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Abstract

Mammalian epithelial and epithelial-like cells are significantly involved in various processes associated
with tissue development, differentiation and oncogenesis. Because of that, high number of research is fo-
cused on identifying cells that express stem-like or progenitor characteristics. Identifying such cells and
recognizing their specific markers, would open new clinical opportunities in transplantology and oncology.
There are several epithelia characterized by their ability to rapidly proliferate and/or differentiate. Due to
their function or location they are subject to cyclic changes involving processes of apoptosis and regen-
eration. Literature presenting well-structured studies of these types of epithelia was analyzed in order to
compare various results and establish if epithelial cells’ migrative and proliferative ability indicates their
stemness potential. Endometrial, ovarian, oviductal and oral mucosal epithelia were analyzed with most
of the publications delivering relatively unified results. The ability to rapidly proliferate/ differentiate usu-
ally indicated the presence of some kind of stem/stem-like/progenitor cells. Most of the papers focused
on pinpointing the exact location of these kind of cells, or analyzing specific markers that would be used
for their future identification. There have also been substantial proportion of research that focused on
discovering growth factors or intercellular signals that induced proliferation/differentiation in analyzed
epithelia. Most of the research provided valuable insights into the modes of function and characteristics of
the analyzed tissue, outlining the importance of such study for the possible clinical application of in vitro
derived cell cultures.

Running title: Epithelial cells in vitro development

Keywords: pig, epithelial cells, in vitro growth and development

!Department of Anatomy, Poznan University of Medical Sciences, Poznan, Poland
“Department of Biomaterials and Experimental Dentistry, Poznan University of Medical Sciences, Bukowska 70, 60-812 Poznan, Poland
3Department of Histology and Embryology, Poznan University of Medical Sciences, Poznan, Poland
*OMFS IMPATH Research Group, Department of Imaging & Pathology, Faculty of Medicine, University of Leuven and Oral &Maxillofacial Surgery,
University Hospitals Leuven, Leuven, Belgium.
SState Key Laboratory of Oral Diseases, West China College of Stomatology, Sichuan University, Chengdu, China.
®Department of Obstetrics and Gynecology, University Hospital and Masaryk
University, Obilni trh 11, 602 00 Brno, Czech Republic
"Veterinary Center, Nicolaus Copernicus University in Torun, Torun, Poland
8Veterinary Research Institute, Brno Czech Republic
‘Department of Histology and Embryology, Wroclaw University of Medical Sciences, Wroclaw, Poland
* Correspondence: bkempisty@ump.edu.pl
Full list of author information is available at the end of article
DIl DE GRUYTER
. OPEN

G



Jankowski et al. Medical Journal of Cell Biology (2018)

Introduction

The mammalian somatic and germ cells are char-
acterized by heritable status of cell survival and
apoptosis. Additionally each cell type has genetically
programmed ability to grow, and develop, leading to
tissue formation and remodeling as well as proper
orientation of organs. The cell survival or apoptosis
is regulated by the ability to proliferate and differen-
tiate, both of which significantly influence cellular
physiology and morphology. The epithelial cells be-
long to one of the most common and important cell
types involved in tissue modeling and organization
of organs. The epithelial and/or epithelial-like cells
are strongly associated with formation of connective
tissue during physiological and pathophysiological
processes that encompasses; angiogenesis, tissue
morphological remodeling, and/or oncogenesis. The
modifications of epithelial tissues are recognized as
the most important processes of mammalian early
morphogenesis and organogenesis. The processes of
proliferation and migration of cells are significantly
dependent on type of tissue and heritable physio-
logical properties. Our recent results indicated that
epithelial cells isolated from distinct tissue types
have different proliferation and migration abilities
in vitro during primary culture. Hence, we suggest-
ed that this may be an effect only proprietary to her-
itable physiological features of tissue, which signifi-
cantly influenced on life/death balance of the cells.
Additionally, epithelial cells collected from various
organs reflect different metabolic and biochemical
properties, which are modulated with the admin-
istration of hormones, signaling peptides and/or
growth factors. On the other hand many types of ep-
ithelial cells collected from tissue organs have stem
like specificity and plasticity. The stem like capability
of epithelial cells bring new insight into the role of
these cells in tissue morphogenesis during formation
of other cell and/or tissue type. The potency of ep-
ithelial cells to differentiation in vitro opens a new
window in possibilities of using in vitro generated
tissues in advanced reconstructive and regenerative
medicine. In this article, we are presenting the most
recent findings related to epithelial cell proliferation
and migration ability. Moreover, we concentrate on
ovarian epithelial cells as the models used in osteo-
genic, chondrogenic and adipogenic lineage cell dif-
ferentiation. The endometrial and buccal pouch ep-
ithelial cells differentiation capability is not yet well
recognized. This review presents and discusses the
possibility of application of epithelial based tissue
constructs in regenerative medicine.

