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Muillerian ducts are paired tubular structures that give rise to most of the female repro-
ductive organs. Any abnormalities in the development and differentiation of these ducts
lead to anatomical defects in the female reproductive tract organs categorized as
Miillerian duct anomalies. Due to the limited access to fetal tissues, little is understood
of human reproductive tract development and the associated anomalies. Although orga-
noids represent a powerful model to decipher human development and disease, such
organoids from fetal reproductive organs are not available. Here, we developed organo-
ids from human fetal fallopian tubes and uteri and compared them with their adult
counterparts. Our results demonstrate that human fetal reproductive tract epithelia do
not express some of the typical markers of adult reproductive tract epithelia. Further-
more, fetal organoids are grossly, histologically, and proteomically different from adult
organoids. While external supplementation of WNT ligands or activators in culture
medium is an absolute requirement for the adult reproductive tract organoids, fetal
organoids are able to grow in WNT-deficient conditions. We also developed decellular-
ized tissue scaffolds from adult human fallopian tubes and uteri. Transplantation of
fetal organoids onto these scaffolds led to the regeneration of the adult fallopian tube
and uterine epithelia. Importantly, suppression of Wnt signaling, which is altered in
patients with Miillerian duct anomalies, inhibits the regenerative ability of human fetal
organoids and causes severe anatomical defects in the mouse reproductive tract. Thus,
our fetal organoids represent an important platform to study the underlying basis of
human female reproductive tract development and diseases.
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Miillerian duct anomalies (MDAs) represent a group of developmental disorders related
to abnormalities in female reproductive tract organs (1). The incidence rate of MDAs
in the general population and fertile women is around 5% (2, 3). Women with fertility
problems and recurrent miscarriages have a much higher prevalence of 6 to 15% (2, 3).
Miillerian ducts (MDs; also known as paramesonephric ducts) are the paired tubular
structures that undergo a highly orchestrated and complex process of differentiation to
give rise to the fallopian tubes (FTs), uterus, cervix, and upper vagina (4, 5). In MDA
patients, one or more MD-derived organs are either underdeveloped or missing
completely (1, 6). Such patients are usually of a normal karyotype 46, XX genetic
females and often have functioning ovaries and age-appropriate external genitalia (1).
Therefore, these females are generally presented in the clinic in the postpubertal stages
with a wide range of gynecological and obstetrical disorders, including infertility and
recurrent first-semester miscarriages (3). The clinical presentation of patients is related
to the severity of the anatomical defects in MD-derived organs, which range from agen-
esis of the uterus and vagina to minor uterine cavity malformations (1).
Mayer—Rokitansky—Kiister—Hauser (MRKH) syndrome is one the most recognized
congenital forms of MDAs, and it affects ~1 in 4,500 female births. MRKH is further
divided into two types. In type I MRKH syndrome, defects are limited to the
MD-derived organs, whereas in type II, other organs, such as renal and musculoskeletal
systems, are also involved (6). Genome sequencing of MRKH patients has revealed
alterations in several key members (WNT4, WNT9B, RSPO4, LRP10, TCF2) of the
WNT pathway (7-9). Studies using mouse models have provided experimental evi-
dence supporting the role of this signaling pathway in MD development and differenti-
ation (5, 10). In mice, the Wn4 gene is required for the initiation, invagination, and
differentiation of MDs, as shown by the lack of MD development in Wrns4 knockout
mice (11). Wnt9b is required for the caudal extension of MDs, and its loss in mice
leads to the absence of the uterus and upper vagina (12). Genetic alterations in
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Significance

One of the fascinating events in
human development is the
transformation of Mdllerian ducts,
a set of simple and uniform tubes,
into spatially restricted and highly
complex reproductive tract organs
and their distinct epithelia. This
occurs in a relatively short window
of time during fetal development,
and any aberrations resultin
females born with missing or
defective organs. How fetal
reproductive organs are different
from their adult organ
counterparts is not well-
understood. We developed
human fetal fallopian tube and
uterine organoids and described
differences with adult organ
organoids. Fetal organoids can
maintain long-term in culture and
regenerate epithelium upon
transplantation on scaffolds
developed from adult organs.
Fetal organoids represent a
unique platform to study human
development and associated
disorders.
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B-catenin (Cmnbl), a key mediator of the canonical Wnt sig-
naling, inhibit MD regression in male mice and cause abnormal
differentiation of MDs in female mice (10, 13-15). Collec-
tively, these studies in mouse models have highlighted the sig-
nificance of Wnt signaling in MD development and provided
possible clues into the pathogenesis of MRKH syndrome.
However, the key differences in human and mouse MD devel-
opment limit the translation of these studies to patients. For
example, uterine gland development occurs postnatally in ani-
mal models, including rodents and ungulates (16). In compari-
son, this process starts during fetal stages in humans and, by 18
wk of gestation, endometrial glands have already formed in the
fetal uterus (17, 18). Therefore, human models are required to
better understand the pathogenesis of MDAs and guide the
development of personalized treatments for these patients.

Organoid technology has provided an unprecedented win-
dow into various human developmental processes and allowed
us to replicate the organ physiology and the pathological
changes that occur during different stages of human diseases
(19). More importantly, organoids from even a tiny biopsy can
generate enough cellular material required for regenerative
treatments, which is especially important for congenital disor-
ders, such as MDAs, where a part or the whole organ system is
missing (20). Furthermore, organoids from definitive endoderm
have provided insights into the processes underlying the devel-
opment of human gastrointestinal tract (GIT) organs. It has
facilitated our understanding of the complex signaling circuitry
that creates organ boundaries, ensures the spatial restriction of
different GIT organs, and defines their identities despite their
common developmental origin (21). We expect that similar
models from MDs will be instrumental in understanding how a
simple tube differentiates in a segmental fashion to precisely
give rise to spatially restricted and highly complex female repro-
ductive organs. Various groups have now established and char-
acterized organoids from adult female reproductive organs (22).
Organoids generated from adult FTs, endometrium, cervix,
and vagina have already proven invaluable models to under-
stand the basis of several gynecological diseases (22). Unfortu-
nately, fetal organoid models developed from fetal reproductive
tract organs have not been reported to date. Here, we devel-
oped human fetal female reproductive organoids that represent
a unique platform to investigate human female reproductive
development and diseases and provide important insights into
the underlying mechanisms. We showed that fetal organoids
maintain many of their in vivo features and are significantly dif-
ferent from their adult counterparts. Additionally, we provide
evidence that the transplantation of fetal and adult organoids
contributes to the regeneration of adult tissues.

