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An in vitro menstrual cycle using organoids captures
epithelial cell transitions during menstruation and
regeneration of the human endometrium

Graphical abstract

The in vitro menstrual cycle (IVMC) recapitulates epithelial dynamics
through cyclical breakdown and regeneration
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In brief
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menstrual cycle in vitro using human
endometrial organoids that undergo
cycles of hormone-driven differentiation,
including breakdown and regeneration
occurring during menstruation, a process
otherwise inaccessible in humans. They
identify the WNT7A-expressing luminal
epithelium as a key regenerative
population in the endometrium.
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SUMMARY

Menstruation is an unusual process in which the human endometrium undergoes cyclical shedding with scar-
less regeneration. Despite its pivotal role in reproductive health, the cellular states and interactions orches-
trating this process remain poorly defined, largely due to the lack of in vitro systems that capture the inacces-
sible perimenstrual window. We use human endometrial organoids to establish an in vitro menstrual cycle
(IVMC) protocol that recapitulates cyclical epithelial dynamics. We validate the IVMC by benchmarking
against in vivo samples spanning the menstrual window through histology, transcriptomic, and multiplex
secreted-protein analysis. During menstruation, the in vivo luminal epithelium acquires a distinct transcrip-
tomic signature, characterized by WNT7A expression. Loss of WNT7A compromises long-term organoid sur-
vival, highlighting its functional importance. The regeneration-associated luminal epithelium acts as a
signaling hub during regeneration through interactions with the vasculature. This work opens new avenues

to dissect the unique regenerative program of the endometrium in health and disease.

INTRODUCTION

Menstruation is a remarkable physiological process in which
the uterine mucosa, the endometrium, repeatedly sheds and re-
generates with no scarring. This cyclical process is tightly regu-
lated by the ovarian hormones, estrogen, and progesterone
(Figure 1A)." During each menstrual cycle, the endometrium
faces a binary fate. If implantation occurs, the upper functional
layer is maintained and differentiates into the decidua, which is
essential to support pregnancy. In contrast, in the absence of im-
plantation, regression of the corpus luteum causes a sharp
decline in progesterone, which initiates menstruation, followed
by regeneration of the entire mucosa.” This process is limited
to a few species (mainly higher primates) and correlates with
the extent of intrusion of the blastocyst into the uterine mucosa,
which is most extreme in humans.?

Current knowledge regarding events surrounding the peri-
menstrual window comes primarily from tissue-level observa-
tions, showing that menstruation involves local hypoxia, cytokine
release (IL-8 and COX2), infiltration of neutrophils and macro-
phages, and production of matrix metalloproteases by both im-
mune and stromal cells, which promote degradation of the extra-
cellular matrix and tissue sloughing.' Rapid re-epithelialization of

the denuded surface is followed by restoration of the stroma and
vasculature to fully regenerate the functional layer.® Studying
menstruation has been challenging due to the difficulties in ac-
cessing the endometrium during the menstrual window
(~5 days) and modeling the process in vitro.

In this study, we focus on the epithelial compartment because
it is the principal responder to breakdown, and re-epithelializa-
tion is the critical first step to restore the mucosal barrier.® The
basal portion of the glands, which are not shed during menstru-
ation, has been considered the main source of cells for epithelial
regeneration.>* However, other evidence suggests luminal cells
could also contribute to re-epithelialization, as well as potentially
serving as another reservoir of stem/progenitor cells.””” How
distinct epithelial states emerge, and transition during regenera-
tion, and how the epithelium coordinates with other cell types to
achieve this process remain unresolved.

We have deliberately taken a reductionist approach using tis-
sue-derived endometrial organoids (EOs), which are a reproduc-
ible, hormone-responsive model of the epithelium, allowing
investigation of autonomous mechanisms and their dynamics
without confounding factors present in co-culture systems.®'°
Here, we establish a straightforward, robust in vitro menstrual
cycle (IVMC) protocol that captures all phases of the cycle
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Figure 1. An IVMC recapitulates the dynamics of the endometrial epithelium through cyclical breakdown and regeneration
(A) Schematic of the morphological changes of the human endometrium and fluctuation of ovarian hormones across the menstrual cycle.

(B) Schematic of the different phases of the IVMC protocol.
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compared with our previous single-round hormonal stimulation
protocol.® This uniquely allows investigation of epithelial dy-
namics across repeated cycles, particularly during breakdown
and regeneration occurring in the otherwise inaccessible peri-
menstrual window.

RESULTS

An IVMC protocol recapitulates the dynamics of the
endometrial epithelium through cyclical breakdown and
regeneration

To study epithelial dynamics during the perimenstrual window,
we first developed an IVMC protocol that captures
epithelial breakdown and regeneration across repeated cycles
(Figure 1B). Building on our previous protocol for expansion
and differentiation of EOs, we have now incorporated the critical
phases of (1) hormonal withdrawal, (2) mechanical breakdown,
and (3) regeneration, enabling analysis of key time points across
this window (Figure 1B).% To this end, established cultures of EOs
were first dissociated into single cells and cultured under stan-
dard expansion conditions in the absence of hormones until or-
ganoids formed. This time point marks the beginning of the first
cycle of the IVMC protocol (Pre-differentiation, Pre-diff). EOs
were then differentiated with estrogen (E2) and progesterone
(P4) as we have previously described, to simulate the transition
from proliferative to secretory phase (P4-diff).® The following
steps then span the perimenstrual window: (1) hormones were
withdrawn for 24 and 48 h (Horm Withdr 24 h and Horm Withdr
48 h) to mimic the demise of the corpus luteum, (2) hormone-
withdrawn EOs were mechanically disrupted directly in their Ma-
trigel droplets through pipetting to mimic the breakdown of the
extracellular matrix by stromal and immune cells in vivo,'"'?
and (3) the fragmented EOs were replated in the absence of hor-
mones for 24 h (Post-breakdown 24 h) to simulate the regenera-
tive phase, followed by (4) exposure to E2 for 24 and 48 h (E2-diff
24 h and E2-diff 48 h) to mimic the start of the proliferative phase
(Figures 1B and 1C). Morphological changes are obvious
throughout this process, with small, cystic EOs being seen at
Post-breakdown 24 h and increasing in size by E2-diff 48 h
(Figure 1C). Consistent with these morphological changes,
gRT-PCR across three consecutive cycles showed periodic
expression patterns of markers of differentiation (SCGB2A2
and FOXJ1) and proliferation (MKI67) at the expected time points
(Figure S1A).

To validate that our IVMC protocol recapitulates epithelial
changes throughout the menstrual cycle in vivo, we performed
bulk RNA sequencing using EO lines from six healthy donors to
account for human variability (Table S1). Control conditions
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included: (1) EOs not broken down but treated with hormones
(NB_H), (2) EOs broken down but not treated with hormones
(B_NH), and (3) EOs neither broken down nor treated with hor-
mones (NB_NH) (Figure S1B). Clear morphological differences
are observed between hormone-treated and untreated condi-
tions, with secretions present only in hormone-treated EOs
(Figure S1B). The major transcriptomic differences are due to
mechanical disruption seen in all conditions and time points,
as shown by principal component analysis (PCA) (Figure S1C).
Hormonal treatment contributes to secondary segregation
(Figure S1D). There is a distinct clustering corresponding to the
differentiation status and response to breakdown (Figure 1D),
with distinct gene expression patterns associated with each
phase of the IVMC protocol (Figure S1E).

Next, we profiled transcriptomic changes across the IVMC
protocol and validated differentially expressed genes (DEGs)
at specific time points by immunohistochemistry (IHC) using
full-thickness human uterine samples from hysterectomies per-
formed across the menstrual cycle. Pre-diff EOs have a prolifer-
ative signature (MKI67 and PCNA) reflecting their state in WNT-
active expansion conditions. They also express high levels of
certain putative stem/progenitor markers (CDH2 and ALDH1A1),
whereas others (AXIN2, SOX9, and FUT4) are lower (Figures 1E
and S2A-S2E)."*"'® Upon differentiation, there is an upregulation
of receptivity-specific genes (ENPP3, IL6, and LIF), and those
confirming the differentiation to the secretory (PAEP, SPP1,
S100P, SCGB2A1, and SCGB1D4) and ciliated (FOXJ1, PIFO,
and TPPP3) lineages (Figures 1E, S3A, and S3B).""2°

We next assessed the phases of the protocol corresponding to
the perimenstrual window. Whilst the stromal compartment is
the primary sensor of progesterone decline, it is unclear whether
epithelial cells respond to hormonal withdrawal.'?> Comparison
of the expression profiles from EOs between P4-diff and Horm
Withdr 48 h time points revealed 41 upregulated and 63 downre-
gulated genes, indicating that the epithelial response to hormon-
al withdrawal is relatively modest (Figure S3C). However, key
patterns were evident with secretory genes being downregu-
lated while expression of ciliated genes persists (Figure 1E).

Hypoxia is a feature of the perimenstrual window.?’ While
HIF1A is maximally induced at Post-breakdown 24 h, several
hypoxia-associated genes (downstream targets of HIF1A) are
upregulated at Horm Withdr 48 h (Figures 1E and S1F). For
example, VEGFA expression increases after differentiation
(P4-diff) and remains high during Horm Withdr 24 h and 48 h
(Figure S1F), a pattern that was also confirmed at the protein
level (Figure S1G). In contrast, genes involved in angiogenesis
(CXCL8, FGF2, and PDGFB), vascular modulation (EDNT1,
NOS1, NOS2, and NOS3), and iron metabolism (HMOX1 and

C) Representative brightfield images of EOs across different phases of the IVMC protocol. Scale bar, 200 pm.
D) PCA of batch corrected samples in the IVMC protocol analyzed by bulk RNA sequencing, colored by time point (n = 6 independent EO lines).

F) Volcano plot highlighting selected DEGs of EOs in the Post-breakdown 24 h time point of the IVMC protocol compared with control EOs (NB_H).

(
(
(E) Heatmap depicting centered and scaled counts per million (cpm) of selected genes across batch-corrected samples in the IVMC protocol.
(
(

G) Biological processes enriched in the Post-breakdown 24 h time point of the IVMC protocol, using genes upregulated in F.

(H) Representative IHC images for PLAUR in sections from endometrial tissue of the secretory and menstrual phases (n = 3 donors for each phase) and EOs at
Horm Withdr 48 h and Post-breakdown 24 h (n = 4 independent EO lines). Scale bars of tissue sections, 500 pm and magnification, 100 pm. Scale bars of EO
sections, 50 pm. Boxed areas of the EO sections are three times magnified.

Abbreviations are as follows: IVMC, in vitro menstrual cycle; Pre-diff, Pre-differentiation; P4-diff, progesterone differentiation; Horm Withdr, Hormonal With-
drawal; E2-diff, estrogen differentiation; NB_H, No Breakdown_Hormones.
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TFRC) are upregulated at Post-breakdown 24 h (Figure S1F).
This demonstrates the strength of the IVMC protocol in allowing
the dissection of dynamic processes that can occur concurrently
in vivo into discrete and experimentally accessible stages.