Ovarian epithelial cells

Epithelium is present in the ovary, in form of mod-
ified pelvic mesothelium, that covers the mammalian
female gonads peritoneal aspect [1], also referred to
as the ovarian surface epithelium (OSE) [2], ovarian
mesothelium (OM) [1] or normal ovarian epithelium

(NOE) [3]. It has been previously described as ger-
minal epithelium, as it was believed to be the source
of germ cells. However, current dogma concerning
oocytes and primordial follicles states, that they all
formed during the early development stage, and are
not produced de novo in adult organism [4]. Despite
several recent affords, with studies on human and
mouse ovaries [5]-[7], there is no sufficient proof
that OSE give rise to germ cells, [8]. Itis also believed,
that the cells of ovarian epithelium penetrate into
the ovary and associate with oocytes forming gran-
ulosa cells becoming a part of the follicle [9]-[12].
However, recent publication from Hummitzch et al
describes bovine fetal research, with a solid proof
that, in fact, granulosa cells do not arise from ovarian
epithelium, but rather share a common precursor, so
called Gonadal Ridge Epithelial Like cell (GREL) [13].

OSE is a single-layered, squamous-to-cuboidal ep-
ithelium, separated from ovarian stroma by a basal
membrane and the tunica albuginea (dense, collag-
enous connective tissue layer) [8]. OSE has two ma-
jor functions, transport of materials to and from the
peritoneal cavity, and as a tool for the cyclical ovula-
tory ruptures repair [8]. These functions, especially
the former one, are highly variable through the re-
productive cycle, which suggests their dependence
on sex hormones [1]. Ovarian epithelium exhibits
large proliferative capacity, as it is needed to repair
the post-ovulatory damage to the ovarian surface.
This was proven by Osterholzer et al, that there are
differences between proliferation rates in rabbit OSE,
observing the peaks in proliferative activity at, and
immediately after the time of ovulation [14]. As the
mechanism underlaying the process of follicular rup-
ture during ovulation is still quite poorly understood,
there have been some reports of possible role of OSE
in that process [15], [16]. For example the controlled
loss of the OSE due to apoptosis [17], near the time of
ovulation, probably induced by prostaglandins [18],
and mediated by Fas antigen [19]. It is possible, that
the apoptosis occurs after the contact of the OSE with
stroma of the ovary, following the alteration in struc-
ture of tunica albuginea near the time of ovulation.
However, it cannot be ruled out that in this case, the
signals from OSE are factors inducing the alteration
of underlying connective tissue and stroma [8].

In nonovulating ovary, OSE is a stationary meso-
thelium (sharing both epithelial and mesenchymal
characteristics. However, in contrast to the usual
mesothelial properties, it can alter its state of dif-
ferentiation. Apart from ectopic epithelium, OSE
can modulate into fibroblast-like, stromal cells. This
phenotype is achieved due to stimuli that initiate
regeneration of the ovarian surface after ovulatory
rupture [8]. The exact mechanisms of this process,
are still yet to be defined. Ovarian epithelium shows
large capacity to undergo epithelial to mesenchy-
mal transition. That is a property that most prob-
ably exists in order to accommodate the need for
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regular reparatory function. The capacity for EMT
is functioning to increase motility and alter prolif-
erative responses. It is also suggested that it may
have a role in reintegrating the OSE cells trapped in
the ovary at ovulation into the ovarian stroma. This
could prevent cyst formation by preventing OSE ag-
gregation within the stroma [8].

The ability of the ovarian epithelium to rapidly
proliferate and migrate, together with the capaci-
ty to change their static epithelial fate and become
stromal cells when that transformation is needed,
give indication that they could possess stem-like
abilities. Discovery of GREL cells, suggests that OSE
is probably only a line of multipotent progenitor ep-
ithelial cells, as they quite certainly do not possess
the previously attributed ability to differentiate into
germ, or granulosa cells. However, the ovarian epi-
thelium still remains largely unresearched. Lack of
recognizable markers, that would directly indicate
the presence of adult stem cells, is a barrier that
needs to be overcome in order to even consider the
possibility of application of ovarian epithelial cells
in clinical environment.

