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Abstract

Cell identity within the human urogenital tract is strongly influenced by hormonal signal-
ing, yet increasing evidence suggests that epithelial differentiation may also be shaped by
microenvironmental cues. In this study, we investigated how hormonal and physical environ-
ments modulate epithelial identity and plasticity using a human tissue-engineered urethral
model. Primary epithelial and stromal cells derived from vaginal and trans-women’s ure-
thral tissues were combined in homologous and heterologous configurations and cultured
under controlled conditions. Constructs were exposed to estradiol or dihydrotestosterone,
and epithelial differentiation was assessed using histological staining and immunofluo-
rescence targeting lineage-specific markers. Our results show that vaginal epithelial cells
cultured on vaginal stroma maintain a stable vaginal phenotype characterized by epithelial
stratification and glycogen accumulation, although the magnitude of these features was
modulated by hormonal stimulation. In contrast, urethral epithelial cells displayed a high
degree of plasticity, adopting distinct phenotypes depending on the physical-culture environ-
ment. Notably, constructs containing urethral epithelium developed a dual phenotype, with
vaginal-like differentiation at the air-liquid interface and a more urethral-like organization in
immersed conditions. Furthermore, urethral cells derived from long-term estrogen-exposed
tissues exhibited persistent expression of both urethral and vaginal markers, suggesting
incomplete or hybrid differentiation states. Overall, these findings demonstrate that epithe-
lial identity in the human urethra is not fixed but dynamically regulated by an interplay
between intrinsic cellular properties, stromal interactions, and physical microenvironmental
cues, while hormonal signaling alone appears insufficient to dictate cell fate. This study
provides new insights into epithelial plasticity and has important implications for both
developmental biology and tissue-engineering approaches to urogenital reconstruction.

Keywords: epithelial cell; differentiation; urethra; vagina; tissue engineering

1. Introduction

Human populations are increasingly exposed to endocrine disruptors (EDs), including
chemical compounds commonly found in plastics (e.g., phthalates and bisphenols) and
cosmetic products (e.g., methylparaben and benzylparaben) [1,2]. These compounds have
the ability to interfere with the endocrine system by mimicking endogenous hormones such
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as estrogens or by antagonizing androgen receptors [3,4]. Because sexual differentiation
and organogenesis are tightly regulated by hormonal signaling, particularly androgens,
such disruptions may significantly alter developmental processes [5,6].

Penile organogenesis is highly dependent on androgen signaling [7], and its pertur-
bation can result in congenital malformations. Among these, hypospadias is one of the
most common abnormalities of the male genitourinary tract, affecting approximately one
in 150 live male births [8]. It is characterized by an ectopic positioning of the urethral
meatus along the ventral aspect of the penis, with severity ranging from distal displacement
to proximal forms near the scrotum [9,10]. This condition is associated with functional
complications, including impaired urinary flow, penile curvature during erection [11], and
an increased risk of subfertility.

Although genetic predisposition may contribute to hypospadias, epidemiological data
indicate a worldwide increase in its incidence, strongly correlated with environmental
changes and exposure to endocrine-disrupting compounds [1]. In particular, prenatal
exposure to EDs has been shown to critically interfere with fetal development and to
increase the risk of such malformations [12].

While epithelial tissues have traditionally been viewed as relatively stable once dif-
ferentiated, increasing evidence indicates that differentiated epithelial cells may retain a
degree of plasticity and responsiveness to environmental cues [13-15]. Cell identity is
therefore not solely determined by developmental origin but may also be influenced by
hormonal, stromal, and physical microenvironments [16,17].

During human urogenital development, the early urethral epithelium arises from a
developmental context that is initially shared with the future vaginal epithelium [18-20].
The formation of the penile urethra involves canalization of the urethral plate followed by
androgen-dependent distal fusion [21]. While the majority of the urethral epithelium is
thought to derive from endoderm, the distal segment, known as the Fossa Navicularis, ex-
hibits a particularly distinctive epithelial phenotype. This region contains a non-keratinized
stratified squamous epithelium rich in glycogen, closely resembling vaginal epithelium and
likely influenced by estrogen signaling [22,23]. These observations support the concept
that urethral and vaginal epithelia may not represent completely distinct biological entities
but rather different differentiation states along a shared developmental continuum. Such
a model implies the existence of epithelial plasticity, whereby environmental signals may
influence the acquisition or maintenance of tissue-specific characteristics.