At Post-breakdown 24 h, gene expression shifts toward a
wound-healing response, distinct from the proliferative Pre-diff
state. In terms of putative stem/progenitor markers, EOs express
high levels of SOX9 and FUT4 and downregulate ALDH1A1,
CDH2, and AXIN2, indicating that these are distinct cell states
(Figures 1E and S2A-S2E). The wound-healing signature in-
cludes genes encoding for cytokines that recruit immune cells
(CXCL1, CXCL6, CXCL8, and IL23), growth factors (EREG,
AREG, and HBEGF), fibrinolytic enzymes of the plasminogen
system (PLAU, PLAT, and PLAUR), tissue remodeling factors
(MMP7, ADAMTS9, and ITGA2), and anti-inflammatory media-
tors (ILTRN and IL19) (Figures 1E-1G). Many of these are charac-
teristic of the menstrual window.?? PLAUR, the plasminogen
activator receptor that plays a key role in fibrinolysis, is a hall-
mark of scarless endometrial regeneration.”® PLAUR is localized
to the shedding functional endometrial layer in vivo, and EOs ex-
press it specifically at Post-breakdown 24 h (Figure 1H). Among
the genes induced at this crucial time point are THBS1 and
KRT13, mediators of wound healing in the intestine and the
lung, although not previously described in the endometrium.?*2°
Here, we confirm their expression in vitro and in vivo, demon-
strating the utility of this protocol as a discovery tool to uncover
molecular mediators of endometrial regeneration (Figures 1F,
S3D, and S3E).

To assess the role of hormonal treatment prior to breakdown in
endometrial regeneration, we compared EOs at Post-break-
down 24 h with control EOs of the same time point that had
not been hormone-exposed (B_NH) (Figure S3F). Hormone-
primed EOs upregulated genes involved in acute phase inflam-
mation (SAA1, SAA2, SAA4, and TREMT), regulators of inflam-
mation (/RAK3, IL10, and CCL20) and mucosal homeostasis
(DUOX2 and DUOXA2) (Figures S3F and S3G). EOs subjected
to the full IVMC protocol, combining hormonal treatment with
mechanical breakdown, showed better recovery (Figure S3H),
further underscoring the physiological relevance of our model.

Introducing estrogen is a crucial step to mimic the transition
into the proliferative phase of the menstrual cycle. Re-exposure
of EOs to estrogen for 48 h (E2-diff 48 h) indeed attenuates the
gene signature associated with response to breakdown and re-
activates the expression of proliferative markers and estrogen-
responsive genes (PGR, GREB1, COL1A2, and OLFM4)
(Figures 1E, S3I, and S3J). This confirms the shift into the prolif-
erative phase and onset of the following cycle. Overall, the IVMC
protocol faithfully recapitulates epithelial dynamics across
repeated menstrual cycles, replicating key gene signatures
observed in vivo.

Regenerating EOs after breakdown resemble the in vivo
luminal epithelium of the menstrual and proliferative
phases

To identify key drivers of epithelial regeneration, we mapped
in vivo epithelial cell states to those represented in EOs in the
IVMC protocol. We first integrated epithelial cells from our
single-cell RNA sequencing (scRNAseq) dataset of endometrial
biopsies and whole uteri with recently published datasets
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(Figure S4A).9?572° These together span the entire menstrual cy-
cle, including the menstrual phase (Figure S4B). We re-analyzed
the integrated datasets and annotated the epithelial cells consid-
ering their: (1) temporal emergence across the menstrual cycle,
(2) transcriptomic profiles and biological processes, and (3)
expression of well-established marker genes, enabling us to
identify distinct epithelial populations specific to each phase.
We identify 14 epithelial clusters, 2 ciliated populations, and 12
non-ciliated (Figures 2A and 2B).

The ciliated populations align with previously annotated clus-
ters and include a “pre-ciliated” population enriched during the
proliferative phase (FOXJ1, MCIDAS, CCNO, CDC20B,
MAD2L1, and NEK2) with cells in the G2M cell cycle phase
(Figure S4C). There is also a mature “ciliated population” that ex-
presses regulators of terminal differentiation of ciliated cells
(PIFO, RSPH1, and TPPP3) (Figures 2B and 2C).%*°

Among the non-ciliated populations, we annotate two hor-
mone-responsive clusters: “hormone-responsive PGR™",”
abundant in the proliferative phase and aligning with high estro-
gen stimulation, and “hormone-responsive PGR°",” more
abundant in the secretory phase and aligning with downregula-
tion of the PGR receptor at this phase of the menstrual cycle.*’
We also identify secretory cell clusters, which we annotate as
early, mid, or late, based on their temporal emergence. This clas-
sification corresponded to their abundance across secretory
sub-phases and was reflected by increasing PAEP expression
and decreasing expression of genes of the secretoglobin family
(SCGB2A1, SCGB2A2, and SCGB1D2) from the ‘“secretory
early” to the “secretory late” population (Figures 2B and 2C).

We also annotate “cycling” cells based on their expression of
markers of proliferation (PCNA, MKI67), and two clusters ex-
pressing “KRT5"” and “MUC5B*,” which were annotated previ-
ously (Figure 2C).%%2 We also identify a transcriptionally active
cluster characterized by high intronic fraction and genes
involved in RNA splicing (PNN, CCNL1, and FUS), and the Hippo
signaling pathway (TEAD1 and WWCT), which we annotate as
"transcriptionally active" (Figures 2C and S4D). “VIM*” is a clus-
ter that emerges early in the cycle, which co-expresses the stro-
mal marker vimentin (VIM) and epithelial marker EPCAM
(Figures 2C, S4E, and S4F). VIM* cells show phase-specific
localization, appearing at the luminal surface in the secretory
phase and within glands during menstruation (Figure S4G).

We also identify a cell state that has a gene signature of wound
healing and regeneration (PLAU, MMP7, CSF1, ITGA2, CD47)
(Figure 2C and 2D). This population dominates during the men-
strual phase in vivo (~50% of cells), while its abundance drops
drastically in the secretory phase (Figure 2B). ITGA2, which is
involved in cell adhesion and migration and marks the luminal
progenitor cells in the mammary gland, is highly expressed in
this cluster.>® ITGA2 is detected in both luminal and glandular
cells during the menstrual phase, but it is not expressed in the
luminal epithelium in the secretory phase (Figure S4H). CD47,
another marker of this cluster, is implicated in murine intestinal
wound healing and is more strongly detected in the luminal
epithelium during the menstrual than in the secretory phase
(Figure S41).** We annotate this as “regeneration-associated
luminal.” We define an additional cluster, which is abundant dur-
ing the mid-secretory phase and expresses receptivity-associ-
ated genes (IL6, ENPP3, PTGS, and SCGB1D2) in keeping with
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Figure 2. Regenerating EOs after breakdown resemble the in vivo luminal epithelium of the menstrual and proliferative phases

(A) Uniform manifold approximation and projection (UMAP) visualization of epithelial cell clusters from integrated scRNAseq data of endometrial tissue across the
menstrual cycle (n = 23 donors).

(B) Relative abundance plots of in vivo epithelial cell clusters across phases of the menstrual cycle.

(C) Dot plot illustrating the expression of selected marker genes in each in vivo epithelial cell cluster. Dot size represents the proportion of expressing cells, while
color denotes log2-transformed expression levels, normalized across all cell clusters.

(D) Biological processes enriched in the in vivo regeneration-associated luminal cluster using the top 100 marker genes.

(E) Area plot showing the relative abundance of the deconvolved in vivo epithelial cell clusters represented in EOs across the IVMC protocol, averaged across all
donors.

(F) Box plot quantifying the estimated proportion of the in vivo regeneration-associated luminal cluster represented in EOs across the IVMC protocol. Individual
dots represent individual donors (n = 6 independent EO lines).

roles in embryo implantation (Figures 2B and 2C).""'® We anno-
tate this cluster as “receptivity-associated luminal.” We find that
ENPPS3 is present in the luminal epithelium in the secretory but
less in the menstrual phase (Figure S4J). LGR5, previously

described as a marker of the luminal epithelium, is also ex-
pressed in the receptivity-associated luminal cluster, with tran-
scripts being detected in the secretory but not menstrual phase
(Figures 2C and S4K).”+%-%°
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We next interrogated the cell states associated with epithelial
regeneration, performing a deconvolution analysis of our bulk
RNAseq dataset across the IVMC time points using the re-
analyzed in vivo epithelial scRNAseq dataset as a reference
(Figure 2E). Cycling and regeneration-associated luminal clus-
ters are the most abundant at the Post-breakdown 24 h time
point in all EO lines (Figure S4L). Whilst the proportion of cycling
cells in EOs gradually increases in E2-diff 24 h and E2-diff 48 h
phases (Figure 2E), the regeneration-associated luminal cluster
is most abundant at Post-breakdown 24 h, representing ~40%
of the cells at this time point and then decreasing during E2-
diff phases (Figures 2E and 2F). These findings provide transcrip-
tional evidence of the dynamic nature of the luminal epithelium,
shifting from a receptivity state in the secretory phase to a
wound-healing program during menstruation.

WNT7A, a marker of the regeneration-associated
luminal epithelium, is temporally associated with the
response to breakdown in vitro

Our results uncover the temporary acquisition of a luminal-like
transcriptional state during regeneration in vitro. We next sought
to investigate what drives this response. Among the genes ex-
pressed in the regeneration-associated luminal cluster,
WNT7A, a ligand of the WNT signaling pathway, is a potential
candidate for its role in epithelial regeneration (Figure 3A).°°
Indeed, we detect WNT7A transcripts in vivo on the luminal
epithelium undergoing menstruation, revealing that its expres-
sion precedes the proliferative phase (Figure 3B). Interrogation
of WNT7A dynamics across the IVMC protocol reveals a tran-
sient peak in expression at Post-breakdown 24 h compared
with low expression in EOs that did not undergo breakdown
(NB_H) (Figure 3C). This pattern is consistently observed in
EOs in continuous menstrual cycles (Figure 3D). Spatially,
WNT7A transcripts are undetectable in EOs at Horm Withdr
48 h but are uniformly present at Post-breakdown 24 h
(Figures 3E and 3F). WNT7A is also the dominant WNT ligand ex-
pressed in EOs at Post-breakdown 24 h (Figure 3G).

WNT7A is essential for glandular development in mice and has
been implicated in endometrial regeneration in primates.®>*° To
investigate whether WNT7A has a direct effect on the human
epithelium, we generated WNT7A knockout (KO) organoids us-
ing CRISPR gene editing and assessed the impact on epithelial
regeneration. Long-term survival of WNT7A KO clones is
severely compromised compared with wild-type (WT) clones
(Figures 3H and 3l). Clonal cultures cannot be expanded beyond
5-7 passages after their establishment (Figure 3H). The overall
growth potential, defined by the ability to expand and freeze
down clones, is lower in WNT7A KO clones (Figure 3J). This high-
lights the critical role of WNT7A in epithelial renewal and provides
functional evidence for its requirement for regeneration upon
breakdown.

Transient ciliated and non-ciliated states emerge during
regeneration, with WNT7A bridging breakdown to
proliferation

Having pinpointed WNT7A-expressing cells as critical for long-
term epithelial maintenance in vitro, we next investigated the
emergence of distinct epithelial states during the transition
from breakdown to regeneration and how these cell states relate
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to WNT7A expression. We performed scRNAseq of three inde-
pendent EO lines (Table S1), and adjusted our in vitro protocol
with finer time resolution to capture this crucial regenerative win-
dow: 48 h after hormonal withdrawal (Horm Withdr 48 h), 12, 24,
48 h after breakdown (Post-breakdown 12 h, Post-breakdown
24 h, Post-breakdown 48 h) and 24 and 48 h after treatment
with estrogen (E2-diff 24 h and E2-diff 48 h) (Figures 4A and
S5A). We identify 16 distinct clusters, comprising seven ciliated
and nine non-ciliated sub-clusters (Figure 4B). Before break-
down (Horm Withdr 48 h), both “ciliated” and secretory cells
(“secretory SCGBM9"” and “secretory PAEP*”) are abundant,
with ciliated cells dominating, consistent with our earlier obser-
vation that their markers persist after hormonal withdrawal, un-
like secretory markers (Figures 1E and 4C).

