [190]. The current study concurs with the



CHAPTER 6 124

concept that instructive postnatal organ specific mesenchyme can guide the differentiation of

pluripotent stem cells to form organ specific epithelium in vivo.

Like others, we also encountered problems associated with success rate and off-target
differentiation (in the form of teratoma formation) of hESC. Nevertheless, we managed to
identify cell type of interest within teratoma-like tissue developed from the recombinant grafts.
However, basic morphological features were insufficient to draw a conclusion with regards to
the identity of the hESC derived epithelium. A comprehensive analysis of the established model

was carried out in Chapter 3.

During the course of the study, the NOD.SCID gamma strain of immunodeficient mice was
demonstrated as a better host with a greater take rate for cynomoglus ES cells than the
NOD/SCIDs used in the current investigation [281]. The challenge for the next investigation
(Chapter 3) was to reduce off-target differentiation and improve hESC survival by using a new

strain of immunodeficient mice and supplementing the serum-free culture with growth factors.
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6.2 Generation of human female reproductive tract epithelium from
hESC

In Chapter 2 of the current study, a novel method was established for generating tissue
recombinants and their transplantation in vivo where hESC differentiated into human FRT-like
epithelial structures. The hypotheses of the current investigation were 1) exogenous growth
factors in conjunction with nMUM would reduce off-target differentiation 2) use of another
strain of immunodeficient mice would slightly improve hESC survival in vivo 3) hESC derived
epithelium was FRT in nature. The aims of the investigation described in Chapter 3 were to
improve the methods established in Chapter 2 and prove that the hESC-derived epithelium has

characteristics of human FRT epithelium.

It was found in the current investigation that inclusion of mesoderm-inducing growth factors
dramatically reduced off-target differentiation (measured by size of the teratoma formed) and
NOD.SCID gamma mice lacking functional B and T cells improved viability of recombinants in
Vivo consistent with a previous study [281]. A panel of morphological and functional markers
(including those used by another study to identify spermatogonial stem cell-derived mouse FRT
epithelium) confirmed the FRT nature of the hESC-derived epithelium in the current
investigation [190]. Furthermore, the expression of several stage-specific Miillerian
developmental transcription factors suggested that hESC underwent key developmental stages
recapitulating aspects of normal FRT organogenesis. A similar phenomenon was also reported in

a previous study differentiating hESC towards prostate epithelium [174].

In conclusion, human FRT epithelium was generated from hESCs, and the model may be
particularly useful for investigations into the earliest stages of human Miillerian Duct
development. The model was used in the current study to investigate other areas of interest
include 1) expression of the LIM1 gene in the developing and mature human reproductive tract
epithelium and 2) the growth factors involved in the induction of hESC by nMUM during early

in vitro differentiation.
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6.3 Expression of transcription factor Lim1/LIM1 in mouse and
human endometrium

Liml is a homeodomain transcription factor critical to the development of central nervous
system and urogenital organs [389, 390]. Some inconsistencies exist within the literature with
regards to Liml expression in Miillerian Duct derivatives. Whilst an earlier study found Liml
absent in the embryonic oviduct and adult mouse uterus [58], it was later detected in the
Miillerian ducts [10]. No study to our knowledge, has examined LIM1 expression in mature

human female reproductive tract.

In the current investigation, Lim1/LIM1 was detected in our experimental FRT model, and for
the first time in wild type postnatal, adult mouse, and in both normal and malignant endometrial
cells. Lim1/LIM1 is dynamically expressed across the menstrual/estrus cycle. The expression of
Lim1/LIM1 in the aforementioned tissue/cell types contradicts a previous study that failed to
detect Lim1 expression in adult uterus. It further confirms the FRT identity of the hESC derived
epithelium in our model [58]. The findings in the current investigation confirms and extends
previous observations of Liml expression in the Miillerian duct during fetal development, and
various human studies implicating LIM1 with uterine aplasia [40, 81]. Furthermore, detection of
LIM1 in the adult uterus is consistent with its expression in several other adult organs [304, 305,
307]. Some of these studies have demonstrated the significant roles that Liml1/LIM1
transcription factor plays in stem cell regulation, cell differentiation and specification as well as

disease progression [304, 305, 328].

The FRT model established in earlier chapters facilitated this investigation by providing a more
comprehensive view of LIM1 expression in human FRT tissue. In conclusion, expression of
Lim1/LIM1 in both fetal and adult FRT uterine tissues suggests that it may have a range of

functions in development, remodelling and cell differentiation in human FRT.
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6.4 Identification of mesenchyme-derived growth factors involved in
hESC differentiation

The most widely used approach to differentiate hESC towards a desired lineage uses exogenous
growth factors [226]. Alternatively, co-culture of stromal feeder layers with hESCs has been
used to guide hESC differentiation in vitro [223, 340, 346, 391]. The model developed in
Chapters 2 and 3 included a pre-differentiation stage of hESC differentiation [311]. In Chapter 3,
primitive streak-like cells formed in vitro in differentiating EBs briefly after recombination with
nMUM in the absence of exogenous growth factors indicating nMUM may have provided

morphogens for hESC differentiation [311].