Endometrial epithelial cells

The innermost, mucosal layer of the mammalian
uterus, lining the walls of uterine cavity is referred to
as the endometrium. It functions as the uterus lining,
preventing adhesion between the walls of myometri-
um. However, its primary function is to provide the
perfect environment for implantation of blastocyst
into the uterine wall, and facilitate placental forma-
tion and future embryonic and fetal development
[20]. Endometrium consists of a single layer colum-
nar epithelium, resting on a layer of connective tissue
that is referred to as the stroma [21]. There are two
layers, that are distinguishable by their role in the
uterus of women of reproductive age. The function-
al layer lays adjacent to the uterine cavity. This ep-
ithelial layer, contains tubular glands, held together
by loosely by supportive stroma. The amount of cells
present in the functional layer and their thickness,
depends highly on the menstrual cycle. It is shed
completely during menstruation and progressively
rebuilt during the follicular and luteal phase [22].
The second basal layer, lies adjacent to the myometri-
um, below the functional layer. It contains branching
glands, extending towards endometrial-myometrial
interface, and is bound by stroma of higher density
[23]. Contrary to the functional part of the endo-
metrium, this layer doesn’t undergo major changes
during the menstrual cycle [24].

Endometrium, because of its dependency on the
menstrual cycle, displays remarkable regenerative
capacity. In relatively short time, it is able to grow
from 0.5-1mm present initially after menstruation,
to 5-7mm in final thickness [24]. That fact indicates
that cyclical processes of proliferation, differenti-
ation and breakdown need to occur as long as the

menstrual cycle is present during years of repro-
ductive ability. I has been long proven that endome-
trium responds mostly to the varying levels of sex
hormones, especially estrogen and progesterone.
The rising levels of estrogen, proprietary to the late
follicular and ovulatory phase, have been proven to
promote proliferation [20]. Progesterone on the oth-
er hand, with its levels peaking during early luteal
phase, acts to promote differentiation, and inhibit
mitotic proliferation of epithelia [24]. In the same
time, stromal proliferation reduces [20] and the pro-
cess of preparation for decidualization of endome-
trium begins around blood vessels and extend to the
rest of the stroma. In case of fertilization, decidual-
ization process ends, and cells of functional endome-
trium undergo differentiation [25]. In case of lack of
fertilization, the functional epithelium regresses and
is shed in the menstruation process, commencing the
new menstrual cycle [24].