In the immediate response to breakdown, non-ciliated “stress
responsive” clusters appear at Post-breakdown 12 h, character-
ized by high expression of heat shock proteins (HSPA7TA and
DNAJBT1) (Figures 4D and S5B). By 24 h, “ciliated stress respon-
sive” cells also appear, expressing unfolded protein response
genes (CRELD2 and DNAJBT11), indicative of a cellular adapta-
tion to stress (Figures 4D and S5B). In parallel, we detect both
ciliated and non-ciliated “wound responsive 12 h” clusters
marked by expression of injury-responsive genes (TNFRSF12A
and SFN), tissue remodeling factors (F3 and FGF2), and ribo-
some biogenesis and rRNA processing genes (LYAR and
RRS1) (Figures 4D and S5B). By Post-breakdown 24 h, both
ciliated and non-ciliated cells adopt a distinct “wound respon-
sive 24 h” signature enriched for genes involved in wound heal-
ing processes (PLAUR, CXCL8, KRT17, and MMP?7) (Figures 4D
and S5B), consistent with our bulk RNAseq analysis (Figure 1E).
WNT7A expression is tightly coupled to the induction of the
wound-response program in both ciliated and non-ciliated cells,
as it is completely absent from the “stress responsive” clusters,
expressed at low levels in the earlier “wound responsive 12 h”
clusters, and strongly induced in the “wound responsive 24 h”
cluster (Figure 4E).

At Post-breakdown 48 h, epithelial states diversify, indicating
a shift from a common wound-response shared across cell types
to more specialized states. Among the distinct clusters, we iden-
tify a distinct “OxPhos-high” cluster enriched in genes involved
in oxidative phosphorylation and markers of the regeneration-
associated luminal epithelium in vivo (IL32, MMP7, CD47, and
KRT17), including WNT7A (Figures 4D and S5B). Clusters with
immune-related function also emerge, characterized by genes
of the TNF family (TNF and TNFAIP2), cytokines (CXCL10 and
LIF), cytokine receptors (IL1R7), and acute inflammatory
response genes (SAA7 and SAA2) (Figures 4D and S5B). We
annotate those as “immunomodulatory.” The first appearance
of “cycling” cells (S/G2M phases), which continue to express
WNT7A, at this time point marks a critical turning point from
wound response to proliferative regeneration (Figures 4D, S5B,
and S5C). Most proliferative cells arise in the non-ciliated popu-
lation (20%) with fewer in the ciliated lineage (<2%) (Figure S5B).

Following re-exposure to E2, a “hormone-responsive” popu-
lation appears, marked by the expression of ESR7 and PGR
(Figures 4D and S5B). Within the ciliated compartment, E2 treat-
ment increases the abundance of the “pre-ciliated” cell cluster
(FOXJ1, CCNO, MCIDAS, and CDC20B) shown previously
(Figures 4D and S5B).*” The “pre-ciliated” cell cluster also



Please cite this article in press as: Nikolakopoulou et al., An in vitro menstrual cycle using organoids captures epithelial cell transitions during menstru-
ation and regeneration of the human endometrium, Cell Stem Cell (2026), https://doi.org/10.1016/j.stem.2026.04.005

Cell Stem Cell ¢? CellPress

OPEN ACCESS

Menstrual phase

WNT7A

25
I2.0

Soom
WNT7A
WNT7Acpm ©

0O =

Horm Withdr 48h
cycle 1 cycle 2 cycle 3

WNT7A
o o o
DAPI WNT7A
Number of WNT7A spots
normalized for nuclei

T T H B H B
EE‘NQ‘N\?‘;_N?NVENQ'&
cS2E2E SR 22BN 225 =
352%3 EEZ%S 352% §
EEQ E Eio E Elo = &
2218 22 228 <
g g 3 a
o a a
G I WT KO
WNT7A
Post-breakdown 24h E’
80 . s ~39 kDa
: < e e
60 = ~50 kDa
= o 4
& 40 ° ; J —~
= 9
< 100
20| I \
C
0.0.0.0'.0 .oo.ol g % 5 .\
—NDoLrL<DoLOLOIDI < a
FENESEBOENN®GOS0 O S <
2252525525555 E H
SS£5£5555555555¢2 z 5
S 2 G o
&
©
Q¥ Q¥
§§ $é

Figure 3. WNT7A, a marker of the regeneration-associated luminal epithelium, is temporally associated with the response to breakdown
in vitro

(A) Uniform manifold approximation and projection (UMAP) visualization showing the logz-transformed expression of WNT7A across individual cells in vivo.
(B) In situ hybridization (ISH) showing localization of WINT7A transcripts in menstrual phase endometrium (n = 1 donor). Scale bars, 100 pm (main) and
50 pm (inset).

(C) Line plots depicting cpm of WINT7A in batch corrected samples from bulk RNAseq data. Solid lines represent expression in EOs undergoing the IVMC
protocol. Dashed lines represent expression in control EOs NB_H, no breakdown hormones.

(D) gRT-PCR analysis of WNT7A expression of EOs undergoing continuous cycles of the IVMC protocol, normalized to housekeeping genes (n = 5 independent
EO lines).

(E) ISH showing localization of WNT7A transcripts in EOs at Horm Withdr 48 h and Post-breakdown 24 h time points. Scale bars, 50 pm (main) and 10 um (inset).
(F) Quantification of WNT7A ISH signal in E. Significance was assessed using unpaired t tests (o < 0.0001).

(G) Bar plot showing the average transcripts per million (TPM) of WNT ligands at Post-breakdown 24 h in EOs undergoing the IVMC protocol, analyzed with bulk
RNAseq (n = 6 independent EO lines).

(H) Representative brightfield images of WNT7A WT and WNT7A KO clones over six passages. Scale bars, 500 pm.

(I) Western blot for WNT7A protein in WNT7A WT and WNT7A KO clones depicted in H.

(J) Percentage of WNT7A WT and WNT7A KO clones that could be frozen down as an estimate of growth potential (n = 3 independent EO lines).
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shows an enrichment for E2F7, a transcriptional regulator of ca-
nonical S-to-G2 progression that promotes multiciliated cell dif-
ferentiation (Figure 4D).*® These changes mirror the processes
occurring during the proliferative phase in vivo. The global down-
regulation of WNT7A in these estrogen-responsive clusters sug-
gests that its function is confined to the earlier hormone-inde-
pendent regenerative stage (Figure 4D).

In response to breakdown, EOs gradually transition through
states of an immediate stress response at 12 h followed by a
wound-healing state, with WNT7A expression peaking at 24 h,
and finally initiation of cell proliferation (Figures 4F and S5D).
Interrogation of the in vivo epithelial identities in EOs undergoing
the IVMC protocol further suggests that the WNT7A-expressing
luminal identity is similarly enriched before the emergence of
cycling cell states (Figure 4G). This highlights the temporal regu-
lation of WNT7A in bridging the response of epithelial cells from
breakdown to their proliferation, as also suggested by the
inability of WNT7A KO organoids to survive long-term.

The regeneration-associated luminal epithelium acts as
a signaling hub, particularly via interactions with
endothelial cells
Our findings identify the transient WNT7A™ in vitro population,
resembling the in vivo regeneration-associated luminal epithe-
lium, as a key mediator of the response to breakdown through
signaling within the epithelial compartment. We next asked
whether the regeneration-associated luminal epithelium com-
municates with other cell types during endometrial regeneration
in vivo. To investigate this, we performed CellChat analysis on
the “all-lineage” in vivo endometrial scRNAseq dataset, focusing
on all cell states present in the menstrual and early proliferative
phases of the cycle. Defining the regeneration-associated
luminal as the sender population, the analysis predicts broad in-
teractions not only with other epithelial populations but also with
immune, stromal, and particularly endothelial cells via multiple
signaling pathways (Figures 5A and 5B). Several of the identified
ligands involved in pathways mediating these interactions were
specifically upregulated in the EOs and detected in organoid-
conditioned media at Post-breakdown 24 h (Figures 5C and 5D).
Within the epithelial compartment, WNT signaling emerges as
a major pathway with WNT7A as the main ligand expressed by
the regeneration-associated luminal epithelium (Figures 5B and
S5E). In vitro, EOs upregulate both FZD6 and FZD10 at Post-
breakdown 24 h (Figures S5F and S5G), with FZD6 being broadly
expressed and FZD10 being limited to non-ciliated cell types and
to only the cycling ciliated cells in vitro (Figure S5H). IL-6, a pleio-
tropic cytokine, is another mediator of intra-epithelial interac-
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tions in vivo (Figure 5B). Transcriptomic analysis of EOs and
Luminex secretion analysis show upregulation of IL-6 at both
P4-diff and Post-breakdown 24 h, suggesting a potential dual
role in both endometrial receptivity and wound healing
(Figures 5C and 5D)."8%4C Epithelial-stromal cell interactions
in the perimenstrual window have not been widely explored.
Our analysis predicts that midkine (MDK), epidermal growth fac-
tor (EGF), endothelin (EDN), and platelet-derived growth factors
(PDGF) may act as mediators (Figures 5B-5D).

Interactions between epithelial cells and immune cells are
likely to be critical, given the influx of neutrophils and macro-
phages during menstruation.*’ From our analysis, epithelial cells
are predicted to interact extensively with myeloid populations via
colony-stimulating factors (CSFs), complement 3 (C3), tumor ne-
crosis factor (TNF), macrophage migration inhibitory factor (MIF),
and annexin (ANXA1) (Figure 5B). Secretion of GM-CSF (en-
coded by CSF2) and TNFa by EOs at the Post-breakdown 24 h
time point was confirmed by Luminex (Figure 5D). Furthermore,
ANXA1, an established mediator of inflammation resolution
essential for regeneration, is highly expressed in regeneration-
associated luminal cells in vivo and upregulated at Post-break-
down 24 h in vitro, particularly in EOs subjected to the IVMC
(Figures 5C, S5E, and S51).4

The strongest interactions were identified between epithelial
and venous cells, highlighting a prominent epithelial-endothelial
axis during regeneration (Figure 5A). CXCL chemokines, GDF
growth/differentiation factor 15 (GDF15), vascular endothelial
growth factor A (VEGFA), adrenomodullin (ADM), leukemia
inhibitory factor (L/F), nicotinamide phosphoribosyltransferase
(NAMPT), semaphorins (SEMA3A, SEMAS3B, and SEMAS3C),
MDK, and TNF are predicted to mediate these interactions
(Figure 5B). In vitro, several CXCL family members are upregu-
lated in EOs at the Post-breakdown 24 h time point, including
CXCLS8, previously reported for its role in angiogenesis during
the perimenstrual window (Figure 5C).**** EOs secrete high
levels of IL-8 at Post-breakdown 24 h (Figure 5D). We validated
the expression of atypical chemokine receptor 1 (ACKR1) on
venous endothelial cells (Figure S5J) and CXCR1 on epithelial
cells in menstrual tissue and in vitro (Figure S5K), suggesting po-
tential autocrine and paracrine effects of IL-8.%® EOs also secrete
GROp and FGFb at Post-breakdown 24 h, which may further
reinforce epithelial-endothelial interactions during regeneration
(Figure 5D).