From a clinical and tissue engineering perspective, the reconstruction of urethral
tissues remains challenging due to the limited availability of suitable autologous material.
To address this issue, a human urethral model reconstructed in vitro using the self-assembly
method has been developed [24,25]. This approach enables the generation of stromal and
epithelial compartments from primary human cells and provides a physiologically relevant
platform to investigate tissue differentiation.

Recent advances have also identified gender-affirming surgeries as a novel and valu-
able source of human tissues for research. During vaginoplasty procedures, a significant
portion of the urethra is surgically removed and can serve as a source of both urethral
epithelial and stromal cells [26]. However, clinical and histological observations have re-
ported the presence of vaginal-like epithelial features in these tissues, raising a broader
biological question: are these changes solely the consequence of hormonal signaling, or
do they reveal an intrinsic plasticity of urethral epithelial cells that can be modulated by
their microenvironment?

One potential explanation is the long-term exposure to exogenous estrogens prior
to surgery, typically administered for at least two years. Such hormonal treatments may
influence cell fate and promote a partial shift toward a vaginal-like phenotype, as suggested
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by earlier studies describing epithelial hyperplasia and increased glycogen accumulation
within the spongy urethra under estrogenic conditions [22,23]. These findings highlight the
potential plasticity of epithelial cells and the influence of the hormonal microenvironment
on tissue identity.

In this context, the present study was designed to investigate epithelial plasticity within
the human urogenital tract and to determine how hormonal, stromal, and physical environ-
mental cues contribute to epithelial identity. Using a tissue-engineered urethral model, we
combined vaginal and urethral epithelial cells with homologous and heterologous stromas
to assess the relative contributions of epithelial origin and stromal context. Constructs were
exposed to estradiol or dihydrotestosterone and analyzed using histological and molecular
markers of urethral and vaginal differentiation. We hypothesized that epithelial identity is
not exclusively dictated by cell origin or hormonal signaling but may emerge from dynamic
interactions between epithelial cells, stromal cells, and the physical microenvironment.

2. Materials and Methods
2.1. Ethics Statement

This study was conducted according to the Declaration of Helsinki and was approved
by the institution’s committee for the protection of human participants (Comité d’éthique
de la recherche du CHU de Québec-Université Laval, protocol number 2012-1341). All
patients provided informed written consent prior to biopsies.

2.2. Sample Collection

A vaginal mucosal biopsy was obtained from a patient undergoing surgery for a benign
condition of the female reproductive system. For this study, vaginal fibroblasts (VaFs) and
vaginal epithelial cells (VaEs) were isolated from the vaginal mucosal biopsy of a 32-year-old
woman [27].

Biopsies from the spongy urethra were obtained from 4 specimens undergoing gender-
affirming vaginoplasty. For this study, urethral fibroblasts (UFs) and urethral epithelial
cells (UEs) were isolated from urethral biopsies from female donors aged 23, 32, 38, and
51 [26].

2.3. Cell Culture

The fibroblasts (UF and VaF) were thawed and seeded at a density of 1.333 x 10* cells/cm?
in 75-cm? culture flasks in Dulbecco-Vogt modified Eagle’s medium (DMEMc, Corning,
Corning, NY, USA), supplemented with 10% bovine calf serum (BCS, Woodland, CA, USA),
100 IU/mL penicillin (Sigma-Aldrich, St. Louis, MO, USA), and 25 pg/mL gentamicin
(Schering, Pointe-Claire, QC, Canada) (Fb medium).