Gene profiling in this current investigation led to the discovery of the potential inductive
capacity of CTGF on hESC differentiation in vitro, consistent with its roles in embryogenesis
[374]. The current investigation is the first report describing the expression of CTGF in nMUM
and human EBs. The finding corroborates a previous report describing the localisation of CTGF
in similar cell types in vivo during early embryonic development [100]. In combination with
known inductive growth factors (BMP4 and Activin A), CTGF influenced the differentiation of
primitive streak-like cells towards cells expressing mesodermal genes, consistent with its
preferential localisation in the embryonic mesoderm [352]. Moreover, CTGF has also been
implicated in production of extracellular matrix (ECM) which may enhance hESC differentiation

towards mesodermal lineages [98, 224].

In summary, the FRT model developed in earlier chapters has facilitated another investigation,
revealing growth factors involved in induction of hESC differentiation. The exact contribution of
nMUM-derived CTGF requires further investigation using siRNA technologies. Further studies
are required to quantify and characterised the cell types produced from differentiating hESC

resulting from the addition of exogenous CTGF.
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6.5 Limitations of this investigation

Both logistical and technical challenges were encountered whilst establishing the hESC derived
human FRT model, some of which have been addressed in previous chapters. The most notable
limitation was the survival rate of the transplanted recombinants in vivo. This common issue
associated with transplanting small numbers of hESC has also been reported in another study
[174]. Another technical issue relates to residual uterine epithelial fragments in the nMUM tube
resulting in differentiation of mouse uterine epithelium in the recombinant graft in a previous
report [184]. In the current study, recombinant grafts containing both mouse uterine gland and
hESC derived human FRT glands were excluded from analysis, further reducing take rate of the
model. A number of strategies were devised to overcome these technical issues. The exogenous
growth factors BMP4 and Activin A were included in recombinant cultures to improve hESC
survival in vitro [205]. To improve hESC survival in vivo, recombinant grafts were transplanted
into severely immunocompromised NSG mice (lacking functional B, T and NK cells). In
addition, a non-invasive in vivo imaging approach was used to monitor graft growth. In order to
reduce the impact of contaminating remnant mouse uterine epithelial cells in recombinant grafts,

ovariectomies were performed on host mice at the time of graft transplantation.

Logistical limiting factors faced in conducting the current studies included the initial sporadic
supply of the hESCs. Culturing hESC is an expensive and labour intensive undertaking for most
laboratories. In the first year of my PhD studies (2008), I spent considerable time learning how
to culture and maintain hESC (MEL-1) for experimentation. Limited quantities of hESCs were
available for small numbers of experiments with high failure rates. The establishment of Stem
Core (a Core Facility offering a wide variety stem cells and related services at Monash
University) in the second year of my PhD studies enabled a reliable and more frequent supply of
hESCs. Despite the establishment of the core facility, the unpredictability of hESC growth and
its dependence on other cell lines (MEFs) to maintain pluripotency meant that hESCs were not
always available for experiments. To further complicate the supply issue, most of the
experiments in the current studies depended on availability of both hESCs and nMUM. When
neonatal mice were not born on days planned, experiments were also postponed. Despite these
challenges, a total of more than 36 recombinant grafts were harvested over the course of my PhD
studies. 15 out of 112 recombinants grafts transplanted into NSG mouse hosts successfully
developed into small tumours containing human FRT epithelium representing success rate of

13%.
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Other limitations concerned the identity and functional similarities of the hESC derived FRT
model to actual human FRT epithelium. Even though defining features of the upper female
reproductive tract (including the oviduct and uterus which have overlapping features) were
identified, whether or not the epithelium is oviductal or uterine requires further investigation.
We suspect there would be some functional differences between our model and the normal
human FRT epithelium since the model has murine stroma supporting human epithelia, similar
to the human prostate epithelium generated from hESC in a previous study [174]. However,
further characterisation may not be necessary for the mature version of the current model (i.e. 8
weeks) since its purpose was purely to confirm that the epithelium was a Miillerian derivative.
The more important components of the current human FRT model are the developmental stages
observed at the earlier time points. These stages may be most useful for investigations into the
earliest events of human Miillerian duct formation and development, a time before regional
specification of the Miillerian duct into oviducts and uterine segments. Collectively, the methods
developed in this thesis for generation of hESC-derived FRT epithelium is reproducible and can
be used as a model to conduct further investigations in the biology of hESC differentiation and

human FRT development.

The availability of primary human samples was the main limitation for investigations described
in Chapter 4. The high demand for primary human endometrial samples by other researchers in
my laboratory meant limited supply of human tissue for the current investigations. In addition,
during the course of my PhD, changes to organisational structure of the research institute through
which I was enrolled meant I had limited access to archival (paraffin) human patient endometrial
tissue. As a result of these factors, only a limited number of human patient samples were
examined for LIM1 expression in Chapter 4. In spite of limited access to human patient

samples, we confidently conclude that LIM1 is expressed in human adult endometrium.