To functionally validate the predicted epithelial-endothelial inter-
actions, we performed wound healing assays using both an estab-
lished human umbilical vein endothelial cell line (HUVECs) and pri-
mary human uterine microvascular endothelial cells (HUtMECs).

Figure 4. Transient ciliated and non-ciliated states emerge during regeneration, with WNT7A bridging breakdown to proliferation
(A) UMAP visualizations of cells colored for each time point in separate panels. EOs are subjected to the IVMC protocol and collected for scRNAseq before
breakdown (Horm Withdr 48 h), after breakdown (Post-breakdown 12 h, 24 h, and 48 h), and after estrogen treatment (E2-diff 24 h and E2-diff 48 h) (n = 3 in-

dependent EO lines).
(B) UMAP visualization of cells colored by annotated clusters.

(C) Bar plot showing the relative abundance (in percentage) of each cell cluster in the different time points.

(D) Dot plot illustrating the expression of selected marker genes in each epithelial cell cluster. Dot size represents the proportion of expressing cells, while color
denotes log2-transformed expression levels, normalized across all cell populations.

(E) UMAP visualization showing the logz-transformed expression of WNT7A across individual cells.

(F) Line plot showing the relative abundance (in percentage) of each in vitro cell cluster in the different time points.

(G) Line plot showing the relative abundance (in percentage) of each predicted in vivo cell cluster corresponding to cells across the different time points in vitro.
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Figure 5. The regeneration-associated luminal epithelium acts as a signaling hub, particularly via interactions with endothelial cells
(A) Total estimated interaction probabilities between regeneration-associated luminal epithelial cells (sender) and all the other epithelial and non-epithelial cell

clusters (receiver) in vivo.
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Endothelial cells were treated with conditioned media from EOs at
the Post-breakdown 24 h time point, which transcriptionally aligns
with regeneration-associated luminal epithelial cells in vivo. We
observed a significant increase in the velocity of endothelial wound
closure in both cell types, after treatment with conditioned media
from EOs from four independent donors (Figures 5E and 5F), high-
lighting the potential role of epithelial cells in mediating angiogen-
esis in response to breakdown in vivo.

DISCUSSION

Despite its central role in reproductive health, the process by
which the endometrium regenerates after menstruation has re-
mained a “black box,” inaccessible to study in vivo. Here, we
establish an IVMC protocol using EOs that recapitulates the
sequential and cyclical changes of the endometrial epithelium
during hormonal differentiation and withdrawal, breakdown,
and regeneration. Our aim was to design a robust, reproducible
protocol that (1) recapitulates the hallmarks of the menstrual win-
dow to physiologically connect one cycle to the next, (2) main-
tains epithelial dynamics of hormone responses across repeated
cycles, and (3) can be readily implemented across laboratories.

To model the critical breakdown phase, we mechanically dis-
rupted EOs, a simple and consistent approach that avoids the
variability of enzyme-, conditioned media-, or co-culture-based
methods, while still reflecting the piecemeal shedding of the su-
perficial endometrium observed in vivo.® We uncover the tran-
scriptional transitions in cell states that underpin epithelial regen-
eration in vitro and mapped these against in vivo reference to
epithelial cell states across the cycle, with validation in full-thick-
ness uterine tissue blocks that span the menstrual window. A
major strength of this system is that it enables controlled, parallel
analysis at high temporal resolution across multiple donors and
experimental conditions, minimizing inter-individual variability
that has confounded comparisons of biopsies or hysterectomy
samples collected at different cycle stages.

The IVMC protocol establishes a comprehensive in vitro
framework for studying menstruation and reveals key epithe-
lial-intrinsic mechanisms underlying regeneration. Our data re-
vealed an enrichment of the regeneration-associated luminal
epithelial signature (WNT7A, ITGA2, and CD47) in EOs after
breakdown. Although it remains to be experimentally confirmed
whether this reflects an injury response or acquisition of a luminal
cell state that directly contributes to regeneration into all the
different lineages, previous studies support an active role of
luminal epithelial cells in regeneration.®~” Scanning electron mi-
croscopy studies showed re-epithelialization from the unshed
areas, and transcriptomic analyses of laser-captured shedding
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surface layers reveal expression of genes involved in tissue
degradation and regeneration.>® Because distinct cell states
emerge during the IVMC protocol, including basal glandular
markers (CDH2 and ALDH1A1) that are highly expressed in
pre-diff EOs and other putative progenitor markers (FUT4 and
SOX9) expressed after breakdown, it provides an opportunity
to dissect the relative contributions of the different cell states
in regeneration and their lineage relationships. "¢

WNT7A emerged as a defining marker of the regenerative win-
dow, as its expression is tightly linked to the luminal epithelium in
the menstrual and proliferative phases. WNT7A is critical for
uterine patterning,’® postnatal gland formation®® and anti-
apoptotic function® in mice, whereas in primates WNT7A has
been implicated in postmenstrual regeneration and secretory
transformation.®® In other adult tissues, WNT7A plays roles in
epithelial integrity, maintenance of stem cells, wound healing,
and inhibition of inflammatory stimuli through diverse mecha-
nisms.*”~> In vitro, genetic deletion of WNT7A in EOs impairs
long-term survival, identifying WNT7A as an epithelial-derived
factor that supports survival and regeneration following endome-
trial tissue breakdown. An outstanding question concerns the
signaling through which WNT7A mediates these effects and in
which cell types. WNT7A can activate both the canonical WNT
signaling through FZD5 receptor and the non-canonical JNK-
mediated pathway through FZD10 in the human endometrial
adenocarcinoma Ishikawa cell line.>* The inability of exogenous
canonical WNT activators, present in our organoid growth me-
dium, to rescue the WNT7A KO phenotype also suggests that
WNT7A may act through B-catenin-independent mechanisms
in the endometrium.*”>*

Regeneration of the endometrium following menstrual break-
down requires coordinated renewal of different cell types. Our
cell-cell communication analysis of all cells in vivo during
the menstrual and proliferative phases predicted numerous in-
teractions between regeneration-associated epithelial and
non-epithelial populations, particularly with endothelial cells
mediated by CXCL cytokines such as IL-8, a key regulator of
angiogenesis.*>**°°> We show that, consistent with these pre-
dictions, following breakdown, EOs secrete IL-8 together with
other pro-angiogenic factors, including FGFb and GRO@, under-
scoring the physiological relevance of the IVMC protocol. We
validated the predicted epithelial-endothelial crosstalk in vivo us-
ing an in vitro wound healing assay, demonstrating that primary
endothelial cells (HUVECs and HUtMECSs) close wounds more
rapidly when exposed to EO-conditioned media. While our cur-
rent system focuses on the epithelium, significant efforts in the
field are directed at developing co-culture models of the endo-
metrium to investigate cell-cell interactions and their impact on

(B) Heatmap showing the estimated relative interaction probabilities for different signaling networks between regeneration-associated luminal epithelial cells
(sender) and all the other epithelial and non-epithelial cell clusters (receiver).

(C) Heatmap depicting centered and scaled cpm of ligands involved in pathways identified in B, across batch-corrected samples of EOs in the IVMC protocol.
(D) Bar plots showing the normalized concentration of IL-8 (CXCL8), FGFb (FGF2), GROb (CXCL2), PDGF-AB/BB (PDGFB), IL-6 (IL6), TRAIL (TNFSF10), GM-CSF
(CSF2), and TNFa (TNFA) analyzed through a Luminex assay of supernatants of EOs subjected to the IVMC protocol (n = 4 independent EO lines). Statistical
analysis was performed using ordinary one-way ANOVA. * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001.

(E) Representative brightfield images of HUVECs at 0 h, 6 h, and 12 h and HUtMECs at 0 h, 12 h, and 24 h, treated with EOM or conditioned media from EOs at
Post-breakdown 24 h, in a wound healing assay.

(F) Bar plots showing the normalized velocity of wound closure of HUVECs and HUtMECs treated with endothelial cell media, EOM, or conditioned media from
EOs from four independent donors. Statistical analysis was performed using ordinary one-way ANOVA. *** p < 0.001, *** p < 0.0001.
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tissue function.”®>” Our findings provide a foundation for build-
ing co-culture systems, enabling a deeper understanding of
how these populations interact to restore tissue integrity.

In summary, our findings establish the luminal epithelium as a
central signaling hub during endometrial regeneration. We iden-
tify WNT7A as a key regulator of endometrial epithelial regener-
ation, opening opportunities to dissect its role in wound healing
and implications for its dysregulation in endometrial pathol-
ogies.’®*° Beyond uncovering the fundamental principles of
menstrual regeneration, the IVMC protocol provides a platform
to investigate how the epithelium changes during the menstrual
cycle and enables studies on how menstrual cycle dynamics
are perturbed in gynecological disorders, including endometri-
osis, Asherman syndrome, and polycystic ovary syndrome
(PCOS).?932:60-63 ltimately, these insights may guide new ther-
apeutic strategies, extending their relevance beyond reproduc-
tion to fundamental processes of tissue renewal and wound
healing.

Limitations of the study

There are limitations to this study. The timing of hormonal with-
drawal in the IVMC protocol was aligned with our 6-day differen-
tiation regimen. Therefore, the protocol does not fully capture the
gradual hormonal decline seen in vivo. Further optimization of the
differentiation duration and media components would be needed
to increase the abundance of late secretory states. At the level of
cell identity, distinguishing luminal or glandular epithelial cell
states in vitro remains challenging due to a lack of clear markers
in vivo. Although we detect phase-specific expression of both
regeneration- and receptivity-associated luminal markers in vivo,
this is not exclusive in all cases, as luminal markers can also be
detected in glandular cells. An in-depth spatial analysis of the
endometrium is necessary to more precisely define distinct
markers between luminal and glandular cells. Notably, despite
the lack of tissue geometry in EOs, key phase-specific expression
of luminal and glandular markers is preserved.

The experimental system and setup are intentionally reduc-
tionist to enable a detailed analysis of epithelial-intrinsic regener-
ative programs. Incorporation of non-epithelial cell types will be
an important next step toward tissue-level modeling of post-
menstrual regeneration. While our data suggest signaling be-
tween epithelial-endothelial cells during regeneration, further
studies are needed to explore the bidirectionality of these
interactions.