Results

Comparative Analysis of Human Fetal and Adult Female
Reproductive Tract Epithelium. To understand the fundamen-
tal differences between human fetal and adult reproductive tract
organs, we collected fetal female reproductive tissue samples
(n=12; 9 to 14 wk of gestation; SI Appendix, Table S1) and
adult premenopausal FTs and uteri (7 = 5 each) and performed
a comparative histopathological analysis (Fig. 1). In humans,
MDs first appear around 6 wk of gestation and, by 9 wk, the
two MDs fuse to form primitive FTs and a uterus (17, 18).
Our gross examination of the fetal tissue specimens at around
10 wk of age showed that FTs and the uterine body are quite
distinguishable at this stage of development (Fig. 14). By 13
wk, the fetal reproductive tract has acquired the typical shape
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Human female reproductive tract

Fig. 1. Gross and histological analysis of human fetal and adult FTs and
uterus. (A) Gross (A) and histological (A, a-c) images of human fetal female
reproductive tract at 10.4 wk of gestation (n = 2) showing hematoxylin and
eosin (H&E)-stained fetal FTs (A, a and b) and uterus (A, ). (B) Gross morphol-
ogy (B) and histology (B, a and b) of human fetal reproductive tract at 13.4 wk
of gestation (n = 3) showing H&E-stained sections of the FTs (B, a) and uterus
(B, b). A higher-magnification image of B, b, Inset shows pseudostratified
columnar epithelium. (C) A representative image of an adult premenopausal
female reproductive tract (n = 3). (D) The adult FT is lined by simple columnar
epithelium containing ciliated and secretory cells. (£ and F) Typical histological
presentation of the adult uterine epithelium with luminal and glandular epi-
thelial compartments. (G) Coimmunostaining for PAX8 (a marker of the MD
epithelium) and AcTUB (a ciliated cell marker) in human fetal FTs (G, a) and
uterus (G, b) and in adult FTs (G, ¢) and uterus (G, d). Immunostaining for mes-
othelin (MSLN, a marker of coelomic epithelium; e-h), FOXA2 (a marker of
uterine glands; i-f), and KI67 (a proliferating cell marker; m-p) in human fetal
(G, e, f, i, j, m, and n) and adult (G, g h, k I, o, and p) FTs (G, e, g, i, k, m, and o)
and uterus (G, f, h, j, I, n, and p) (n = 3 biological replicates x 12 images per
replicate). White dotted lines in G, j, j, and m demarcate epithelium from the
underlying mesenchyme. cc, ciliated cells; e, epithelium; eg, glandular epithe-
lium; ft, fallopian tubes; le, luminal epithelium; me, mesenchyme; ov, ovary; s,
stroma; sc, secretory cells; ut, uterus. (Scale bars, 100 pm unless indicated
otherwise.)

of the adult reproductive tract, and both the FT's and the uterus
present a clearly defined lumen (Fig. 1 B and (). Histologically,
fetal FT's as well as uteri are lined with pseudostratified columnar
epithelium with ovoid or round nuclei that are arranged at basal,
intermediate, and superficial levels (Fig. 1 A, #—cand B, 2 and 4).
In comparison, adult FT's and uteri are lined with simple colum-
nar epithelium that consists of secretory and ciliated cell types
(Fig. 1D). Adult uterine epithelium, however, is further subdi-
vided into two compartments, luminal and glandular epithelium
(Fig. 1 Eand F). Comparison of the biomarker profile of the epi-
thelial cell types also revealed differences between fetal and adult
tissues (SI Appendix, Table S2). In adults, both FT and uterine
epithelia are composed of cell types expressing PAX8 (secretory
type) and Human AcTUB (acetylated tubulin; ciliated type). On
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the other hand, only fetal FT epithelium consists of these two cell
types, while the fetal uterine epithelium is composed of only
PAX8+ secretory cells (Fig. 1 G, a—d and SI Appendix, Fig. S1).
Furthermore, cilia in the fetal FT epithelium appear immature
and have only one or two ciliary strands (Fig. 1 G, # and S/
Appendix, Fig. S1). In comparison, ciliogenesis in mice occurs
postnatally, and ciliated cells first appear in the FT's (also known as
oviducts) at 3 d of age (23). Mesothelin, a marker of the coelomic
epithelium (24), was present exclusively on the apical surface of
both the fetal FT and uterine epithelium, whereas its expression
was observed across the whole epithelium of the adult FT as well
as the luminal but not the glandular epithelium of the adult uterus
(Fig. 1 G, e-h). FOXA2, a known marker of endometrial glands
(25), was detected in the uterine glandular epithelium and the
mature secretory cells of the adult FT epithelium (Fig. 1 G, &~/
and SI Appendix, Table S2). However, its expression was absent
in both the fetal FT as well as the uterine epithelia (Fig. 1 G, 7
and 7). This suggests the immature and relatively undifferenti-
ated nature of both the fetal FT and the uterine epithelial cells.
Accordingly, both fetal FT and uterine epithelial as well as mes-
enchymal cells were more proliferative (KI67+) than their adult
counterparts (Fig. 1 G, m—p), suggesting that fetal epithelia mostly
consist of immature epithelial progenitors. Collectively, these
results highlight some of the key differences between the fetal and
adult epithelia of human FT's and uteri.

Propagation of Mouse MD-Derived Organoids. Due to the
physical nature of the elective termination procedure, we were
often unable to retrieve the reproductive tract tissues from the
macerated products of conception. Therefore, we decided to use
mouse fetal tissues to standardize our organoid culture and propa-
gation protocols before applying them to human fetal samples.
Active WNT signaling is a critical requirement for the growth
and maintenance of adult reproductive tract tissue-derived orga-
noids (22). Hence, we first examined if this signaling pathway is
active during MD development and differentiation using TCE-
GFP mice, a well-established Wnt reporter mouse model (26). In
these mice, nuclear green fluorescent protein (GFP) expression is
exclusively limited to cells with active Wnt signaling (27). Exami-
nation of TCF-GFP fetal tissues at 13.5 and 14.5 d postcoitus
(embryonic day 13.5 [E13.5] and E14.5) showed high TCF-GFP
expression in MDs, albeit at a lower level than the Wolffian ducts
(WDs), suggesting that Wnt signaling is active during the early
stages of MD development (Fig. 2 A, a-d). At E16.5, when MDs
start to differentiate, TCF-GFP expression was more intense in
the upper segment that ultimately forms FT's than in the lower
segment that gives rise to the uterus (Fig. 2 4, e-g). Quantifica-
tion using fluorescence-activated cell sorting (FACS) of EpCAM+
GFP+ cells from E16.5 MDs of TCF-GFP mice confirmed a
higher percentage of GFP+ cells in the epithelium of presumptive
FT compared with the uterus (Fig. 2 4, /). By E18.5 and postna-
tal day 1 (P1), mouse FTs had already acquired a spiral shape, and
the TCF-GFP expression was much higher in the FT's than in the
uterus (Fig. 2 A, ##n). Our analysis of the two bona fide down-
stream targets of canonical WNT signaling, TCF1 and LEFI, in
human fetal reproductive tracts revealed a differential expression
pattern that suggested a higher Wnt signaling activity in the FTs
relative to uteri, a trend similar to that in the mouse reproductive
tract (SI Appendix, Fig. S2). This highlights the dynamic regional
differences in the Wnt activity in the MDs, suggesting the context-
dependent role of Wnt signaling in the development of female
reproductive tracts. Next, to confirm if MDs and the neonatal
reproductive tract also express the major regulators of Wnt signal-
ing, we analyzed the expression of Wnt ligands (Wnt7 and Wnt4)
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and the downstream targets (Lgr5 and Axin2) using in situ hybrid-
ization in tissue samples representing E14.5 MD, E16.5 MD, and
P1 neonatal reproductive tract (Fig. 2B). Wnt/a expression was
mainly limited to epithelial cells at all these stages of development
(Fig. 2 B, a—d). Wnt4 was strongly expressed by stromal cells, but
a weak expression was also observed in the epithelial cells of the
MDs (E14.5, E16.5) and the FTs and uterus at P1 (Fig. 2 B, &-4).
Lgr5 and Axin2 were expressed in a punctate manner by a minor
population of the epithelial cells (Fig. 2 B, #p). Axin2 also marked
mesenchymal/stromal cells, whereas Lgr5 was expressed in very few
stromal cells (Fig. 2 B, #p).