Epithelial cells (UE and VaE) were seeded at a density of 1.333 x 10* cells/cm? onto a
feeder layer composed of irradiated foreskin fibroblasts and maintained in a medium consist-
ing of a 3:1 mixture of DMEM and Ham's F12 (DHc) (Gibco, Grand Island, NY, USA). This
medium was supplemented with 5% fetal bovine serum (FBS (Fetal Clone II), Citiva Hy-
clone, Logan, UT, USA), 24.3 yg/mL adenine (Corning), 5 pug/mL crystallized bovine insulin
(Sigma-Aldrich, St. Louis, MO, USA), 1.1 yM hydrocortisone (Teva Canada Ltd., Scarbor-
ough, ON, Canada), 0.212 pg/mL isoproterenol hydrochloride (Sandoz, Boucherville, QC,
Canada), 10 ng/mL epidermal growth factor (EGF, Austral Biologicals, San Ramon, CA,
USA), 100 U/mL penicillin, and 25 pg/mL gentamicin (Epi medium).

2.4. Collagen Gel Production

A volume of 3.5 mL of a suspension of UF or VaF at 0.5 million cells per mL was mixed
with 3.5 mL of cold collagen (5 mg/mL, PureCol EZ gel solution, Sigma Aldrich, St. Louis,
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MO, USA) in ice until a homogenous solution was obtained. Sixty-six 1-mL collagen gels
were generated for the study (n = 3 for each condition).

After gel solidification, metal supports were put in place to prevent them from contract-
ing and 1 mL of Fb medium was added onto each gel. Media were changed three times a
week. After one-week, UEs or VaEs at a density of 50,000 cells by cm? were seeded onto the
gels in 1 mL of Epi medium. One week after seeding, the gels were transferred into 6-well
plates and raised at the air/liquid interface, using metal supports, to allow differentiation
of the epithelial cells. Three weeks later, the gels were ready for use.

During the whole process the cell-culture medium needed to contain 50 pg/mL of
2-phospho-L ascorbic acid (Sigma Aldrich, St. Louis, MO, USA) [19].

2.5. Hormonal Impact

To assess the impact of hormones, DHT (2 uM, Supelco D-073, Cerilliant, Round Rock,
TX, USA) and E2 (10 ng/mL, Beta-estradiol, Sigma, St. Louis, MO, USA) were added
to the cell-culture medium starting from the addition of epithelial cells onto the stroma
and until the end of the experiment. For the control, no hormones were added in the
cell-culture medium.

2.6. Histology and PAS Colorations

Half of each reconstructed tissue was fixed in 3.7% formalin, embedded in paraffin,
sectioned at 6 pm, and stained using Masson’s trichrome. Glycogen accumulation was
assessed using periodic acid-Schiff staining (PAS) with or without prior diastase digestion
(PASd). Briefly, paraffin sections were deparaffinized, rehydrated, subjected to diastase
digestion when indicated, stained with periodic acid and Schiff reagent, counterstained
with Harris hematoxylin, dehydrated, and mounted. Glycogen-positive structures appeared
magenta, whereas PAS signal attributable to glycogen was abolished by diastase treatment.

2.7. Immunofluorescence Staining

Frozen OCT-embedded tissues were sectioned at 6 ym, fixed in cold acetone, and
processed for immunofluorescence. Sections were incubated with primary antibodies
against MUC1, ZO-1, K18, and K10 (Table 1), followed by fluorophore-conjugated secondary
antibodies. Negative controls were incubated with PBS-BSA in the absence of primary
antibody. Sections were mounted and analyzed by fluorescence microscopy. All original
figures could be found in Supplementary Materials File S1.

Table 1. Antibodies used for immunofluorescence staining.