Finally, while WNT7A emerges as a key marker of the regener-
ating luminal epithelium, its downstream signaling remains to be
elucidated. Addressing this aspect will further strengthen mech-
anistic insight and enhance the translational potential of these
findings.
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(LSBio, Cat# LS-A808)

(Atlas Antibodies Cat# HPA043772;
RRID:AB_10795616)

(Novus Cat# NBP3-15644, RRID; AB_3598772)

(Thermo Fisher Scientific Cat# MA5-14520;
RRID: AB_10979488)

(Abcam Cat# ab270454)

(Cell Signaling Technology Cat# 8757;
RRID: AB_2797144)

(Abcam Cat# ab185230; RRID: AB_2715497)
(Abcam Cat# ab218403)

(Thermo Fisher Scientific Cat# RAB01344;
RRID: AB_3709914)

(Abcam Cat# ab218106; RRID: AB_3676259)

(Cell Signaling Technology Cat# 5741)
(Abcam Cat# ab274321)

Biological samples

Primary endometrial organoids (EOs)_ B0O03

Primary endometrial organoids (EOs)_ B032

Primary endometrial organoids (EOs)_ B044

Primary endometrial organoids (EOs)_ B050

Primary endometrial organoids (EOs)_ B066

Primary endometrial organoids (EOs)_ B078

Primary endometrial organoids (EOs)_ B080

Bourn Hall Fertility Clinic,
Cambridge, UK
Bourn Hall Fertility Clinic,
Cambridge, UK
Bourn Hall Fertility Clinic,
Cambridge, UK
Bourn Hall Fertility Clinic,
Cambridge, UK
Bourn Hall Fertility Clinic,
Cambridge, UK
Bourn Hall Fertility Clinic,
Cambridge, UK
Bourn Hall Fertility Clinic,
Cambridge, UK

Endometrial biopsy donor BO03

Endometrial biopsy donor B032

Endometrial biopsy donor B044

Endometrial biopsy donor B0O50

Endometrial biopsy donor B066

Endometrial biopsy donor B078

Endometrial biopsy donor B0O80

Chemicals, peptides, and recombinant proteins

Advanced DMEM/F12

Endothelial Cell Growth Medium MV kit
ALK-4, -5, -7 inhibitor, A83-01

B27

L-glutamine

Life Technologies
PromoCell

System Biosciences
Life Technologies
Life Technologies

12634010
C-22120
ZRD-A8-02
12587010
25030-024

(Continued on next page)

Cell Stem Cell 33, 1-16.e1-e8, May 7, 2026 el



Please cite this article in press as: Nikolakopoulou et al., An in vitro menstrual cycle using organoids captures epithelial cell transitions during menstru-
ation and regeneration of the human endometrium, Cell Stem Cell (2026), https://doi.org/10.1016/j.stem.2026.04.005

¢? CellPress

OPEN ACCESS

Cell Stem Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
N2 Life Technologies 17502048
N-Acetyl-L-cysteine Sigma-Aldrich A9165-5G
Nicotinamide Sigma-Aldrich N0636
Primocin Invivogen ant-pm-1
Recombinant human EGF Peprotech AF-100-15
Recombinant human FGF-10 Peprotech 100-26
Recombinant human HGF Peprotech 100-39
Recombinant human Noggin Peprotech 120-10c
Recombinant human Rspondin-1 Peprotech 120-38
Recombinant human bFGF Peprotech 100-18B
CHIR99021 Tocris 4423
Y-27632 Millipore 688000
B-estradiol (E2) Sigma E4389
Progesterone (P4) Sigma P7556
Prolactin (PRL) Peprotech 100-07
8-Bromoadenosine 3/, 5'-cyclic monophosphate (CAMP)  Sigma B7880
Cell Recovery Solution Corning 354253
Accutase cell detachment solution Gibco A11105-01
Collagenase V Sigma-Aldrich C-9263
Alt-R® S.p. HiFi Cas9 Nuclease V3 IDT Lubioscience 1081060
Cell Detach kit (for endothelial cells) PromoCell C-41200
Matrigel Corning 356231

1x Halt Protease Cocktail Inhibitor Thermo Fisher Scientific 1862209
Critical commercial assays

RNA scope high-definition brown assay ACD 322310
Multiplex Fluorescent V2 Assay ACD 323100
AMAXA P3 Primary Cell 4D-NucleofectorTM X Kit S Lonza Bioscience V4XP-3032
SuperScript VILO cDNA Synthesis Kit Thermo Fisher Scientific 11754050
TagMan Fast Advanced Master Mix Thermo Fisher Scientific 4444557
Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225
46-plex Human Luminex Performance Assay R&D Systems LKTMO014B

Deposited data

Bulk RNAseq data from EOs in the IVMC
protocol and controls (generated in this study)

scRNAseq data from EOs in the IVMC
protocol (generated in this study)

scRNAseq data
scRNAseq data

Array Express
Array Express

Garcia-Alonso et al.”
Wang et al.”®

[Array Express]: [E-MTAB-15118]
[Array Express]: [E-MTAB-15330]

[Array Express]: [E-MTAB-10287]
[GEOQ]: [GSE111976]

scRNAseq data Lai et al.?’ [GEO]: [GSE183837]

scRNAseq data Huang et al.”® [GEQ]: [GSE214411]

scRNAseq data Shih et al.?® [GEO]: [GSE203191]

Human reference genome GENCODE release Mudge et al.®* Genome Reference Consortium

Raw data from Luminex assay (all 46 analytes) Mendeley [Mendeley] : [10.17632/vpmzzd54r5.]
(generated in this study)

Experimental models: Cell lines

Human Uterine Microvascular Endothelial PromoCell C-12295

Cells (HUtMECs)

Human Umbilical Vein Endothelial Cells (HUVECS) Lonza kindly donated by N. Gjorevski, IHB, Roche
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

WNT7A sgRNA KO kit sgRNA (1) Synthego N/A
AGAGCGCACCGUCUUCGGGA

WNT7A sgRNA KO kit sgRNA (2) Synthego N/A
ACUGAAACUGACACUCGUCC

WNT7A sgRNA KO kit sgRNA (3) Synthego N/A
UGGCAGAUCGCCCGCUGUCU

HDR Donor oligo (non-specific template) CGT GCT IDT 1274 5417

GCT TCA TGT GGT CGG CGG GGT AG

Software and algorithms

ImageJ (version 1.54f)

edgeR version (4.6.2)

Salmon (v1.6.0)

alevin-fry (v0.4.3)

alevinQC R package (v1.18.1)
scuttle R package (v1.16.0)
batchelor R package (v1.22.0)
scater R package (v1.34.0)
Seurat (v5.2.1)

sketchR R package (v1.2.0)
uwot R package (v0.2.2)
BayesPrism package (v2.2.2)
SingleR R package (v2.8.0)
CellChat (v1.6.1)

GraphPad Prism 10

Schneider et al.

Robinson et al.®®

Patro et al.®®

He et al.’
Bioconductor
McCarthy et al.®®
Haghverdi et al.®®
McCarthy et al.®®
Hao et al.””
Bioconductor
Melville et al.”
Chuetal.”

Aran et al.”®

Jinetal.”

N/A

https://imagej.nih.gov/ij/
https://bioconductor.org/packages/edgeR/
https://salmon.readthedocs.io/en/latest/
https://alevin-fry.readthedocs.io/en/latest/
https://bioconductor.org/packages/alevinQC/
https://bioconductor.org/packages/scuttle/
https://bioconductor.org/packages/batchelor
https://bioconductor.org/packages/scater/
https://satijalab.org/seurat/
http://bioconductor.org/packages/sketchR/
https://doi.org/10.32614/CRAN.package.uwot
https://github.com/Danko-Lab/BayesPrism
https://bioconductor.org/packages/SingleR/
https://github.com/jinworks/CellChat
https://www.graphpad.com/

Other

Source code used for analysis and
generation of plots

Github https://github.com/  [Zenodo] : [https://doi.org/10.5281/zenodo.19334152]
fmicompbio/IVMC-protocol

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human endometrial tissue blocks

Human endometrial tissue blocks were kindly donated by Professor Ashley Moffett (University of Cambridge, UK). They were
collected at Addenbrookes Hospital, Cambridge before 1 September 2006 (prior to the implementation of the Human Tissue Act)
and therefore formal consent for research use was not required. These samples are categorized as ‘Existing Holdings’ under the Hu-
man Tissue Act and were therefore eligible for use in this project. The hysterectomy uteri span all phases of the menstrual cycle (dated
by a pathologist) and are properly oriented to allow evaluation the full thickness of the endometrium.

Human EO lines

Endometrial organoids were derived from biopsies of women in the secretory phase of the cycle undergoing IVF at the Bourn Hall
Fertility Clinic with approval from East of England Cambridge Central Research Ethics Committee (17/EE/01551 IRAS 225205).
The organoids used for this study were derived from women undergoing IVF for male factor infertility, who did not report gynecolog-
ical disorders, and are therefore designated as normal (Table S1). The use of these materials for this study is authorized under Ma-
terial Transfer Agreements (MTA) between the University of Cambridge and the Friedrich Miescher Institute for Biomedical Research
(Agreements No. G119629 and G108313).

Expansion and differentiation of EOs

EOs were grown as previously described.® Briefly, EOs were grown in Matrigel (Corning, 356231) droplets supplemented with endo-
metrial organoid medium (EOM) (Table S2). First, EOs were primed with 0.5 nM E2 for two days followed by four additional days of
combination of 0.5 nM E2, 80 nM P4, 100 pg/mL cAMP and 20 ng/ mL PRL (Table S2). For the IVMC protocol, hormones were with-
drawn the following two days with EOM being changed every 24 hours. After hormonal withdrawal, EOs were broken mechanically
with automatic (300 times) and manual (100 times) pipetting. EOs were then left to grow in the absence of hormones. Another round of
E2 treatment was then re-initiated for two days.
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Primary Endothelial Cell Culture

Human Uterine Microvascular Endothelial Cells (HUtMECs) (PromoCell, C-12295) were maintained in Endothelial Cell Growth Me-
dium MV containing Endothelial Cell Basal Medium supplemented with 2% Fetal Calf Serum, 0.004 mL/ mL Endothelial Cell Growth
Supplement, 10 ng/ mL human recombinant EGF, 90 pg/ mL Heparin, 1 pg/mL Hydrocortisone (PromoCell, C-22120). Human
Umbilical Vein Endothelial Cells (HUVECS) (edited to express GFP, kindly donated by N. Gjorevski, IHB, Roche) were maintained
in Endothelial Cell Growth Medium containing Endothelial Cell Basal Medium supplemented with 2% Fetal Calf Serum, 0.004 mL
/mL Endothelial Cell Growth Supplement, 0.1 ng/mL human recombinant EGF (adjusted concentration for HUVECs), 90 pg/mL Hep-
arin, 1 pg/mL Hydrocortisone (PromoCell, C-22120) and 1 ng/mL human recombinant bFGF (Peprotech, 100-18B). Cells were
cultured at 37 °C in a humidified incubator with 5% CO.. Cell detachment for subculturing and seeding for wound healing assay
was performed with the DetachKit (PromoCell, C-41200) containing HEPES buffered Balanced Salt Solution, 0.04%/0.03%
Trypsin/EDTA Solution and Trypsin Neutralizing Solution following manufacturer’s instructions.

METHOD DETAILS

Single cell dissociation

EOs were collected and Matrigel was removed using Cell Recovery Solution (Corning, 354253) for 50 min maximum on ice. EOs were
washed with cold PBS pH (7.4) (Gibco, 10010-015) and broken apart by automatic pipetting (400 times). EOs were, first incubated
with pre-warmed accutase cell detachment solution (Gibco, A11105-01) for 5 minutes at 37°C and next incubated with collagenase V
(Sigma-Aldrich, C-9263) diluted in 10% FBS/Advanced DMEM/F12 for 20 minutes at 37°C. The digest was passed through a 40 um
nylon mesh cell strainer to ensure single cell suspension, and the flow through was collected in Falcon round bottom tubes (Corning,
352235). If undigested organoid fragments were still present, the collagenase step was repeated. Cell pellets were diluted in EOM,
and cells were counted using the NucleoCounter® NC-202™ Automated Cell Counter (Chemometec, NC-200). EOs growing from
single cells were supplemented with 10pM Y-27632 (Table S2) until the formation of cystic structures.