Given our Wnt signaling analysis, we reasoned that MDs
acquire FT fate under high Wnt conditions and uterine fate in
a low Wnt environment. Therefore, in order to direct E14.5
MD epithelial cells to either the FT or uterine fate, we formu-
lated three different culture media representing high Wnt con-
ditions (25% Wnt3a-R-Spondin-Noggin conditioned medium,
WRN CM; epidermal growth factor, EGF; fibroblast growth
factor 10, FGF10; WRNEF) and low Whnt conditions (25%
R-spondin CM, Noggin, EGF, FGF10, +CHIR99201;
RNEFC or RNEF) (S Appendix, Table S3). MD epithelium
was dissected from the underlying mesenchyme, and the epithe-
lial fragments were enzymatically digested to obtain a single-cell
suspension. Twenty thousand cells were plated per 50 pL base-
ment membrane extract (BME) droplet and subsequently cultured
in the above three culture media (Fig. 2C). Under high Wnt con-
ditions (WRNEF), organoids grew from single cells and reached
>1 mm in size within 2 wk of culture (Fig. 2C). While organoids
also developed in the low Wnt conditions (RNEFC), they were
relatively smaller in size than those cultured under high Wnt
conditions (Fig. 2C). On the other hand, cells plated in RNEF
culture medium did not develop healthy organoids (Fig. 20),
indicating that the addition of CHIR99201, a glycogen synthase
kinase inhibitor (28), was essential for the growth of these organo-
ids. To determine if modulation of Wnt signaling is sufficient to
redirect the fate of committed FT and uterine epithelial cells, we
isolated epithelial cells from E16.5 MDs and cultured them in
high (WRNEF medium; S/ Appendix, Table S3) and low
(RNEFC medium; S Appendix, Table S3) Wnt conditions (87
Appendix, Fig. S3). Epithelial cells from both the embryonic FT
and uterine tissues grew into organoids at a similar growth rate in
the high Wnt culture medium. More importantly, these organoids
appeared closer to adult mouse FT organoids, irrespective of the
spatial origin of the epithelial cell types (S Appendix, Figs. S3 and
S4). In contrast, organoids cultured in low Wnt conditions from
both embryonic tissues were comparable to adult mouse uterine
organoids (S/ Appendix, Figs. S3 and S4). Histological analysis
confirmed that organoids cultured in high and low Wnt condi-
tions were more akin to adult mouse FT and uterine organoids,
respectively (Fig. 2D and SI Appendix, Figs. S3 and S4). There-
fore, the region-specific role of Wnt signaling in the in vivo devel-
opment of MDs is recapitulated in our robust culture system. In
line with the temporal differences in the ontogeny of the female
reproductive tract between mice and humans, mouse MD and
neonatal reproductive tract epithelia express Pax8 and cytokeratin
8 (Ck8) but not AcTub (ciliated cells) and Foxa2 (expressed by
the endometrial glands and secretory cells of the adult FT) (Fig.
2F and SI Appendix, Table S2). However, using our culture sys-
tem, organoids cultured in both high and low Wnt conditions
acquired the expression of AcTub and Foxa2 (Fig. 2 F-7 and S/
Appendix, Fig. S1), suggesting that our culture conditions allow
for the self-renewal as well as the differentiation of MD epithelial
cells. In summary, we have optimized a method of culturing MD
organoids by modulating the levels of Wnt signaling.
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Fig. 2. Derivation of organoids from the mouse MD epithelium. (A) Gross bright-field (A, a, ¢, e, i, and k) and GFP fluorescence (A, b, d, f, j, I, and m) images
and color-inverted (A, g and n) images of the female urogenital system collected from TCF-GFP mice at E13.5 (A, a and b), E14.5 (A, c and d), E.16.5 (A, e-g),
E18.5 (A, i and j), and P1 (A, k-n) (n = 5 each stage), showing real-time Wnt activity marked by GFP expression. (4, h) Quantification of FACS-sorted EpCAM+
GFP+ from MDs collected from TCF-GFP mice at E16.5; n = 6; **P = 0.005, unpaired t test with Welch’s correction. Data represent means + SEM. Dotted lines
in A, e-g outline presumptive FTs. Transverse lines in A, i and j denote FTs and the uterotubular junction, respectively. (B) In situ hybridization for Wnt7a
(B, a-d), Wnt4 (B, e-h), Lgr5 (B, i-l), and Axin2 (B, m-p) messenger RNA in E14.5 (B, a, e, i, and m) and E16.5 (B, b, f, j, and n) MDs and P1 FTs (B, ¢, g, k, and o)
and uteri (B, d, h, I, and p) (n = 5 biological replicates x 10 tissue sections per replicate). (C) Whole-well and representative images of organoids derived from
E14.5 MD epithelial cells and cultured in RNEF or RNEFC and WRNEF (n = 32 MDs from 8 different dams). (D) Representative histological images of E14.5 MD
epithelial cell-derived organoids cultured in RNEFC and WRNEF media. Arrows in D, a and ¢ point to areas that are presented as higher-magnification images
in D, b and d, respectively. (F) Coimmunostaining for Pax8 and Mouse AcTub (£, a-c) and Foxa2 and Ck8 (£, d-f) in E14.5 MDs (£, a and d) and P1 FTs (E, b and
e) and uteri (€, c and f) (n = 3 biological replicates x 5 images per replicate). (F-/) Coimmunostaining for Pax8 and Actub (F and H) and Foxa2 and Ck8 (G and
/) in organoids from D (n = 3 biological replicates x 5 images per replicate). a, adrenal glands; k, kidney; md, Mllerian duct; ut junction, uterotubular junc-
tion; wd, Wolffian duct. Data represent means + SEM. (Scale bars, 100 pm unless indicated otherwise.)
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Fig. 3. Human fetal FT and uterine organoids
and their comparison with adult tissue-
derived organoids. (A) Timeline depicting orga-
noid development of human fetal FT and uter-
ine epithelial cells. Fluorescent images of fetal
organoids after calcein AM (green) and ethid-
ium homodimer 1 (red) cell-viability staining
(n = 5). (B, a and b) Quantification of the aver-
age fetal FT (B, a) and uterine (B, b) organoid
size at various days of culture; n = 3; ****p =
<0.0001; ns, not significant; Brown-Forsythe
and Welch's ANOVA with Dunnett's T3
multiple-comparison test. (B, ¢) Quantification
of the fetal organoid forming efficiency at the
indicated passages; n = 3 each; two-way
ANOVA with Sidak's test. (B, d) Whole-well
bright-field images of fetal and adult FT and
uterine organoids cultured in 24-well plates
(n = 3 each). (B, e) Representative fluorescent
images and quantification of Ki67+ proliferat-
ing cells in adult and fetal FT organoids; n =3
BPRN RN biological replicates x 10 images per replicate;