As mentioned previously during the discussion of Chapter 5, within the usual financial and time
constraints of conducting PhD studies in 3’ years, certain experiments were not performed for
the final chapter of this thesis. It is recommended that gene profiling experiments to be extended
to compare non-inductive tissue types with nMUM which may reveal uterine specific inductive
growth factors. Future studies might consider altering the current in vitro model by culturing
nMUM as a feeder layer which will allow comparison with other cell lines and feeder layers. To

ensure that exogenous recombinant CTGF treatment and anti-CTGF antibody treatments were
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effective, biologically relevant concentrations described in previous studies were used. The
effects of CTGF were indirectly assessed by mRNA expression of genes involved in epithelial-
mesenchymal transition [357]. With regards to blocking experiments, future studies would utilise

ELISA to measure CTGF level after anti-CTGF treatment.
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6.6 Future applications and further studies

The implications of this study relates to hESC differentiation, developmental biology of the
human FRT as well as adult mouse and human uterine physiology. The study described a novel
model of human FRT epithelial development from hESCs and nMUM [311]. The model
provides a platform for future studies investigating various aspects of human FRT development

and hESC differentiation.

The detection of Lim1/LIM1 in adult uterine tissue opens a new area for further investigation to
reveal its functional roles in adult uterine tissue. Of particular interest is the role Lim1/LIMI1
may have in the regulation of recently discovered uterine stem/progenitor populations [144,
145]. In addition, its expression in endometrial cell lines would allow the design of future in
vitro studies aimed to understand the regulation of Lim1/LIM1 and its downstream targets in

uterine cells.

In terms of using the FRT model to study hESC differentiation, a mesenchyme derived growth
factor, CTGF was identified in the current study, which may influence hESC differentiation in
vitro. Nevertheless, exogenous CTGF may be used in future hESC differentiation strategies to
complement the use of other growth factors used to produce clinically relevant cell types. Most
current hESC differentiation strategies attempt to recreate stage specific embryonic niche
environments associated with the induction of particular cell types by addition of exogenous
growth factors [226]. In contrast, the current model utilised mouse postnatal niche environment
to guide early embryonic events, resulting in the formation of Miillerian-like epithelium from
hESC after merely one week of in vivo incubation with nMUM following in vitro mesodermal
differentiation. The current model provides a platform for alternative in vitro hESC
differentiation strategies modelled on postnatal mesenchyme’s interaction with hESC. Future
experiments aiming to examine in more detail the interaction between nMUM and hESC in vitro
and in vivo will reveal mechanisms and signalling pathways of this and other similar

differentiation models.

Better understanding of mesenchyme derived molecules and their role in differentiation of hESC
may lead to the creation of a more defined in vitro differentiation system capable of producing
Miillerian duct epithelial cells and their derivatives in culture in the absence of nMUM. Pure

populations of human Miillerian epithelial cells may have clinical applications for endometrial
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regeneration in patients suffering from Asherman’s syndrome (characterised by complete
obliteration of uterine cavity with adhesions) [392]. Other applications of cultured Miillerian
epithelial cells would allow screening for environmental agents that may impact on Miillerian
development. Furthermore, comparison of hESC-derived Miillerian epithelial cells with
endometrial epithelial stem/progenitor cells by gene or epigenetic profiling will determine their

relationship.

It has been known for decades that adult FRT disease has a fetal origin [151]. Animal studies
have shown that exposure to endocrine disruptors such as DES or other estradiol analogs mimics
during fetal/neonatal uterine development may cause permanent damage by permanently altering
signalling pathways critical to normal development [162]. Administration of DES and other
endocrine disruptors into hosts carrying heterospecific recombinant grafts would allow
researchers to examine changes in human Miillerian duct development for comparison with
animal data since only a small percentage of experiments conducted in laboratory rodents

actually translates to human situations.

The model would also facilitate investigations into the development of human Miillerian duct
epithelium. With advances in genetic manipulation technologies, future studies would aim to
modify gene expression in the uterine mesenchyme prior to recombination with hESC to
understand effects of specific paracrine pathways on differentiation of hESC to form the
Miillerian duct epithelium. Manipulation of the mesenchyme can be achieved by transfection
methods [191], or alternatively, one could utilise mesenchyme with targeted gene deletion from

knockout mice [186, 192, 194].
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6.7 Conclusion

In this study, I have demonstrated that nMUM directed hESC differentiation into human
FRT-like epithelium using two separate cell lines. Further examination at key time points
indicated that the FRT-like epithelium expressed all the hall marks (morphological and
functional markers) of mature upper FRT epithelium. Further characterisations revealed
features recapitulating key events of the FRT development observed during embryogenesis.
The versatility of the model was further demonstrated where it led to the discovery of
Lim1/LIM1 expression in adult mouse and human endometrium and also implicated CTGF
in differentiation of hESC. Overall, this study lays the ground work for future studies that
will provide a better understanding of human FRT development as well as new strategies for
hESC differentiation towards Miillerian duct cells which may have implications in

regenerative medicine.
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