Fixation and paraffin embedding of EOs

EOs were collected at different timepoints through the IVMC. Matrigel was removed using Cell Recovery Solution (Corning, 354253)
for maximum 40 min on ice. EOs were washed with cold PBS pH (7.4) (Gibco, 10010-015) and fixed in 10% neutral buffered formalin
solution (Sigma-Aldrich, HT5011) for 1h at RT. Fixed EOs were centrifuged at 300 rcf, washed twice in PBS and embedded in pre-
warmed, liquid Histogel (Epredia, HG-4000-012). After solidification at RT, the Histogel dome containing EOs was transferred into a
labelled histology cassette (Cell Path, EAM-0309-72B) and stored in 70% ethanol until dehydration and paraffin embedding. EOs
were loaded in the retort of the HistoCore PEARL tissue processor (Leica, 14 0493 50667) using overnight standard tissue dehydra-
tion method until paraffin inclusion. The samples were then removed from the tissue processor, transferred in molten paraffin and
attached to the cassettes using the HistoCore Arcadia Embedding Center (Leica, 14 0393 57262 and 14 0393 57257). After solidi-
fication of the paraffin blocks, microtome (Leica, 149MULTIOC1) sectioning was performed.

Immunohistochemistry

Immunohistochemistry was performed on 3-um-thick paraffin sections of both endometrial tissues and organoids using the Leica
Bond RX automated stainer. As part of the automated staining, the sections were first deparaffinized with the BOND Dewax Solution
(Biosystems Switzerland AG, AR9222) and cleared with 100% ethanol. Next, heat induced epitope retrieval was performed with
BOND Epitope Retrieval Solution 1, pH6 (Biosystems Switzerland AG, AR9961) or BOND Epitope Retrieval Solution 2, pH9 (Bio-
systems Switzerland AG, AR9640) at 100°C for 10 to 20min depending on the primary antibody (Table S3). Sections were incubated
with appropriate primary antibody dilutions for 60 minutes at room temperature followed by washes with BOND Wash Solution 1X
(BOND Wash Solution 10X Concentrate, Biosystems Switzerland AG, AR9590) (Table S3). The binding sites of the primary antibodies
were then revealed using the ready-to-use Bond Polymer Refine detection kit (Biosystems Switzerland AG, DS9800) containing
peroxide block solution, post primary, polymer reagent, DAB chromogen and hematoxylin counterstain. Sections were then, dehy-
drated with consecutive 5-minute incubations in 70% ethanol, 95% ethanol and 100% ethanol. Last, sections were dried at room
temperature prior to addition of Tissue-Tek® Glas™ Mounting Medium (Sakura, 1408N). Coverslips 24x50mm #1,5 (Epredia,
BB02400500SC13MNZ0) were applied using Tissue-Tek® Glas™ g2-E2 instrument (Sakura). Stained sections were imaged with
the Zeiss Axioscan Z1 slide scanner.

In situ hybridization assays

In situ hybridization assays were performed on 5-pm-thick paraffin sections of endometrial tissues using the RNA scope high-defi-
nition brown assay (ACD, 322310) and sections of EOs using the RNA scope Multiplex Fluorescent V2 Assay (ACD, 323100), following
the manufacturer’s instructions. For both assays, sections were first baked at 60 °C for 1 hour and dewaxed with xylene (Sigma-
Aldrich, 534056), cleared in 100% ethanol and air-dried. The sections were then treated according to the standard protocol:
10 minutes in Hydrogen Peroxide, 15 minutes (tissue) or 10 minutes (organoids) in Target Retrieval reagent and 30 min (tissue) or
10 minutes (organoids) at 40°C in Protease Plus. Sections were then incubated with gene specific probes, including WNT7A
(ACD, 408231), LGR5 (ACD, 311021), FZD6 (ACD, 460541-C2), FZD10 (ACD, 477131-C3), for 2 hours at 40 °C and signal was ampli-
fied with appropriate kit reagents. After signal amplification, tissue and organoid sections were processed differently according to the
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assay requirements. Tissue sections were treated with DAB for 10 min for signal visualization. Sections were then dehydrated,
mounted in histological mounting media Histomount (HS-103, National Diagnostics) and imaged using the EVOS™ M5000 Imaging
System (Thermo Fisher, AMF5000). After signal amplification, organoid sections were first fluorescently labelled for each probe using
fluorophores; TSA Vivid 520 (ACD, 323271), TSA Vivid 650 (ACD, 323273) or TSA Plus Cyanine 3 (Akoya Biosciences, NEL744001KT)
conjugated to the appropriate channel-specific amplifiers (C1/C2/C3). Sections were counterstained with DAPI (10 sec) and mounted
with ProLong™ Gold Antifade Mountant (Life Technologies, P36934). Fluorescent signals were imaged using Stellaris 5 confocal
microscope.

Quantification of WNT7A transcripts

WNT7A transcripts from in situ hybridization assay were quantified in Imaged (version 1.54f) by performing spot detection using the
TrackMate plugin. DoG detector parameters were set to 0.852 micron for estimated object diameter and 1000 for the quality
threshold. Simple LAP tracker was applied before spot quantification. Nuclei were segmented using the StarDist 2D plugin following
default settings to be used for normalization. The number of spots was then normalized to the number of nuclei. In total, 14 image
scans were used from EOs at Hormonal Withdrawal 48h and Post-breakdown 24h respectively.

Illumina stranded mRNA-seq library preparation, bulk RNA-sequencing and analysis

cDNA libraries were prepared using the lllumina Stranded mRNA-Seq (lllumina IDT DNA/RNA UDI) preparation kit according to the
manufacturer’s instructions. Libraries were pooled and sequenced with the lllumina NovaSeq 6000 platform, producing paired end
reads of 50 base pairs each (2x50bp). Demultiplexing and FASTQ file generation were performed using lllumina’s bcl2fastq2 soft-
ware. RNA-seq data was quantified on the transcript level using Salmon version (1.6.0)°° with parameters —gcBias —seqBias -num-
GibbsSamples=50. The reference index was constructed based on the transcriptome (transcripts.fa) from GENCODE release 38°*
using the genome sequence as a decoy’® and a k-mer length of 23. Transcript-level estimated counts from Salmon were imported
into R and summarized to the gene level using tximeta version (1.16.1).”° Raw count data were filtered to remove lowly expressed
genes setting the following parameters: mincpm <- 1 and minsamples <- x, where x is the number of different donors (endometrial
organoid lines) of each dataset that was analysed. The filtered dataset was normalized using the TMM (Trimmed Mean of M-values)
method with the calcNormFactors function in edgeR version (4.6.2)°° to account for differences in library size and composition. A
generalized linear model (GLM) framework was used to model gene expression while accounting for donor effects. A design matrix
was constructed as follows: design ~ donor + group where "donor" accounts for individual variability and "group" represents the
experimental conditions. DEA was performed using the quasi-likelihood F-test (QLF test). The gimQLFit function was used to fit
the model, and the gImQLFTest function was applied with a contrast matrix to compare experimental conditions. Genes were clas-
sified as significantly upregulated or downregulated based on the following threshold: FDR < 0.05 and |logFC|>2 unless stated other-
wise in figure legends. Data visualizations and all plots were generated using R version 4.5.0.

Public scRNA-seq data

Processed data from the Reproductive Cell Atlas was downloaded from https://www.reproductivecellatlas.org/ and converted from
h5ad to SingleCellExperiment format using the zellkonverter R package (v1.12.0).”” Cell-level annotations were extracted from the
SingleCellExperiment object and incorporated into the analysis by matching cell barcodes. Cell cycle marker genes were obtained
from https://github.com/ventolab/HECA-Human-Endometrial-Cell-Atlas/tree/main/utils.

scRNA-seq reference index generation

The human genome sequence (GRCh38.primary_assembly.genome.fa) and transcript annotation (gencode.v38.annotation.gtf) files
were downloaded from GENCODE release 38.”° Coordinates for transcripts and introns were extracted from the gtf file using the
getFeatureRanges function from the eisaR R package (v1.6.0),”° with arguments featureType = c("spliced", "intron"), intronType =
"separate”, flankLength = 50, 85 or 145 (depending on the read length), joinOverlappingintrons = TRUE, collapselntronsByGene =
TRUE, keeplntroninFeature = TRUE. Sequences for the extracted features were obtained using the extractTranscriptSeqgs function
from the GenomicFeatures package (v1.46.1),°° and a splici index®” was generated using Salmon (v1.6.0)°® with the k-mer length set
to 23 or 31, again depending on the read length. A feature-to-gene map was created using the getTx2Gene function from the eisaR
package, adding an extra column indicating the feature type (spliced or unspliced).

scRNA-seq processing (in vivo atlas)

Public scRNA-seq data were quantified using Salmon (v1.6.0) and alevin-fry (v0.4.3),°” in USA (unspliced-spliced-ambiguous) mode.
Alevin-fry was run with parameters ‘-d fw —knee-distance’ (for the generate-permit-list subcommand) and ‘—resolution cr-like —use-
mtx‘ (for the quant subcommand). Initial quality control was performed using the alevinQC R package (v1.18.1).%"

Alevin-fry counts were imported into R (v4.4.2) using the loadFry function from the fishpond package (v2.12.0).%? Spliced and
ambiguous counts were added up to form the main count matrix for downstream analysis.

To select only epithelial cells for further analysis, the raw counts were normalized using size factors calculated using the compu-
teLibraryFactors function from the scuttle R package (v1.16.0)°® and the multiBatchNorm function from the batchelor R package
(v1.22.0),°° using the donor as the batch variable. The top 3,000 highly variable genes were defined using the modelGeneVar and
getTopHVGs functions from the scran R package (v1.34.0),%® blocking on the data set in the variance calculation, and batch
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correction was performed using the fastMNN implementation from batchelor, again using the donor as the batch variable. Uniform
Manifold Approximation and Projection (UMAP)84 was applied to the fastMNN reduced dimension output using the runUMAP
function from the scater R package (v1.34.0),°® and a low-resolution clustering was applied to the UMAP representation using the
makeSNNgraph function from the bluster R package (v1.16.0)%° and the cluster_louvain function from the igraph R package
(v2.1.4)%° with the resolution parameter set to 0.001. The cluster with the largest over-representation of cells from the epithelial line-
age, as determined by the Human Endometrial Cell Atlas (HECA) annotations, was retained for further analysis (n=85,354 cells).

After subsetting to epithelial cells, only genes annotated as one of protein_coding (excluding ribosomal proteins, defined by the GO
term "structural constituent of ribosome" (GO:0003735)), IG_V_gene, IG_C_gene, IG_J_gene, TR_C_gene, TR_J_gene, TR_V_gene,
TR_D_gene, IG_D_gene, Mt_tRNA, Mt_rRNA were retained, leaving 20,231 of the original 60,649 genes. Quality metrics for cells,
including the total number of UMI counts, the number of detected genes, and the fraction of the total UMI counts coming from mito-
chondrial genes, were calculated using the addPerCellQC function from scuttle. Further, the intronic fraction (unspliced UMI count /
total UMI count) was calculated for each cell. Cells with total UMI count above 1,000, more than 500 detected genes, and mitochon-
drial count fraction below 25% were retained. In addition, samples with less than 30 cells remaining after these filtering steps were
excluded, leaving 49,504 cells from 26 samples for further analyses.