. Host Species and Antigen and Conjugated e

Antibody Specificity Fluorochrome Company Dilution

Mouse; anti-human . Santa Cruz 1/100

Rabbit; anti-human Mucin-1 LSBio 1/50

Primary ! Zonula Occludens (ZO)-1

Mouse; anti-human Egizgg }g ARP 1/100

Guinea pig; anti-human Abcam 1/100

Donkey; anti-rabbit IgG Alexa 594 Life Technologies 1/200

Goat; anti-mouse IgG Alexa 488 Invitrogen 1/200

Secondary
Goat; anti-rabbit IgG Alexa 594 Life Technologies 1/200
Goat; anti-guinea pig IgG Alexa 555 Life Technologies 1/200
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3. Results

Histological observation of urethral mucosa from cis men and trans women indicated
the presence of areas showing similarity to the vaginal epithelium; such was observed in the
Fossa Navicularis of the urethra but clearly distinct from the neighboring spongy urethral
mucosa of the one of the cis men (Figure 1).

- > < -
e B
o T s |

Urethral mucosa,
cis man trans woman

Figure 1. Histological comparison of native urethral mucosa from cisgender men and transgender
women. Representative histological sections (Haematoxylin—Eosin) showing the epithelial organiza-
tion of human urethral mucosa obtained from cisgender-male donors (A) and transgender women
undergoing gender-affirming surgery (B). While both tissues displayed generally a similar epithe-
lium, regions showing a vaginal-like morphology were observed in urethral tissues from transgender
women. The dashed line indicates the approximate transition between urethral-like and vaginal-like
epithelial regions.

To investigate the putative role of the origin of the stroma on the maturation of the
urethral epithelium, epithelial cells from urethra (UEs) were seeded on their own stroma
(UFs) or on the stroma produced using vaginal fibroblasts (VaFs). Alternatively, epithelial
cells from vagina (VaEs) were seeded on their own stroma or on the stroma produced using
urethral fibroblasts (Figure 2).

The UE+UF or UE+VaF conditions presented two phenotypes: urethral (Figure 2A1,B1),
vaginal (Figure 2A2,B2), whereas VaE were unable to form an epithelium on UF-derived stro-
mas (Figure 2C1,C2) and showed a well-differentiated vaginal epithelium in the VaE+VaF
conditions (Figure 2D1,D2). Surprisingly, some sections of the constructs in the UE+UF or
UE+VaF conditions presented a double epithelium with a vaginal-like morphology at the
air/liquid faces and a urethral morphology at the submerged faces (Figure 2A3,B3).

A hallmark of the vaginal epithelium maturation is the presence of glycogenated cells.
A Periodic Acid-Schiff staining (PAS) allows the detection of the polysaccharides, including
the glycogen. The presence of the glycogen is specifically assessed by a subsequent treatment
using the diastase which degrades the glycogen only (PASd).

When UE+UF and VaE+VaF were treated with PAS/PASd, presence of glycogen was
detected in the UE+UF showing a urethral morphology (Figure 3A,B), in the UE+UF
showing a vaginal morphology (Figure 3C,D), and in the control VaE+VaF (Figure 3E,F)
indicating that even if the urethral mucosa reconstructed with transwomen cells presented
a urethral morphology, a part of a vaginal-like phenotype is retained.
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Figure 2. Effect of epithelial and stromal origin on tissue-engineered urethral reconstruction. Repre-
sentative Masson’s trichrome-stained sections of reconstructed tissues generated using homologous
and heterologous combinations of urethral epithelial cells (UE), vaginal epithelial cells (VaE), ure-
thral fibroblasts (UF), and vaginal fibroblasts (VaF). Tissue architecture, epithelial stratification, and
stromal organization varied according to the epithelial-stromal pairing. (A) UE+UF tissue slices
stained by Masson’s trichrome. Representative examples included a urethral-like epithelium (A1), a
vaginal-like epithelium (A2), and a double-sided epithelium (A3); (B) UE+VaF tissue slices stained by
Masson’s trichrome. Representative examples included a urethral-like epithelium (B1), a vaginal-like
epithelium (B2), and a double-sided epithelium (B3); (C) VaE+UF tissue slices stained by Masson’s
trichrome. Representative examples showed an underdeveloped epithelium (C1,C2); (D) VaE+VaF
tissue slices stained by Masson’s trichrome. Representative examples showed a well-differentiated
vaginal epithelium (D1,D2). (The blue staining corresponds to the collagens whereas the pink/purple
staining represents cells). Scale bars = 50 ym.