The need for regular, large scale proliferation and
differentiation in the endometrium, and the ability
to regenerate to the form allowing proper blastocyst
implantation and pregnancy after almost complete
resection [26] has long indicated the necessity for
progenitors or adult stem cells among the endome-
trial cell population. Publications that suggested the
presence of stem cells in the uterus are present, since
the early 1990s, but lacked enough evidence to sup-
port their claims, and were more based on functional
divagations similar to those described above [22].
Chan et al. used functional approach in their 2004
study, due to lack of properly characterized markers
that would indicate the presence of adult stem cell/
epithelial progenitor and their usually small popula-
tions [21]. They have hypothesized that the cells that
they were aiming to identify, are probably present
in the basal layer of endometrium, as its content is
constant compared to the functional layer and does
not undergo drastic changes through the menstru-
al cycle [24]. They related to previous research, de-
scribing clonogenicity as a typical stem cell property
[27], to prove the existence and identify stem cell
population in various tissues [28]-[30]. Growth fac-
tors, that are synthesized and secreted by endome-
trial epithelium have also been previously identified
[31], and proven to be in constant interaction with
sex hormones directly affecting the different stages
of endometrial growth, co-acting through activation/
repression of certain associated processes or mod-
ulating the effects of estrogen of progesterone by
altering receptor expression [31], [32]. Endometri-
al tissues, collected from live patients that have not
undergone exogenous hormonal treatment previous
to extraction, were used as a source of endometrial
epithelial and stromal cells. Then the clonal cultures
were established, supplemented by known growth
factors, fixed and analyzed. The study has proven
the clonal identity of small groups of epithelial and
stromal cells, additionally proving their multilineage
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differentiation potentials, providing solid evidence
for the possible adult stem cell presence among the
populations of epithelial and stromal stem cells of
the endometrium [21]. Wolff et al. have further prov-
en the multipotency of endometrial stromal cells
[33]. Culturing those cells in defined chondrogenic
media, gave successful results in differentiating into
heterologous chondrocytes. This ability was unique,
compared to the other samples taken as control, and
delivered further evidence for endometrium being a
source of multipotent stem cells [33]. This approach
was taken forward by Gargett et al. who used sim-
ilar samples of endometrial tissue, subjecting them
to treatment with multiple types of differentiation
media [34]. The study resulted in the epithelial cells
differentiating into their usually exhibited gland-like
structures, while some stromal cells exhibited multi-
potency, by differentiating into smooth muscle cells,
adipocytes, chondrocytes and osteoblasts. Clones of
those stromal cells expressed multiple markers of
mesenchymal stem cells, while not scoring positive
results for endothelial or hematopoietic markers.
The publication confirmed the presence of epithe-
lial progenitors and mesenchymal stem cells within
the endometrium. The MSCs were suggested to be
involved in the large endometrial regenerative ca-
pacity, with their possible role in development of en-
dometriosis and endometrial cancer. The study also
suggests human endometrium as a source of mes-
enchymal stem cells for cell-based therapies [34].
Gargett and Masuda summarized most of the evi-
dence concerning presence of adult stem cells within
the human endometrium in their 2010 review [35].
They have underlined strong proofs for the presence
of endometrial mesenchymal stem-like cells, ana-
lyzed the possible clinical application of the finding
in cell-based therapies and better understanding of
endometrial cancer, while also underlining the lack
of current knowledge concerning their origin and the
large amount of questions concerning such highly
specific and complicated structure as endometrium
that need to be answered before any of the potential
clinical application could be introduced [35].

Oviductal epithelial cells

The mammalian oviduct, consisting of uterine
and fallopian tube, is a highly specific structure as-
suming a fundamental role in the processes associ-
ated with reproduction. Apart from functioning as a
transport canal for ovulated oocytes, spermatozoa
and developing embryos between ovary and uterus,
it is an organ designed to facilitate fertilization and
early embryonic development[36]. Because of that,
oviduct functions actively to maintain the perfect
conditions for all of the above processes, mostly by
modulating the production of the tubal (oviductal)
fluid to optimal levels, as its desired amount is an
important factor in sustaining many crucial devel-
opmental and reproductive events, as well as trans-

portation of gametes and fertilized embryos to facil-
itate fertilization and implantation [37].

Oviductal epithelium consists of single layer of
columnar cells, located within the oviductal muco-
sa [37]. There are two main types of epithelial cells
present, performing their distinctive functions in
order to maintain perfect conditions for reproduc-
tive and developmental processes occurring within
the oviduct [37]. Ciliary cells, abundant along the
oviductal luminal surface, function as facilitators
of oocyte and early embryonic movement towards
uterus, transporting the female gamete, or zygote
(if fertilization occurs) along the oviduct by ciliary
beating[38]. The suggested mode of such action
includes interactions between epithelial cilia and
sperm flagella, that capacitates sperm cells’ fertil-
ization ability [39], [40]. Secretory cells function in
order to produce and release specific secretory ma-
terials. These secretions become one of the ingre-
dients of oviductal fluid, the other being selective
transudate of serum[38]. There are multiple func-
tions attributed to the products of secretory cells.
Some of them have been found to be associated with
gametes/early embryo, with several possible effects
on early embryonic development/gamete function
[41]-[43]. There are reported examples, where in
vitro development of mammalian embryos was im-
proved, while they were co-cultured with cells of
oviduct, or their medium [44].