? ol **%%P = <0.0001, unpaired t test with Welch's
correction. (C) Coimmunostaining for p-cate-

nin/CTNNB1 and CK8 (C, a-f) and PAX8 and
ACTUB (C, g-)) in fetal FT (C, a, d, and g), fetal
uterine (C, b, e, and h), adult FT (C, ¢ and i),
and adult uterine (C, f and j) organoids at the
indicated days of culture (n = 3 biological rep-
licates per group x 10 tissue sections of 5-um
thickness per replicate). C, d and e represent
higher-magnification images of C, a, Inset and
G, b, Inset, respectively. (D) Representative his-
tological images of fetal and adult organoids
(n = 3 each). (D, Insets) Higher-magnification
images. (E) Representative gross (£, a and b)
and histological images (E, c-e) of three differ-
ent types of fetal organoids (n = 3 biological
replicates each). (F) Coimmunostaining for
CK8 with FOXA2 (F, a-c) and Ki67 (F, f and g)
and immunostaining for PAX8 (F, d and e) in
the three different types of fetal organoids
from E at the indicated days of culture. Type 1
and 2 organoids were PAX8+ and FOXA2-,
whereas type 3 organoids were positive for
both markers. Quantification of the distribu-
tion of these three types of organoids at the
indicated passages 2, 5, and 10; n = 3; two-
way ANOVA with Tukey's multiple-comparison
test. (G) Representative whole-well images of
fetal and adult FT organoids cultured with or
without WNT3a and R-Spondin-1 (n = 3
biological replicates per group). (H) Represen-
tative histological (H, a and b) and PAX8 and
ACTUB-colabeled fluorescent (H, ¢ and d)

! Adult ftagot

o ¢Adultut  di4

% fetal ft organoids

% fetal ft organoids

images of fetal FT organoids from G. Arrows in H, b and d denote small multilayered organoids present in Wnt-deficient (—WR) culture conditions. (H, e) Quan-
tification of the distribution of different fetal FT organoid type cultures in high Wnt (+WR) and low Wnt (—WR) conditions; n = 3 biological replicates per
group; ****p = <0.0001, two-way ANOVA with Tukey's multiple-comparison test. Data represent means + SEM. (Scale bars, 100 pm unless indicated

otherwise.)

Human Fetal Reproductive Tract Organoids. We dissected
primitive FTs and the uterus from the fetal reproductive tracts.
The tissues were subjected to enzymatic digestion separately. The
resulting single-cell suspensions were then plated in BME matrix
droplets. We trialed four different medium compositions for cul-
turing these cells. Two of them were the same as used for cultur-
ing mouse MD organoids (Fig. 2 and S/ Appendix, Table S3).
The other two medium compositions were previously described
for growing adult FT (25% WRN CM, EGF) and uterine (25%
WRN CM, EGF, FGF10) organoids and were adopted here to
compare directly the intrinsic properties of fetal and adult organo-
ids under similar culture conditions (S/ Appendix, Table S3)
(29-31). Our results demonstrated robust and comparable growth
of fetal organoids in all four medium conditions (SI Appendix;
Fig. S5) and therefore we decided to use the adult FT and uterine

organoid media.

PNAS 2022 Vol. 119 No.30 2118054119

Fetal FT as well as uterine organoids showed robust growth and
developed progressively from single cells in both these culture
media (Fig. 3 Aand B, zand 4). To confirm the viability of these
organoids, we performed calcein AM (green, marks viable cells)
and ethidium homodimer-1 (red, stains dead cells) assays, which
revealed the healthy growth of fetal organoids in our culture con-
ditions (Fig. 34). Importantly, the fetal organoids could be cul-
tured repeatedly and maintained for more than eight passages,
during which tme their growth rates remained constant, indicat-
ing that our culture conditions support the long-term growth of
these organoids (Fig. 3 B, ¢). Moreover, these fetal organoids could
be cryopreserved and recovered successfully after thawing without
affecting their growth and/or morphological characteristics (57
Appendix, Fig. S6A). Therefore, we report the establishment of cul-
ture conditions for the successful growth and long-term mainte-
nance of human fetal reproductive tract organoids.
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While both fetal and adult organoids express CK8 and f-cate-
nin/CTNNBI1, a marker of the adherens junction (32), confirm-
ing their epithelial nature (Fig. 3 C, ], they differ significantly
from each other (Fig. 3 C and D). Grossly, fetal FT organoids
showed cystic morphology compared with adult FT organoids,
and only 20% of fetal organoids presented a solid appearance,
typically observed in mature adult FT organoids due to epithelial
folding and invaginations (Fig. 3 B, 4 and D). Fetal uterine orga-
noids were much bigger, and their epithelium appeared slightly
thinner compared with the adult uterine organoids (Fig. 3 B, 4
and D). Consistent with human fetal tissue (Fig. 1), fetal organo-
ids had a higher number of Ki67+ proliferating cells than adult
organoids (Fig. 3 B, ¢). Interestingly, while fetal and adult FT
organoids expressed PAX8 and ACTUB similar to their in vivo tis-
sue counterparts, fetal uterine organoids, unlike fetal uterine tis-
sues, expressed AcTUB in addition to PAX8 (Fig. 3 C, g). This
further highlights the robustness of our culture conditions that
not only preserve the in vivo tissue characteristics but also pro-
mote the in vitro differentiation of immature fetal epithelium.

A closer examination of fetal FT and uterine organoids revealed
three different kinds of organoids that coexisted in our cultures
and were maintained throughout the passages (Fig. 3 E and F).
Type 1 organoids consisted of a thin monolayer of epithelial cells
(PAX8+ FOXA2—) lying in direct contact with the BME matrix.
These appeared comparable to human adult intestinal spheroids,
which are enriched for stem/progenitor cells, and mouse fetal
intestinal spheroids (33-35). Type 2 organoids consisted of a
pseudostratified epithelial cell layer (PAX8+ FOXA2—) with or
without epithelial invaginations. Type 3 organoids were lined
with a single layer of columnar epithelial cells (PAX8+ FOXA2+)
(Fig. 3 E and F). All three types of fetal organoids had KI67+
proliferating cells (Fig. 3 £, fand g). These results suggest that
type 1 organoids represent the undifferentiated immature nature
of fetal epithelia, whereas type 2 and 3 organoids are more similar
to adult tissue-derived organoids containing both differentiated
and undifferentiated cells.