To investigate the role of the hormones, dihydrotestosterone (DHT) and beta-estradiol
(E2) were added to the cultures during the reconstruction of the tissues (Figure 4).

As shown previously, UE4+UF without treatment (control) presented a urethral
(Figure 4A1) or vaginal (Figure 4A2) epithelial morphology. Neither the DHT treatment
(Figure 4B1,B2) nor the E2 treatment (Figure 4C1,C2) allowed any changes in the presenta-
tion of both morphologies. In the case of UE+VaF, contrarily to the results obtained with
the control (Figure 4D1,D2), treatment with DHT abolished the ability of epithelial cells to
proliferate and differentiate (Figure 4E1,E2) whereas E2 treatment seemed to have no effect
(Figure 4F1,F2). Finally, compared with the vaginal epithelium obtained without treatment
in the VaE+VaF conditions (Figure 4G1,G2), DHT seemed to induce a delay in maturation
with more intermediate and less superficial (glycogenated) cells (Figure 4H1,H2) indicating
that the hormones were efficient.

As indicated by Figures 2 and 4, in the case of epithelium present on both sides of the
stroma, exposition to a submerged condition induced a urethral-like phenotype whereas
the air/liquid interface induced a vaginal-like phenotype. These observations were done
on several patients 23 y.o. (Figure 5A), 32 y.o. (Figure 5B), 38 y.o. (Figure 5C) and 51 y.o.
(Figure 5D), indicating that it was not a patient-specific artefact but a reproducible result
obtained in various donors of different ages.
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UE + UF

100 pm 100 pm —~—

VaE + VaF

Figure 3. Glycogen accumulation in reconstructed tissues revealed by PAS staining. Representative
Periodic Acid-Schiff (PAS) and PAS-diastase (PASd) staining performed on reconstructed tissues
containing urethral or vaginal epithelial cells. PAS-positive regions correspond to the presence of
polysaccharides. (A) UE+UF tissue slice stained by PAS staining; (B) UE+UF tissue slice stained
by PAS staining in the presence of diastase—same tissue as in A panel; (C) another UE+UF tissue
slice stained by PAS staining; (D) UE+UF tissue slice stained by PAS staining in the presence of
diastase—same tissue as in C panel; (E) VaE+VaF tissue slice stained by PAS staining; (F) VaE+VaF
tissue slice stained by PAS staining in the presence of diastase—same tissue as in E panel. PAS-Positive
staining was largely abolished following diastase treatment, confirming glycogen accumulation within
epithelial cells. (Counterstaining was done with haematoxylin-eosin). Scale bars = 100 pum.
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Figure 4. Impact of hormonal stimulation on epithelial differentiation. Representative Masson’s
trichrome-stained sections of reconstructed tissues cultured under control conditions or exposed to
estradiol (E2) or dihydrotestosterone (DHT). Histological analysis revealed that vaginal epithelial cells
on vaginal stroma retained a stable vaginal phenotype under all conditions, whereas urethral epithelial
cells exhibited limited morphological changes in response to hormonal stimulation. Panels illustrate
representative sections for each epithelial-stromal combination. (A—-C) Masson’s trichrome-stained
sections of UE+UF tissues: (A) Control (representative examples included (A1): urethral-like epithe-
lium, (A2): vaginal-like epithelium); (B) +DHT (representative examples included (B1): urethral-
like epithelium, (B2): vaginal-like epithelium); and (C) +E2 (representative examples included
(C1): urethral-like epithelium, (C2): vaginal-like epithelium); (D-F) Masson'’s trichrome-stained
sections of UE+VaF tissues: (D) Control, (D1,D2) are representative examples of double-sided
epitheliums; (E) +DHT (E1,E2) are representative examples of underdeveloped epitheliums); and
(F) +E2 (representative examples included (F1): urethral-like epithelium, (F2): vaginal-like epithe-
lium); (G-I) Masson’s trichrome-stained sections of VaE+VaF tissues: (G) Control (G1,G2) are
representative examples of control epitheliums); (H) +DHT (H1,H2) are representative examples of
thinner epitheliums); and (I) +E2 (I1,12) are representative examples of thicker epitheliums). (The
blue staining correspond to the collagens whereas the pink/purple staining represents cells). Scale
bars = 50 um.