Size factors were calculated using the computeSumFactors function from scran followed by multiBatchNorm from batchelor, using
the donor as the batch annotation. 582 cells with size factors below 0.1 were excluded to reduce normalization-induced artifacts. Cell
cycle assignment was performed by Seurat (v5.2.1),”° using the marker genes from the HECA atlas.*® Next, we used geometric
sketching to subsample cells from each donor, using the interface to the geosketch algorithm®” provided by the geosketch function
from the sketchR R package (v1.2.0).%% For each donor, we extracted 2,000 highly variable genes using the modelGeneVar function
from scran, which were used to perform principal component analysis using the runPCA function from scater, based on which the
geosketch function was applied to select 10% of the cells (or 150 cells, whichever of the two numbers was largest). If the donor
contributed less than 150 cells, all of them were kept. Based on the sketched cells (n=5,700), a new set of 3,000 highly variable genes
were defined using modelGeneVar. These genes were used to define principal components using the multiBatchPCA function from
batchelor, onto which all cells were projected before batch correction was performed using the reducedMNN function from batch-
elor. The resulting reduced dimension representation was used as the basis for t-SNE®® and UMAP projection, performed using the
fitsne function from the snifter R package (v1.16.0)°° and the umap function from the uwot R package (v0.2.2),”" respectively. In both
cases, the sketched cells were used to define the mapping to the low-dimensional space, which was then applied to the full set of
cells via the project (snifter) and umap_transform (uwot) functions, respectively.

Clustering was performed on the sketched cells, using the clusterRows function from bluster, using a shared nearest neighbor
graph (k=10, type="rank") and Leiden clustering with resolution 0.4.°" Cluster labels for the remaining cells were defined by as-
signing the cluster label of the nearest neighbor among the sketched cells. Clusters were manually annotated into 14 final clas-
ses. This resolution parameters intentionally resulted into an initial over-clustering (44 clusters). Our rationale for using higher
resolutions was to generate a more granular starting point from which clusters could be manually merged. Merging decisions
were guided by (i) temporal emergence across the menstrual cycle; (ii) transcriptomic profiles and biological processes; and (iii)
expression of well-established marker genes in literature. Finally, marker genes were calculated by comparing each pair of clus-
ters using the pairwiseTTests function from scran, blocking on the sample and only considering upregulated genes, followed by
calling combineMarkers with pval.type="all" to find specific marker genes. Only genes expressed in at least 0.05% of the cells
were considered for the testing. Functional analysis of the top 100 marker genes for each cluster was performed using the gost
function from the gprofiler2 R package (v0.2.3), using all tested genes as the universe and considering all gene sets from the
GO:BP collection.®”

The processed in vivo epithelial atlas was used to deconvolve the timecourse bulk RNA-seq data, using the BayesPrism package
(v2.2.2).”? Only protein-coding genes detected in at least 3 cells were considered, and marker genes were extracted using the
BayesPrism functions get.exp.stat and select.marker with default settings.

scRNA-seq processing (in vitro organoid time course)

Time course scRNA-seq data generated for this study were quantified using Salmon (v1.9.0) and alevin-fry (v0.8.0),°® in USA (un-
spliced-spliced-ambiguous) mode. Alevin-fry was run with parameters ‘-d fw —knee-distance’ (for the generate-permit-list subcom-
mand) and ‘—resolution cr-like-em —use-mtx" (for the quant subcommand). Initial quality control was performed using the alevinQC R
package (v1.18.1).°° Following quantification, the scRNA-seq data was processed following the same steps as the in vivo data
described above, with a few differences. First, the initial selection of cells from the epithelial lineage was skipped, and all cells
were retained for the main analysis. Second, no batch correction was performed, effectively excluding the steps above correspond-
ing to the multiBatchNorm (replaced by logNormCounts), multiBatchPCA (replaced by calculatePCA) and reducedMNN functions (all
cells were annotated to the same batch). Leiden clustering was performed with resolution 0.125 and clusters were manually anno-
tated into 16 final classes. This resolution parameters intentionally resulted into an initial over-clustering (27 clusters). Our rationale for
using higher resolutions was to generate a more granular starting point from which clusters could be manually merged. Merging de-
cisions were guided by (i) temporal emergence across the menstrual cycle; (i) transcriptomic profiles and biological processes; and
(iii) expression of well-established marker genes in literature. In addition to the Seurat cell cycle annotation, tricycle was applied to
obtain a continuous cell cycle position.”® Sketching was applied to the full data set, extracting 10% of the cells (n=8,562).
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Next, the SingleR R package (v2.8.0) was used to annotate the organoid time course data using the cell type labels defined in the
in vivo atlas.”® The aggregateAcrossCells function was used to build a set of reference profiles from the in vivo data, followed by appli-
cation of the SingleR function to annotate the cells from the organoid time course.

Cell-cell communication analysis
To investigate potential interactions between cell populations from different lineages, we generated an in vivo atlas following the
same steps as for the epithelial atlas described above, but without the subsetting to epithelial cells (we will refer to this as the
‘all-lineage’ endometrial atlas). In addition, no clustering was performed to assign cells to cell types. Instead, we proceeded in a step-
wise manner. First, all cells that were part of the epithelial atlas were assigned the cell type label from there. Next, all remaining cells
that were also part of the HECA were assigned the label from there (immune cells were assigned the fine-grained labels from the
dedicated analysis of the immune lineage).*° Finally, we used SingleR to predict labels for all remining cells, using the labelled cells
as the reference data set.

Next, we subset the complete atlas to only samples from the menstrual and proliferative stages, and ran CellChat (v1.6.1) on this
subset, following the workflow outlined in the package vignette.”* Cell types with less than 100 cells were excluded, and only
‘Secreted Signaling’ interactions were included.

Generation of WNT7A knock-out organoid lines

EOs were collected and processed into single cell suspension as described in previous section. Nucleofection was performed with
the D-Nucleofector (Lonza Bioscience, AAF-1003X) using the AMAXA P3 Primary Cell 4D-NucleofectorTM X Kit S (Lonza Bioscience,
V4XP-3032). After centrifugation (6 minutes at 600 rcf), single cells were split in equal numbers per condition (~500,000 cells) and
diluted in 20 pl P3 buffer (3.6 pl supplement and 16.4 pl solution per condition). Alt-R® S.p. HiFi Cas9 Nuclease V3 (IDT Lubioscience,
1081060) was diluted in PBS to a final concentration of 24.4 uM. Multi-sgRNAs were diluted in duplex buffer to a final concentration of
44.4 uM. SgRNA sequences can be found in Key Resources Table. Equal volumes of Cas9 nuclease and sgRNAs were mixed for
20 min at room temperature for the formation of ribonucleoprotein (RNP) complex. Per condition, 20 pl of cells resuspended in P3
buffer were mixed with 2 ul of the RNP complex. For enhanced KO efficiency, 1 ul of a non-specific template (100 uM stock concen-
tration) was used. Cells were then loaded on the cassette for nucleofection. Nucleofected cells were washed with EOM, centrifuged
(6 min, 600 rcf) and resuspended in cold Matrigel (Corning, 356231). For generation of KO clones, single EOs were picked, broken
both with automatic pipette and manually and finally plated in 5 pul Matrigel droplets in a 96-well plate. Individual clones were
expanded for downstream analysis.

RNA extraction

EOs were collected and Matrigel was removed using Cell Recovery Solution (Corning, 354253) for 50 min maximum on ice followed
by one wash with cold PBS pH (7.4) (Gibco, 10010-015). Total RNA was extracted from organoid pellets using the RNeasy Micro kit
with on column DNase treatment (Qiagen, 76004), following manufacturer’s instructions. The RNA was resuspended in 14 ul RNase-
free water. The purity and concentration of the RNA was determined using the UV-Vis Spectrophotometer NP80 (Implen).

cDNA synthesis

For cDNA synthesis, 500 ng to 1 pg of total RNA (depending on material availability) was reverse transcribed using SuperScript VILO
cDNA Synthesis Kit (Thermo Fisher Scientific, 11754050) following manufacturer’s instructions. The extracted RNA was diluted into
5X VILO Reaction Mix and 10X SuperScript Il Enzyme Blend. The samples were then incubated for 10 minutes at 25°C, 1 hour at 42°C
and 5 minutes at 85°C. An RNA sample without Reverse Transcriptase was used as control for genomic DNA contamination.

Real-time quantitative PCR (RT-qPCR)

RT-gPCR was performed with the StepOnePlus PCR system (Applied Biosystems) using TagMan Fast Advanced Master Mix
(Thermo Fisher Scientific, 4444557) and Tagman gene specific primer probes (SCGB2A2; Hs00935948, FOXJ1; Hs00230964,
MKI67; Hs00606991, WNT7A; Hs00171699 from Thermo Fisher Scientific), following manufacturer’s protocol. The cycling conditions
followed were 20 seconds at 95°C and 40 cycles of 3 seconds at 95°C followed by 30 seconds at 60°C. Expression levels were calcu-
lated using the comparative Cycle threshold (Ct) method. The geometric means of HPRT1 (Hs02800695), TOP1 (Hs00243257), and
TBP (Hs00427620) housekeeping genes were used for normalization of the relative gene expression levels. Normalized expression
levels were calculated as 2" where ACt= Ctgene of interest = Clgeometric mean of housekeeping genes: Each RT-QPCR reaction was per-
formed in technical duplicates, and a non-template control was always included.

Western Blotting

EOs were collected and Matrigel was removed using Cell Recovery Solution (Corning, 354253) for 50 min maximum on ice. EOs were
then washed with cold PBS PH (7.4) (Gibco, 10010-015) and pellets were stored at -80°C. For lysis, pellets were resuspended in
500 pL RIPA lysis buffer (prepared in-house) supplemented with 1x Halt Protease Cocktail Inhibitor (Thermo Fisher Scientific,
1862209) and incubated on ice for 30 minutes. Lysates were centrifuged at 15,000xg for 20 minutes at 4°C, and the supernatant
was collected for further analysis. Protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Sci-
entific, 23225) following manufacturer’s instructions. Protein lysates (~10 pg) were diluted in 4 x Laemmli SDS sample buffer (Thermo
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Fisher Scientific, J63615) containing 50 mM DTT (Thermo Fisher Scientific, D9779). Samples were boiled for 5 minutes at 95°C and
loaded into SDS-PAGE gels alongside a molecular weight standard. Proteins were transferred to nitrocellulose membranes (Bio-Rad,
1704158) using the Turbo Transfer System (25 V, 1.3 A, 7 minutes). Membranes were blocked with 1x TBST containing 5% milk
(Biotium, 22012) for 1 hour at room temperature. Membranes were incubated overnight at 4°C with primary antibody WNT7A (Abcam,
ab274321) (1:1000) diluted in 1x TBST containing 5% milk. Tubulin mouse antibody (Thermo Fisher Scientific, t5168 (1:2000) was
used as loading control. Goat Anti-Rabbit, (Bio-Rad, 1706515) and anti-mouse (Bio-Rad, 1721011) secondary antibodies conjugated
to HRP were diluted 1:5000 in 1x TBST with 5% milk and incubated for 45 minutes at room temperature. Membranes were washed
twice with 1x TBST and developed using Amersham ECL Select™ detection reagent (Cytiva, RPN2235). Chemiluminescence was
detected using the Amersham imaging system.