Wnt signaling is required for both self-renewal and differen-
tiation of epithelial cells (23, 30). Therefore, we cultured fetal
FT and uterine epithelial cells without WNT3a and R-spondin
(WR) to investigate the impact of the Wnt signaling ablation
on any or all three types of organoids. Compared with high
Wnt conditions, adult FT organoids were smaller and appeared
collapsed in the absence of WR, confirming the absolute
requirement of Wnt signaling for the healthy growth of these
organoids (Fig. 3G). In contrast, the majority of the type 1 fetal
FT and uterine organoids continue to grow and maintain their
cystic morphology in WR-deficient culture conditions (Fig. 3G
and SI Appendix, Fig. S7). Type 2 and 3 organoids become
smaller in size and acquire a solid multilayered morphology. These
multilayered organoids had PAX8+ secretory cells but no AcTUB
ciliated cells (Fig. 3 H, c—e and SI Appendix, Fig. S7), suggesting
that the differentiation of these organoids is compromised in
WNT-deficient conditions. Overall, we highlight the essential dif-
ferences between fetal and adult organoids. Our established cul-
ture system preserves in vivo tissue characteristics that is evidenced
by the characteristic behavior of fetal epithelium under varying
Wt conditions.

Proteomic Differences in Human Fetal and Adult Organoids.
So far, our results indicate that human fetal and adult organoids
differ significantly from each other. This prompted the in-depth
investigation into the proteomic differences between these orga-
noids. Therefore, we compared the relative protein abundance in
fetal and adult organoids by quantitative mass spectrometry.
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Tryptic peptides from cultured human fetal and adult FT and
uterine organoids were labeled with isobaric tags (iITRAQ 4plex
labeling system) and were subsequenty analyzed by liquid
chromatography—tandem mass spectrometry (LC-MS/MS) (Fig.
4A). A combined total of 1,883 and 2,189 proteins with a strict
false discovery rate <1% in FT and uterine groups, respectively, was
detected by our proteomic analysis (Fig. 4 B and C). Quantitative
LC-MS/MS results in these groups were then compared using
Venn diagrams to identify the number of shared and differentially
expressed proteins between the adult and fetal organoids in both
the FT organoid group and the uterine organoid group (Fig. 4 B
and Q). A set of 1,122 proteins in the FT group and 1,599 pro-
teins in the uterine group was identified to be commonly expressed
between the adult and fetal organoids (Dataset S1). These proteins
were then mapped using Perseus software to generate heatmaps
highlighting the up- and down-regulated proteins in the FT and
uterine groups (Fig. 4 D and E). As expected, the proteomes of
fetal and adult organoids differed significantly from each other.
Out of the numerous differentially expressed proteins, here we
highlighted the top 10 up- and down-regulated proteins in the
fetal organoids relative to the adult organoids (Fig. 4 D and £).

NEDD4, an E3 ubiquitin ligase, was up-regulated in the
fetal FT organoids compared with the adult FT organoids (Fig.
4D). NEDD4 is a known modulator of Wnt signaling and con-
trols proliferation and self-renewal of intestinal stem cells (36).
Peroxiredoxin-4 (PRDX4) is an antioxidant protein that is
highly enriched in human follicular fluid (37). Expectedly,
PRDX4 was down-regulated in fetal FT organoids compared
with the adult ones (Fig. 4D). In the case of the uterine group,
fetal organoids showed up-regulated expression of H1-1/HIS-
T1HIA and PPP1R26 (protein phosphatase 1 regulatory subu-
nit 26), proteins involved in cell proliferation, compared with
the adult organoids (Fig. 4F). On the other hand, CARMILL1
(capping protein regulator and myosin 1 linker 1), a protein
that is widely expressed in the mature epithelia of tubular
organs including endometrial glands (38), was consistently
down-regulated in fetal uterine organoids compared with the
adult ones, reflecting the immature nature of the fetal uterine
epithelium (Fig. 4F). Next, we performed Ingenuity pathway
analysis on the list of proteins significantly up-regulated in fetal
and adult organoids (Fig. 4 F-1). Consistent with the highly
proliferative nature of the fetal FT epithelium (Fig. 1), we
detected key canonical pathways that are involved in cell
growth and proliferation in the fetal FT organoids, including
ERK/MAPK signaling (—log P = 2.37), RAC signaling (—log
P = 2.00), cyclins and cell-cycle regulation (—log P = 1.76),
cell-cycle G1/S checkpoint regulation (—log P = 1.48), and
DNA methylation and transcriptional repression signaling (—log
P = 1.40) (Fig. 4F). At the same time, the mature differentiated
nature of adult FT organoids was reflected by up-regulated reti-
noic acid—mediated apoptosis signaling (—log P = 1.46) and epi-
thelial adherens junction signaling (—log P = 1.33) pathways in
these organoids (Fig. 4G). Pathways involved in metabolism and
cell proliferation were detected in fetal uterine organoids (Fig.
4H). Receptor tyrosine kinase (RTK) signaling being essential
for endometrial functions, the top five pathways belonging to
the RTK family were detected in adult uterine organoids (Fig.
4. Thus, these proteomic data highlight the major differences
in the protein expression and the signaling pathways between
the fetal and adult organoids.

In Vitro Transplantation and Regeneration of Decellularized
Adult Tissues by Fetal Organoids. Defects of the reproductive
tract organs in patients with MDAs are currently surgically
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Fig. 4. Proteomic profiling of fetal and adult
FTs and uterine organoids. (A) A pictorial outline
of the experimental schedule used in B-/. Orga-
noids from human fetal and adult FTs and
uterus (n = 3 biological replicates in each group)
were subjected to protein extraction and diges-
tion. Following tryptic digestion, peptides of
each sample were labeled with iTRAQ 4plex
prior to LC-MS/MS analysis. (B and C) Venn dia-
grams depicting the number of common and
differentially expressed proteins in fetal and
adult FT (B) and uterine organoids (C). LC-MS/
MS analysis detected a total of 1,181 proteins in
the fetal FT organoids, 1,824 proteins in the
adult FT organoids, 1,787 proteins in the fetal
uterine organoids, and 2,001 proteins in the
adult uterine organoids with a false discovery
rate <1%. (D and E) Hierarchical clustering analy-
sis of the expression levels of 1,122 proteins
commonly expressed in adult and fetal FT orga-
noids and 1,599 proteins commonly expressed
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repaired using tissue grafts from other organs, such as skin and
omentum (39, 40). To assess the differentiation potential of
the immature epithelia of fetal organoids and to test if such
organoids that are grown and expanded in laboratory condi-
tions can repair and regenerate reproductive organs in these
patients, we transplanted fetal organoids onto decellularized
scaffolds derived from patients undergoing bilateral salpingec-
tomy and total hysterectomy (Fig. 5A4). Therefore, we obtained
small punch biopsies (5 to 10 mm) representing the fimbrial
end of adult human FT and the endometrium of the adult
human uterus. Five thousand cells derived from the fetal FT
and uterine organoids were then plated on top of these decellu-
larized scaffolds of the respective organs. At least two
approaches, including culture conditions in which Notch sig-
naling is inhibited by y-secretase inhibitors (30, 41) and one in
which cells are cultured at the air-liquid interface (ALI) (42),
have been shown to promote the differentiation of adult FT
and uterine epithelium. Therefore, we incorporated both these
approaches along with the conventional submerged cell-culture
method in our protocols to promote the differentiation of fetal
cells during the recellularization of the decellularized scaffolds
(Fig. 5 B-E). After 21 d in culture, seeded fetal epithelial cells
had engrafted on the surface of the decellularized scaffolds in all