UE + UF (23y old) UE + UF (32y old)

UE + UF (38y old) UE + UF (51y old)

Figure 5. Reproducibility of the urethral epithelial phenotype among independent donors. Rep-
resentative Masson’s trichrome-stained sections of engineered tissues reconstructed using urethral
epithelial and stromal cells isolated from four transgender donors aged 23, 32, 38, and 51 years. Similar
epithelial organization was observed across donors, supporting the reproducibility of the observed
phenotype: representative example of UE+UF tissue slice stained by Masson’s trichrome from: (A) a
23-year-old donor; (B) a 32-year-old donor; (C) a 38-year-old donor; and (D) a 51-year-old donor.
(The blue staining correspond to the collagens whereas the pink/purple staining represents cells).
Scale bars = 50 um.
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The plasticity of the epithelial cells from urethras of transgender women, and the
ability to adopt urethral or vaginal morphologies was further investigated using a molecular
marker of the vaginal epithelium (Mucin-1 and K10). Expression of MUC1 and K10 was
detected in UE+UF (Figure 6A1,A2) and UE+VaF (Figure 6B1,B2) constructs as in the pure
vaginal control (Figure 6C1,C2).

UE +VaF VaE + VaF

Figure 6. Inmunofluorescent analysis of vaginal differentiation markers. Representative immunofluo-
rescence (IF) staining of reconstructed tissues for MUC1 (red) and keratin 10 (K10, green). Cell nuclei
were counterstained with Hoechst (blue). Dashed line corresponds to the boundary between epithe-
lium and stroma. (A) IF on UE+UF tissue slices with representative examples shown in (A1,A2);
(B) IF on UE+VaF tissue slices with representative examples shown in (B1,B2); (C) IF on VaE+VaF
tissue slices with representative examples shown in (C1,C2). Scale bars = 100 pm.

The expression of urethral markers (ZO-1 and K18) was also monitored in the UE-
containing constructs. Both types of construction UE4+UF (Figure 7A1,A2) and UE+VaF
(Figure 7B1,B2) express urethral markers indicating that they were able to express not only
urethral markers but also vaginal markers (Figure 6).

UE + VaF

Figure 7. Inmunofluorescent analysis of urethral differentiation markers. Representative immunoflu-
orescence staining for zonula occludens-1 (ZO-1, red) and keratin 18 (K18, green) in reconstructed
tissues. Cell nuclei were counterstained with Hoechst (blue). Expression of urethral-associated
markers was maintained in tissues containing urethral epithelial cells, despite the acquisition of
vaginal-like morphological characteristics in specific microenvironmental conditions. Arrows indicate
areas showing apical localization of ZO-1. Dashed line corresponds to the boundary between epithe-
lium and stroma. (A) IF on UE+UF tissue slices with representative examples shown in (A1,A2);
(B) IF on UE+VaF tissue slices with representative examples shown in (B1,B2). Scale bars = 50 ym
(A1,B1) and 25 ym (A2,B2).
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4. Discussion

The present study highlights the remarkable stability of vaginal epithelial identity
under varying hormonal conditions. Constructs generated from vaginal fibroblasts and
epithelial cells (VaFs/VaEs) consistently exhibited a well-differentiated stratified epithe-
lium with glycogen accumulation, typical of vaginal tissue architecture (Figure 2D1,D2),
Figure 4G1,G2). Although exposure to DHT led to a delay in maturation and an increase in
the number of intermediate cell layers (Figure 4H1,H2) and exposure to E2 resulted in a
moderate increase in epithelial thickness (Figure 411,12), the overall phenotype remained
unchanged. This robustness suggests that vaginal epithelial identity is strongly precon-
ditioned by both epithelial and stromal compartments according to the literature [28-30].
The maintenance of Mucin-1 + K10 expression further confirm the persistence of a vaginal
differentiation program (Figure 6C1,C2). These findings support the concept that, once
established, vaginal epithelial identity may be relatively resistant to short-term hormonal
perturbations in vitro, likely due to stable stromal-epithelial signaling loops.