Proportion of ciliated to secretory epithelial cells
in the oviduct, especially in its ampulla, is not con-
stant, and highly dependent on the menstrual cycle.
Ciliated cells are found to be abundant during the
follicular phase, with their proportion dropping
drastically during luteal phase [45]. This is explain-
able, as the ciliated cells, have been proven to be nec-
essary in proper transport of the cumulus-oocyte
complex to the ampulla during ovulation, to make
the fertilization possible [46]. It has been proven,
that decrease or lack of cilia activity reduces fer-
tility in women [47]. Again, the ability of oviductal
epithelium to change its composition through the
estrous cycle has sparked a search for cells with cer-
tain degree of stemness, allowing them to not only
proliferate, but also differentiate. Ito et al. in their
2016 study, suggest that remodeling of oviductal epi-
thelial structure is conducted through selective mito-
sis and differentiation of epithelial cells [48]. Study-
ing bovine oviducts, with the stage of menstrual cycle
estimated by macroscopic analysis of their respective
uterus and ovaries, they used immunochemical anal-
ysis to look for markers of mitosis and differentiation
into ciliated cells in oviducts of different menstrual
stages. They have identified secretive cells as the pri-
mary type of epithelium, outlining the mode in which
the cells are marked for either proliferation, or dif-
ferentiation into ciliary cells [48]. This study proves,
to an extent, the developmental potential of secretive
ciliary cells, however it bases the assessment of their
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developmental potential solely on functional analy-
sis. Ghosh et al. provided further proof, supporting
the ability of secretory cells to self-renew and differ-
entiate, in their 2017 study [49]. Using in vivo genetic
lineage tracing of mice derived oviductal epithelium,
they have proven that secretory cells indeed have the
stem-like abilities and are progenitors for ciliated
cells.

Oral mucosal epithelial cells

Oral mucosa consists of two distinct layers, epi-
thelium and lamina propria. It has received much
attention from the scientific community, as it pres-
ents impressive regenerative ability, compared to
other epithelial tissues [50]. The epithelium of oral
mucosa is built of stratified, squamous cells with a
basal layer containing three types of proliferating
cells. Epithelial stem cells, transit-amplifying cells
thatare migratory and express limited proliferative
capacity, and post mitotic differentiating cells [51].
The cells used in clinical trials involving cells cul-
tures are usually buccal oral mucosa cells of porcine
origin, as they express relative physiological and
anatomical similarity when it comes to structure,
level of keratinization and thickness of the human
buccal oral mucosa [52]. However, number of differ-
ent animal models are used, depending on the aim
of research and the exact region of the oral cavity
analyzed as similarity to human tissue and ability
of colony formation and proliferation in vitro varies
between species [53]. The in vitro cultures of buc-
cal mucosa, can provide insight into several issues.
Studies concerning membrane permeability, aim to
determine the extent to which the mucous mem-
brane can be used in drug delivery [54], [55]. Stud-
ies of cell engineering, circle around possible appli-
cations in transplantology [56], [57]. Finally, studies
of oral cancer cell cultures provide valuable insight
into cell cycle regulation and identification of adult
stem/progenitor cell population [58]. As wound
healing process in the oral cavity is characterized
by early occurring, dynamic proliferation and mi-
gration, there is a strong indication for adult stem
cell population presence within the oral epithelium
[53]. However, there are other challenges, includ-
ing problems with identification of the exact cells
that exhibit stemness and their separation from the
rest of the cultured cells. The general belief is that
a characteristic indicative to stem or progenitor
cells, is high nuclear to nuclear cytoplasm ratio[59],
which can be used to identify the cellular candi-
dates in cultures. Igarashi et al. have successfully
separated these cells from the general population in
vitro using their specific adhesiveness to collagen IV
[60], which proves that discovery of specific stem
cell markers and properties is a key to expand their
potential for clinical use.

There have been two models proposed for epithe-
lia differentiation . One, assuming that the differenti-

ation fate is intrinsically determined, depends on the
location of the epithelium. That way, if transplanted,
epithelial cells would still develop into their respec-
tive tissues [61], [62]. The other theory, involves con-
nective tissues underlying epithelia. This hypothesis
states that signals from those tissues induce devel-
opmental fate of the epithelial cells. Chung et al. have
delivered solid proof to support this theory .He used
foreskin graft epithelia in co culture in vitro with buc-
cal connective tissue, and directed it to develop into
structures resembling oral mucosal epithelium [63].
There is also research proving, that grafts engineered
with the use of cells extracted from oral mucosa can
function in reconstruction of other epithelial tissues
in vivo [64], [65]. However, this method is not ideal
due to the limited source material, different patterns
of regional epithelial keratinization and surgical pro-
cedures involved in its extraction. We are still looking
for the right model for culturing oral mucosal tissue
and assays for assessing the right proportion of ep-
ithelial cells in culture [50]. Improving methods of
cell culture maintenance and validation, would open
new ways in which oral mucosal cells could be imple-
mented in advanced tissue engineering.
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