PNAS 2022 Vol.119 No.30 2118054119

three culture conditions and appeared as a continuous transpar-
ent rim of cells lining these scaffolds. As expected, controls rep-
resented by the decellularized scaffolds that were cultured in the
absence of cells did not present with such a transparent rim of
cells on their surfaces (Fig. 5 B~E). More importantly, histologi-
cal analysis not only confirmed that the fetal FT epithelial cells
had recellularized the adult FT scaffolds in all three conditions
(Fig. 5 F-1) but also revealed that the engrafted cells formed epi-
thelial clefts, were actively proliferating, and differentiated into
secretory and ciliated cell lineages. Similarly, engrafted fetal uter-
ine epithelial cells regenerated both the luminal and glandular
epithelia of the adult uterine scaffolds, were actively proliferat-
ing, and differentiated into the uterine secretory and ciliated cell
lineages (Fig. 5 /~M). In contrast, control scaffolds showed no
traces of hematoxylin-stained nuclei, further confirming the
complete decellularization of the original punch biopsies (Fig. 5
F and ). Interestingly, the epithelial lining of the scaffolds cul-
tured in the presence of DAPT (a y-secretase inhibitor) and under
ALI conditions appeared more mature and differentiated than
the scaffolds cultured under conventional submerged conditions
(Fig. 5 G-)).

As mentioned above, engrafted cells in all the recellularized
scaffolds expressed PAX8 (secretory cells), AcTUB (ciliated cells),
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and KI67 (proliferating cells), suggesting that these fetal-derived
cells adapt to their native tissue-derived scaffolds and differenti-
ate appropriately into the constituent secretory and ciliated cell
types (Fig. 5 N-Q). FOXA2 expression confirmed the presence
of mature endometrial glands in scaffolds belonging to the
DAPT and ALI groups (Fig. 5 Sand 7). However, very weak or
no FOXA2 staining was detected in uterine scaffolds cultured
under conventional submerged conditions (Fig. 5R), suggesting
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Fig. 5. Transplantation of human fetal organoids onto
decellularized adult tissue scaffolds leads to epithelial
regeneration. (A) Schematic showing the experimental
schedule used in B-Y. FRT, female reproductive tract.
(B-E) Representative whole-mount bright-field images of
decellularized (decell) (B) and recellularized (recell) (C-E)
adult tissue scaffolds cultured in the presence of vehicle
(C) or DAPT (D) or at an ALl (E) (n = 3 per group). (F-M)
Representative histological images of adult FT (F-/) and
uterine (/-M) tissue-derived scaffolds before (F and J) and
after (G-I and K-M) fetal cell transplantation. Scaffolds
were cultured in the presence of vehicle (G and K) or
DAPT (H and L) or at an ALl (/ and M) (n = 3 per group x
10 tissue sections of 5-pm thickness were examined per
replicate). (N-Q) Coimmunostaining for PAX8 (secretory
cells) and AcTUB (ciliated cells) (N and P) and Ki67 (prolif-
erating cells) and CK8 (epithelial cells) (O and Q) in recel-
lularized FT (N and 0) and uterine (P and Q) scaffolds.
(R-T) Coimmunostaining for FOXA2 and CK8 in recellular-
ized uterine scaffolds cultured in the presence of vehicle
(R) or DAPT (S) or at an ALI (T); n = 3 biological replicates
per group x 5 tissue sections of 5-um thickness were
stained per replicate. Scanning electron microscopy of
decellularized (U, U, W, and W) and recellularized (V, V,
X, and Y) FT (U, U, V, and V') and uterine (W, W, X, and Y)
scaffolds (n = 3 per group). The epithelial cell layer con-
sisting of an admix of ciliated and secretory cells was
present after but not before recellularization. U, V', and
W represent high-magnification images of areas marked
by arrowheads in U, V, and W, respectively. Epi clefts, epi-
thelial clefts. (Scale bars, 100 pm unless indicated
otherwise.)

the primitive nature of glands in these scaffolds. For further con-
firmation of the efficient decellularization and recellularization
processes, we performed scanning electron microscopy of all the
scaffolds (Fig. 5 U-Y). As expected, decellularized FT as well as
uterine scaffolds were completely devoid of epithelial cells. Inter-
estingly, these scaffolds had preserved the typical anatomical fea-
tures of their respective organs, such as folds/clefts in the FTs and
glands in the uterus (Fig. 5 U, U, W, and W), suggesting that
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our decellularization protocol efficiently removed cellular compo-
nents of these organs without damaging the anatomy of the acellu-
lar extracellular matrix. In contrast, surfaces of the recellularized
scaffolds were perfectly lined by the transplanted epithelial cells
that consisted of an admix of nonciliated and ciliated cells (Fig. 5
V; V, X, and ). To test the applicability of our in vitro transplan-
tation assay for adult tissue-derived organoids, we cultured 5,000
cells derived from adult human FT and uterine organoids on adult
tissue-derived decellularized scaffolds under ALI conditions (57
Appendix, Fig. S8). Histological analysis confirmed robust growth
of both adult FT and uterine epithelium on these scaffolds after
21 d of the incubation period (S Appendix, Fig. S8). We observed
that the recellularization efficiency of the adult organoids was less
than that of the fetal organoids, which is probably a reflection of the
differences in the proliferation rate of adult and fetal epithelium
(Fig. 3 B, o).

The female reproductive tract epithelium is highly responsive to
ovarian hormones (43). Estrogen drives the proliferation of repro-
ductive tract epithelial cells mainly through estrogen receptor
alpha (ESR1) (43). To test if the fetal cells that recellularized scaf-
folds are responsive to estrogen, we examined the expression of
ESRI and a phosphorylated form of ESR1 (pSer118-ESR1) (87
Appendix, Fig. S9). Consistent with a previous study (44), ESR1
and pSerl118-ESR1 were present in both epithelial and stromal
cells of adult mouse uterus (S Appendix, Fig. S9). Therefore, we
used mouse uterine tissue as a positive control for immunostaining
for these two markers. We observed a robust expression of ESR1
and pSer118-ESR1 in the recellularized scaffolds (SI Appendix,
Fig. S9), suggesting the hormone-responsive nature of recellular-
ized epithelia.