One of the most striking observations in this study is the complete absence of epithelial
formation in heterologous constructs combining urethral fibroblasts with vaginal epithelial
cells (UFs/VaEs) (Figure 2C1,C2). This result underscores the essential role of stromal
support in epithelial survival and organization. Stromal cells are known to provide key
biochemical and mechanical cues that regulate epithelial proliferation, differentiation, and
polarity [31]. The inability of vaginal epithelial cells to establish or maintain an epithelial
layer in the presence of urethral fibroblasts suggests a strong dependence on tissue-specific
stromal signaling [27,31-33]. This incompatibility may reflect differences in extracellular
matrix composition, paracrine signaling, or mechanical properties of the stroma. These
findings reinforce the concept that epithelial identity cannot be considered independently
of its stromal microenvironment, and that mismatch between these compartments may lead
to epithelial instability or loss.

In contrast, constructs involving urethral epithelial cells (UEs), whether combined
with urethral fibroblasts (UFs/UEs) or vaginal fibroblasts (VaFs/UEs), exhibited a highly
reproducible and unexpected phenotype (Figure 2A1-A3,B1-B3). In both conditions,
epithelial coverage was consistently observed on both surfaces of the construct, indicating a
strong intrinsic capacity of urethral epithelial cells to reorganize under the given culture
conditions. This behavior contrasts sharply with vaginal epithelial cells and suggests that
urethral epithelial cells may possess a higher degree of plasticity or adaptability. Notably,
stromal origin did not appear to be the dominant determinant of epithelial outcome in
these constructs, further emphasizing the importance of epithelial intrinsic properties in
this context. The reason why the urethral epithelial cells on a vaginal stroma seem unable
to proliferate and differentiate in the presence of DHT remains to be determined.

A central finding of this study is the emergence of a dual epithelial phenotype de-
pending on the physical culture environment. In constructs containing urethral epithelial
cells, two distinct epithelial profiles developed: on the air-liquid interface, the epithelium
exhibited a predominantly vaginal-like phenotype, characterized by stratification, glycogen
accumulation, and expression of vaginal markers (K10, MUC1), while retaining partial
urethral features such as luminal localization of ZO-1. On the immersed side, the epithe-
lium displayed a morphology and organization more consistent with a urethral phenotype,
although some vaginal markers were still detected (Figures 6 and 7).

The pronounced divergence in epithelial phenotypes observed between air-liquid
interface and submerged conditions suggests that physical cues may play an important role
in epithelial differentiation (Figure 8) [34,35]. Rather than relying on a single determinant,
this divergence could result from a combination of interrelated microenvironmental factors,
including oxygen availability, hydration state, and the diffusion of nutrients and growth
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factors, which may generate distinct biochemical gradients across the tissues. Such gradi-
ents are known to influence epithelial metabolism, polarity, and barrier function and may
therefore contribute to the establishment of divergent differentiation programs [35-41].
Under these conditions, the air-liquid interface appeared to favor stratification and glyco-
gen accumulation (Figure 2A2,A3,B2,B3), recapitulating several characteristics of vaginal
mucosa, whereas immersion was associated with a simpler, more urethral-like organiza-
tion (Figure 2A1,A3,B1,B3). In addition, epithelial cells may actively modify their local
microenvironment through the secretion of soluble factors capable of influencing stromal
remodeling and epithelial differentiation [42,43]. Stromal mechanical properties could also
contribute to these effects, although the relative importance of these mechanisms remains
to be determined. Altogether, these observations support the existence of a remarkable
epithelial plasticity, whereby a single cell population can adopt distinct differentiation
trajectories probably through a complex interplay between physical constraints, biochemical
gradients, and reciprocal stromal-epithelial interactions.