Luminex assay

Secreted protein concentrations were measured in conditioned media (supernatants) taken from EOs, derived from four independent
donors, and subjected to the IVMC protocol. Supernatants from multiple wells corresponding to the same timepoint were pooled,
aliquoted and stored in -80°C. Thawed aliquots were diluted 2X and assayed using a 46-plex Human Luminex Performance Assay
(R&D Systems, LKTM014B) on a Bio-Rad Bio-Plex analyser, following manufacturer’s instructions. Each sample was assayed in
duplicate. Protein concentrations were interpolated from a standard curve of known concentrations of recombinant human proteins
provided by the vendor, which was calculated with a five-parameter logistic non-linear regression model. The interpolated concen-
trations were normalized using the DNA concentration per well for each sample to account for the difference in confluency of EOs
between timepoints and therefore the expected difference in the concentration of the analytes. Raw of all analytes measured can
be found in Mendeley (DOI: 10.17632/vpmzzd54r5.1).

Wound healing assay

Endothelial cells were seeded into 2-well culture inserts (Ibidi, 80209) self-inserted into 24-well plates (TPP, 92024) at a density suf-
ficient to achieve a confluent monolayer within 24h (30,000 HUtMECs and 20,000 HUVECSs per well for each insert). Cells were pre-
treated for 3h before the onset of the assay, with EOM, or supernatants from EOs collected at Post-breakdown 24h. The inserts were
then removed using tweezers allowing for the creation of a uniform 500 um cell-free gap between the two cell layers. Detached cells
were removed by gently washing the wells twice with Dulbecco’s Phosphate Buffered Saline (DPBS). Fresh endothelial growth me-
dium appropriate HUtMECs or HUVECs cell endothelial cell growth medium, EOM or supernatants from EOs were added accord-
ingly. Each condition was assayed in triplicates. Brightfield imaging was performed with the 4x objective of the Incucyte Live-Cell
Imaging and Analysis Instrument (Sartorius). Images of the same wound regions were acquired immediately after insert removal
(Oh) and every 30 min for a total of 24h.

Wound healing assay analysis

For image analysis, the Wound_healing_size_tool plugin Imaged (version 1.51n) was used to quantify the wound area and wound
coverage of the total area.®” The percentage of cell-covered area relative to the total imaged area was calculated for each time point.
Graphs visualizing cell-covered area as a function of time were generated using GraphPad Prism (version 10.2.0). The linear phase
(the rate of gap closure remains constant) was then defined and a trend line for the linear phase was computed with a simple linear
regression model. The slope of the trend line which corresponds to the rate of gap closure was then determined. The cell front velocity
(Vhorm) Was then calculated using the following formula:

_ Rate of gap clocure
" Length of cell front x N

Vnorm

where rate of gap closure is the rate at which the cell-covered area increases over time, length of cell front is the width of the image
analysed, and N is the number of migrating cell fronts involved in closing the gap. For this assay, there are two converging cell fronts
and therefore N equals 2. V,orm for each condition assayed in triplicates. To avoid interference from dead cells accumulating in the
centre of the wound, each acquired image was split into two halves prior to analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data was plotted using GraphPad prism (version 10.2.0) and presented as the mean =+ SD. For the comparison of WNT7A tran-
scripts (Figure 3F), the number of spots, normalized to number of nuclei, from 14 image scans per condition was plotted. Significance
value was determined using an unpaired t-test to compare the two groups (Hormonal Withdrawal 48h and Post-breakdown 24h).
Statistical analyses of the Luminex (Figures 5D and S1G) and wound healing assay data (Figure 5F) were performed using the ordinary
one-way ANOVA model (not paired, assuming Gaussian distribution of residuals and equal SDs) followed by Tukey’s multiple com-
parison test. “n” represents the number of independent EO lines used to produce conditioned media and is indicated in the figure
legends. Asterisks indicate significance level *p < 0.05, "™ p <0.01, ™ p < 0.001, *** p < 0.0001 . Differences withpvalues < 0.05
were regarded as significant.
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Figure S1. Bulk RNAseq of EOs undergoing the IVMC protocol, related to figure 1.

(A) qRT-PCR analysis of SCGB2A2 (secretory marker), FOXJ1 (ciliated marker), and MKI67 (proliferative marker)
expression from EOs undergoing continuous cycles of the IVMC protocol, normalised to housekeeping genes (n=5
independent EO lines). (B) Timeline of collection of EOs for bulk RNAseq (n=6 independent EO lines). The thicker
lines represent the IVMC protocol. Control conditions include: EOs not broken down and treated with hormones
(No Breakdown Hormones; NB_H); EOs broken down but not treated with hormones (Breakdown No Hormones;
B_NH); or EOs neither broken down nor treated with hormones (No Breakdown No Hormones; NB_NH).
Representative brightfield images for each timepoint are shown. Scale bar, 200 um. (C) PCA of batch corrected
samples from all conditions coloured by the breakdown variable. (D) PCA of batch corrected samples from all
conditions coloured by the hormonal treatment variable. (E) Heatmap displaying the top 50 differentially
upregulated genes from comparisons of each timepoint against all other timepoints using batch corrected



samples from the IVMC protocol. (F) Heatmap depicting centered and scaled counts per million (cpm) of selected
genes involved in hypoxia and angiogenesis-related processes across batch corrected samples in the IVMC
protocol and control EOs broken down but not treated with hormones (B_NH). (G) Bar plot showing the
normalised concentration of VEGFA analysed through a Luminex assay of supernatants of EOs subjected to the
IVMC protocol (n=4 independent EO lines). Statistical analysis was performed using ordinary one-way ANOVA.
Abbreviations: PC1 or PC2; Principal component 1 or 2, Pre-diff; Pre-differentiation, P4-diff; Progesterone
differentiation, Horm Withdr; Hormonal Withdrawal, E2-diff; Estrogen differentiation
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Figure S2: Characterisation of EOs at the Pre-diff phase of the IVMC protocol, related to figure
1.

(A) Line plots showing the mean expression levels in cpm of MKI67, ALDH1A1, SOX9 and FUT4 across the IVMC
protocol. The red line represents the mean cpm values across donors (n=6 independent EO lines), while the
shaded blue region indicates the standard deviation around the mean. (B, C) Representative IHC images for KI67
(B) and ALDH1A1 (C) in sections from secretory, menstrual, and proliferative endometrium (n=3 donors for each
phase) and EOs across the IVMC protocol (n=4 independent EO lines). Black boxes indicate area shown at higher
maghnification (inset). Scale bars of tissue sections, 100 um (main), 15 um (inset). Scale bars of EO sections, 50
um. (D, E) Representative IHC image for SOX9 (D), FUT4/SSEA1 (E) staining in sections from functional and basal
layers of secretory and menstrual endometrium (n=3 donors for each phase) and EOs at Horm Withdr 48h and
Post-breakdown 24h (n=4 independent EO lines). Black arrowheads indicate positive cells. Scale bars of tissue
sections, 100 um. Scale bars of EO sections, 50 um.
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(A) Volcano plot highlighting selected DEGs comparing EOs at P4-diff phase of the IVMC protocol to control EOs
(B_NH) at the same timepoint. (B) Representative IHC images for PAEP in sections from EOs across the IVMC
protocol (n=4 independent EO lines). Scale bar, 50 um. (C) Volcano plot highlighting selected DEGs comparing EOs
of the IVMC protocol at P4-diff phase to EOs at Horm Withdr 48h corrected for control (NB_NH) conditions. (D-
E) Representative IHC image for THBS1 (D), and KRT13 (E) staining in sections from functional and basal layers of
secretory and menstrual endometrium (n=3 donors for each phase) and EOs at Horm Withdr 48h and Post-
breakdown 24h (n=4 independent EO lines). Black arrowheads indicate positive cells. Scale bars of tissue sections,
100 um. Scale bars of EO sections, 50 um. (F) Volcano plot highlighting selected DEGs comparing EOs at Post-



breakdown 24h phase of the IVMC protocol to control EOs (B_NH) at the same timepoint. (G) Biological processes
enriched in Post-breakdown 24h phase of the IVMC protocol using genes upregulated in F. (H) Brightfield images
from 6 independent EO lines at E2-diff 48h phase of the IVMC protocol and control EOs (B_NH) at the same
timepoint. Scale bar, 200 um. (1) Volcano plot highlighting selected DEGs comparing EOs between E2-diff 48h
phase of the IVMC protocol to control EOs (B_NH) at the same timepoint. (J) Representative IHC images for PGR
in sections from EOs across the IVMC protocol (n=4 independent EO lines). Scale bar, 50 um.

Abbreviations: B_NH; Breakdown No Hormones, NB_NH; No Breakdown No Hormones.
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Figure S4 Description of epithelial cell populations in vivo, related to figure 2.

(A-D) UMAP visualization of epithelial cells from scRNAseq data of endometrial tissue coloured by the integrated
datasets (A), stage of the menstrual cycle (B), cell cycle phase (C), and intronic fraction (D). (E-F) UMAP
visualization showing the log,-transformed expression of EPCAM (E) and VIM (F) aross individual cells in vivo. (G)
Representative IHC image for VIM in sections secretory and menstrual phase endometrium (n=3 donors for each
phase). Scale bars, 100 um (main), 20 um (inset). (H-J) Representative IHC images for ITGA2 (H), CD47 (l) and
ENPP3 (J) in sections from secretory and menstrual phase endometrium (n=3 donors for each phase). Scale bars,



100 pum. (K) In situ hybridization showing localization of LGR5 transcripts in secretory and menstrual phase
endometrium (n=1 donor for each phase). Scale bars, 100 um (main), 50 um (inset). (L) Area plots showing the
relative abundance of the deconvolved in vivo epithelial cell clusters represented in EOs from each donor across
the IVMC protocol and control condition B_NH; Breakdown No Hormones.
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Figure S5: SCRNAseq analysis of EOs subjected to the IVMC protocol and further validation
of ligands involved in crosstalk between epithelial and other cell types, related to figures 4

and 5.

(A) UMAP visualizations of epithelial cells in the IVMC protocol coloured for independent EO lines (B) Relative

abundance plots of cell clusters across the different timepoints of the IVMC protocol.

(C) UMAP visualizations of

epithelial cells in the IVMC protocol coloured for the cell cycle stage. (D) Biological processes enriched in non-
ciliated populations: stress responsive, wound responsive 12h, wound responsive 24h, immunomodulatory,
OxPhos high, cycling and hormone responsive cell clusters. (E) Dot plot illustrating the expression of ligands and
receptors involved in CXCL, Annexin, WNT and signalling networks. Dot size represents the proportion of



expressing cells, while colour denotes log2-transformed expression levels, normalised across all cell populations.
(F) Bar plot showing the average transcripts per million (TPM) of FZD receptors at Post-breakdown 24h in EOs
undergoing the IVMC protocol analysed with bulk RNAseq. (G) Multiplex ISH for WNT7A (yellow) together with
FZD6 or FZD10 (in magenta) in sections of EOs at Post-breakdown 24h. (H) Dot plot illustrating the expression of
FZD receptors characteristic in each epithelial cell cluster in EOs subjected to the IVMC protocol analysed with
scRNAseq. Dot size represents the proportion of expressing cells, while colour denotes log2-transformed
expression levels, normalised across all cell populations. (I) Representative brightfield images for ANXA1 in
sections from functional and basal layers of menstrual endometrium (n=3 donors) and EOs at Post-breakdown
24h (n=4 independent EO lines (J) Representative brightfield images for ACKR1 in sections from functional and
basal layers of menstrual endometrium (n=3 donors). Yellow arrows point to veins and red arrows point to
arteries. (K) Representative brightfield images for CXCR1 in sections from functional and basal layers of menstrual
endometrium (n=3 donors) and EOs at Post-breakdown 24h (n=4 independent EO lines). Abbreviations: B_NH;
Breakdown No Hormones.
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