Next, to investigate if fetal epithelial cells upon transplanta-
tion were appropriately differentiated and gave rise to fully
functional ciliated cells, we analyzed the cells to identify their
different stages of ciliation (87 Appendix, Fig. S10). Forkhead
box protein J1 (FOX]J1) is expressed in epithelial cells committed
to ciliation, including cells that have yet to acquire cilia (45).
Radial spoke head component 4A (RSPH4A) is a component of
the radial spoke head assembly of motile cilia, and its expression
is limited to differentiated ciliated cells (46, 47). The coiled-coil
domain containing 39 (CCDC39) protein is involved in the
assembly of inner dynein arms and the dynein regulatory complex
required for normal ciliary modility (48). CCDC39 specifically
marks a subset of ciliated cells with motile cilia (48). Using these
three markers, we were able to locate epithelial cells committed to
ciliation (FOXJ1), differentiated ciliated cells (RSPH4A), and cili-
ated cells with motile cilia (CCDC39) in adult human FTs (87
Appendix, Fig. S10 A, a—). Our analysis of publicly available
single-cell RNA-sequencing data of adult human endometrium
revealed that these three markers also correctly identify the ciliated
cells in human endometrium (S7 Appendix, Fig. S10B) (49).
Therefore, we performed immunostaining for FOXJ1, RSPH4A,
and CCDC39 on scaffolds recellularized with human fetal FT and
uterine epithelial cells and were able to decipher the presence of
differentiated ciliated cells, including cells with motile cilia marked
by CCDC39, in these scaffolds (SI Appendix, Fig. S10 A, d-j).
Collectively, these data provide evidence that the fetal organoids
comprising the immature epithelial progenitors represent a trans-
plantable source of cells and have the capacity to differentiate
in vitro and regenerate the adult organs.

Effects of the Suppression of Wnt Signaling on Human and
Mouse Fetal Epithelium. Defective Wnt signaling is associated
with human MDAs (7, 8). Here, we utilized our scaffold model
to understand the functional consequences of the Wnt signaling

PNAS 2022 Vol. 119 No.30 2118054119

suppression in the human fetal epithelium (Fig. 6A4). Fetal FT
organoids were transplanted on decellularized adult FT scaffolds
and were then treated with either PKF118-310, a Wnt signaling
inhibitor (50), or vehicle. While in the vehicle-treated group, we
observed normal recellularization of scaffolds with the proliferating
epithelial cells (CK8+ KI67+) (Fig. 6 B and (), PKF118-310
treatment completely suppressed the engraftment and the subse-
quent growth of fetal epithelial cells on the scaffolds (Fig. 6 D and
E). Next, we determined if a similar phenotype can be obtained
in vivo in mice upon the deletion of the B-catenin (Cmnbl) gene
in their MD epithelium (Fig. 6 £~V). We have previously estab-
lished a mouse model in which B-catenin deletion in the presence
of doxycycline in the MD epithelium is driven by the Pax8
promoter (Pax8" A, 1et0“; Ctunb P (26, 51). Pax8"™; 1tet0“;
Cnnb P mice are referred to as Connb ™ before doxycycline
treatment and CrnnbI*'® after the treatment. Cinnb ™ mice were
administered doxycycline from 13.5 d postcoitus to P21, and tissue
samples were collected at regular intervals. We chose to delete
f-catenin from the epithelial layer specifically at E13.5 because
MD elongation is complete by this stage of mouse fetal devel-
opment (52). Gross examination revealed intact MD epithe-
lium which was confirmed by whole-mount Ck8 staining in
both the control and mutant fetuses at E16.5 (Fig. 6 F-1).
However, histologically, mutant MD epithelium appeared
slightly disorganized compared with controls (Fig. 6 J and K).
Immunostaining of P-catenin and Ck8 confirmed epithelium-
specific loss of P-catenin in mutant but not in control mice
(Fig. 6 L and M). At P3, compared with Cennb ™ mice, uteri
in CennbI®'® mice are septate (Fig. 6 N and O). Histological
analysis revealed that the mutant epithelium was underdevel-
oped and abnormal in mutants compared with controls (Fig. 6
P and Q). At P21, similar to MRKH patients (53), FTs in
mutant mice were missing and the uterus presented a hypoplas-
tic morphology (Fig. 6 R and ). Histological analysis con-
firmed that some uterine segments were devoid of epithelium,
and only mesenchymal cells with no visible lumen were present
(Fig. 60). In some focal regions of the mutant uteri, a very thin
and cystic epithelium was observed (Fig. 6V). In comparison,
control uteri had normal luminal and glandular epithelia with
the appropriate differentiation of mesenchymal compartments
(Fig. 67). Collectively, these data highlight the requirement
of Wnt/B-catenin signaling in governing the self-renewal and
differentiation of the fetal epithelium.

Discussion

The development of human MDs starts in a 5- to 6-wk-old fetus
as aggregations and invaginations of coelomic epithelial cells (54).
These cells continue to grow and migrate using the adjacent
WD:s as a guide (5). In males, MDs undergo regression soon after
their formation under the influence of anti-Miillerian hormone
(also known as Miillerian inhibiting substance) secreted by the
Sertoli cells of the developing testis (4, 5), while in females, these
ducts progressively differentiate and acquire organ-specific features
of FTs, uterus, cervix, and the upper part of the vagina (54). In
humans, midline fusion of MDs results in the formation of a ute-
rovaginal canal, and the cranial part of this structure gives rise to
the uterus by 9 to 10 wk of fetal age (54). By 16 wk of gestation,
the caudal end of the uterovaginal canal starts acquiring features
of the cervix, and the cervical glands are present at the age of 18
wk (17). This study has developed organoids from the female
reproductive tract epithelium collected from fetuses between 9
and 14 wk of age. We get robust development of organoids repre-
senting the epithelium of FTs and the uterus. However, we did
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not observe organoids with typical characteristics of cervical and
vaginal epithelium in any of our cultures, even after culturing fetal
epithelial cells in media described for growing adult cervical and
vaginal organoids (55, 56). This means our culture methods accu-
rately capture the developmental stages of the female reproductive
tract organs, as our fetal dssue collections are limited to 9 to 14
wk of gestation. Cervix and vaginal development occur outside
our tissue collection window and start around 16 wk of age.
Unfortunately, we are unable to access fetal tissues beyond 14 wk
of gestation. Additionally, due to the physical nature of the elec-
tive termination procedure, we can only recover intact female
reproductive tracts in less than 10% of our collections, which
severely limits the availability of the initial material required for
various other experimental protocols.