( Vaginal mucosa Y4 Urethral mucosa  Urethral mucosa
(cis) (trans) (cis)
- ot —
9000000
i
s it Urethraklike
phenotype

Vagfnal-like Vaginal-like
phenotype phenotype

R Stable vaginal phenotype a1

EPITHELIAL PLASTICITY

~——<—" Physical microenvironment

\Hybrld vaginal/urethral phenotype J

Figure 8. Proposed model of urethral epithelial plasticity. A common embryological origin may
explain the ability of urethral epithelial cells to retain vaginal-like characteristics. While hormonal sig-
naling modulates epithelial differentiation, urethral epithelial cells derived from transgender women
exhibit a hybrid urethral/vaginal phenotype. Our findings suggest that the physical microenviron-
ment, particularly the air-liquid interface versus submerged culture conditions, may represent an
important determinant of the final epithelial phenotype.

While hormonal treatments (DHT and E2) were expected to play a major role in guiding
tissue differentiation, their effects appeared secondary compared to those of the physical
microenvironment and cellular context [44]. Although E2 influenced epithelial thickness
in vaginal constructs (Figure 411,12), it did not induce a phenotypic switch in urethral
constructs (Figure 4C1,D1,D2,F1). Similarly, androgen exposure did not fully stabilize a
urethral phenotype in urethral constructs (Figure 4B2) whereas it had a little impact on
vaginal constructs (Figure 4H1,H2). These findings suggest that hormonal signaling alone,
in the conditions tested, may be insufficient to dictate epithelial identity in vitro and must
be interpreted within a broader framework that includes stromal interactions and physical
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constraints. The partial persistence of vaginal markers in urethral-like epithelium further
supports the idea of incomplete or reversible differentiation states.

The observed plasticity between urethral and vaginal phenotypes provides new in-
sights into urogenital development. The coexistence of both phenotypes within the same
construct supports the notion of a shared developmental origin and suggests that urethral
epithelial cells may retain the capacity to reactivate differentiation programs associated
with a more vaginal-like state. In this context, inappropriate exposure to endocrine dis-
ruptors or exogenous hormones during development could potentially influence epithelial
differentiation and contribute to developmental abnormalities such as hypospadias. The
persistence of vaginal-associated features in urethral cells derived from transgender women
is consistent with the possibility that such latent differentiation programs may remain ac-
cessible beyond development and could be modulated by hormonal or microenvironmental
cues later in life. However, because endocrine disruptors were not directly investigated
in the present study, these interpretations should be considered as hypotheses requiring
further experimental validation.

From a translational perspective, these findings have important implications for ure-
thral reconstruction. The strong influence of the physical microenvironment suggests that
culture conditions must be carefully controlled to achieve a stable and physiologically
relevant epithelial phenotype.

Furthermore, the potential for vaginal-like differentiation in urethral constructs raises
concerns regarding the selection of cell sources, particularly in contexts involving prior
hormonal treatments, such as gender-affirming therapies. The persistence of mixed pheno-
types may impact the functional properties of engineered tissues and should be considered
in future applications.

This study has several limitations that should be acknowledged. First, the analysis
was restricted to a defined set of histological and immunofluorescent markers, which,
although informative, may not fully capture the complexity of epithelial identity. Second,
the duration and conditions of hormonal treatments may not fully reproduce physiological
exposure scenarios.

Future studies should aim to expand molecular characterization using transcriptomic
or proteomic approaches, investigate the reversibility of observed phenotypes, explore
the contribution of mechanical forces and oxygen gradients in greater detail, and assess
functional properties of the reconstructed epithelia.

5. Conclusions

Overall, this study demonstrates that epithelial identity within the human urethra is
not fixed but highly plastic, shaped by an interplay between stromal interactions, hormonal
signaling, and physical microenvironment. These findings provide new insights into uro-
genital biology and highlight important considerations for both developmental biology and
tissue-engineering applications.
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