MDAs are relatively common in infertile women compared
with fertile women (1). Patients with MDAs are presented in the
clinic with wide-ranging gynecological and obstetrical issues from
menstrual disorders to infertility and recurrent first-semester mis-
carriages (1). The management of these patients depends on the
anatomical defects, and the majority of patients are able to achieve
reasonable sexual functions after the surgical management of the
defects (57). Women with vaginal agenesis undergo vaginoplasty
to create a neovagina (39). This surgical procedure involves insert-

ing a skin graft, usually taken from the buttocks, attached to a
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Fig. 6. Wnt signaling suppression impairs
self-renewal and differentiation of human and
mouse fetal epithelium. (4) A schematic of the
experimental plan used in B-E. (B-E) Represen-
tative H&E-stained images of recellularized FT
scaffolds cultured in the presence of vehicle (B)
or PKF118-310 (a Wnt inhibitor) (D) (n = 3 per
group). Coimmunostaining for KI67 and CK8 in
recellularized FT scaffolds cultured in the pres-
ence of vehicle (C) or PKF118-310 (a Wnt inhibi-
tor) (). (F and G) Gross images of mouse MDs
and ovaries of control Ctnnb 7/ (F) and mutant
Ctnnb 14/~ (G) mice (n = 5 per group). (H and /)
Whole-mount CK8 immunostaining of control
(H) and mutant (/) MDs (n = 3 each). (/ and K)
Representative histological images of the MD
epithelium and the surrounding mesenchyme
of Ctnnb ()) and Ctnnb1*’* (K) mice (n = 3
each x 10 tissue sections of 5-pm thickness per
replicate). (L and M) Coimmunostaining of
B-catenin/Ctnnb1 and Ck8 in control (L) and
mutant (M) MDs (n = 3 each). (N and O) Gross
images of female reproductive tracts of
Ctnnb ™ (N) and Ctnnb1%’* (0) mice at P3 (n =
5 each). Note that the FTs were missing, and
the uterus was severely underdeveloped in the
mutant mice. (P and Q) Representative H&E-
stained images of uteri from control (P) and
mutant (Q) mice at P3 (n = 5 each x 10 tissue
sections of 5-um thickness per replicate). (R
and S) Gross images of female reproductive
tracts of control and mutant mice at P21 (n =5
each). (T-V) Representative histological images
of control (T) and mutant (U and V) uteri at P21
(n =5 each x 10 tissue sections of 5-um thick-
ness per replicate). (Scale bars, 100 pm unless
indicated otherwise.)

prosthesis between the bladder and the rectum (39). Sometimes
tissue grafts from other sites, such as human amnion and buccal
mucosa, are also used for creating a neovagina (57, 58). Almost
90% of patients with MDAs have rudimentary Miillerian struc-
tures (57). However, our inability to culture and expand these
tiny primitive Miillerian tissues is a major roadblock in using the
native tissues for regenerative treatments of these patients. In this
study, we have optimized the methodology for growing and
expanding organoids from very small fetal tissues. We have also
provided evidence that the transplantation of these organoids
leads to the regeneration of decellularized adult tissue scaffolds.
Given that decellularized scaffolds from human and animal tissues
are approved by the Food and Drug Administration for human
use (59), it is reasonable to think that Miillerian organoids inte-
grated with decellularized or biosynthetic scaffolds would be a
superior alternative to the current surgical reconstruction
approaches for MDA patients. There is a strong precedent for
implementing such a surgical approach, because a bovine dermal
collagen-derived scaffold has already been successfully used in an
MRKH patient to create a neovagina (60).

Studies on human organ development are often limited due
to the restricted availability of fetal tissues. Gene sequencing of
patients with MDAs has identified many genes reflecting the
diverse array of phenotypes observed in these patients (1).
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However, there are limited functional validation studies of
these genetic alterations and their association with MDAs. The
majority of the evidence for their involvement in the pathogen-
esis of MDAs comes from genetically modified mouse models
(5). For example, defects in WNT4, PAX2, and LHXI/LIMI
genes are observed in women with MDAs, and the deletion of
these respective genes in mouse models has also shown defects
in MD development and differentiation (5). There are several
key differences in human and mouse reproductive tracts that
limit the utility of these models to fully understand MDAs
(54). In humans, MDs undergo extensive midline fusion result-
ing in the formation of a uterovaginal canal and paired FTs
(54). The uterovaginal canal undergoes extensive remodeling,
including the regression of the midline septum, and gives rise
to the uterus, cervix, and upper vagina (54). The retention of
midline septa results in the development of the septate uterus,
which is the most common structural abnormality observed in
human MDAs (3). In contrast, mouse MDs undergo limited
fusion toward the caudal end, and most of the MDs remain
unfused, giving rise to two uterine horns and two FTs (61).
Therefore, mouse models have a limited potential in phenoco-
pying the changes leading to the development of human septate
uterus. We believe human fetal organoids combined with vari-
ous tissue scaffolding techniques would spur the development
of new models to investigate MDAs. Additionally, fetal organo-
ids would also allow the rapid screening of numerous genetic
defects identified in human patients with MDAs.
Epithelial-mesenchymal interactions play a significant role in the
organogenesis of MDs and their subsequent differentiation to the
female reproductive tract organs (62). The reciprocal cross-talk
between these cellular compartments is essential for epithelial devel-
opment, mesenchymal differentiation, and hormone responsiveness
of the reproductive tract epithelia (62, 63). Studies using tissue
recombinant models have demonstrated the requirement of stromal
signals in functional differentiation of neonatal MD epithelium to
uterine and vaginal epithelia (64). Cell type—specific genetic abla-
tion studies have revealed that the loss of key developmental signals,
such as WNT signaling, either in the epithelium or stromal cells,
leads to abnormalities in nontargeted neighboring cells. For exam-
ple, epithelial-specific deletion of W27z results in abnormal mesen-
chymal differentiation of the mouse female reproductive tract
organs by negatively affecting stromal Hoxal0 and Hoxall expres-
sion (65). Similarly, mesenchymal cell-specific loss of Cinnbl in
mice leads to severe defects in the adjacent epithelial compartment
of female reproductive organs (15, 66). Although most organoids
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are grown from epithelial cells, recent studies have incorporated
stromal and immune cells in organoid models for developing more
holistic models to study human organ development and diseases
(67-69). This study focused on human MD epithelial cells for
organoid development. In future investigations, there is a need to
incorporate stromal, endothelial, and immune cells in our organoid
models to understand how paracrine and endocrine signals shape
MD epithelial development and differentiation.

In summary, we have established and characterized human
and mouse fetal FT and uterine organoids and performed a
comparative analysis with their adult counterparts. We showed
that these organoids could be expanded in vitro and can regen-
erate adult tissues upon transplantation. Fetal organoids can
grow without the external supplementation of Wnt ligands and
are proteomically different from adult organoids.

Materials and Methods
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