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STUDY QUESTION: Is there a specific surface marker that identifies human endometrial epithelial progenitor cells with adult stem cell
activity using in vitro assays?

SUMMARY ANSWER: N-cadherin isolates clonogenic, self-renewing human endometrial epithelial progenitor cells with high proliferative
potential that differentiate into cytokeratin+ gland-like structures in vitro and identifies their location in some cells of gland profiles predomin-
antly in basalis endometrium adjacent to the myometrium.

WHAT IS KNOWN ALREADY: Human endometrium contains a small population of clonogenic, self-renewing epithelial cells with high
proliferative potential that differentiate into large gland-like structures, but their identity and location is unknown. Stage-specific embryonic
antigen-1 (SSEA-1) distinguishes the epithelium of basalis from functionalis and is a marker of human post-menopausal (Post-M) endometrial
epithelium.

STUDY DESIGN, SIZE, DURATION: Prospective observational study of endometrial epithelial cells obtained from hysterectomy sam-
ples taken from 50 pre-menopausal (Pre-M) and 24 Post-M women, of which 4 were from women who had taken daily estradiol valerate
2 mg/day for 8 weeks prior.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Gene profiling was used to identify differentially expressed surface markers
between fresh EpCAM (Epithelial Cell Adhesion Molecule)-magnetic bead-selected basalis-like epithelial cells from Post-M endometrium
compared with predominantly functionalis epithelial cells from Pre-M endometrium and validated by qRT-PCR. In vitro clonogenicity and self-
renewal assays were used to assess the stem/progenitor cell properties of magnetic bead-sorted N-cadherin+ and N-cadherin− epithelial
cells. The cellular identity, location and phenotype of N-cadherin+ cells was assessed by dual colour immunofluorescence and confocal
microscopy for cytokeratin, proliferative status (Ki-67), ERα, SSEA-1, SOX9 and epithelial mesenchymal transition (EMT) markers on full
thickness human endometrium.

MAIN RESULTS AND THE ROLE OF CHANCE: CDH2 (N-cadherin gene) was one of 11 surface molecules highly expressed in Post-
M compared to Pre-M endometrial epithelial cells. N-cadherin+ cells comprise a median 16.7% (n = 8) and 20.2% (n = 5) of Pre-M endomet-
rial epithelial cells by flow cytometry and magnetic bead sorting, respectively. N-cadherin+ epithelial cells from Pre-M endometrium were
more clonogenic than N-cadherin− cells (n = 12, P = 0.003), underwent more population doublings (n = 7), showed greater capacity for serial
cloning (n = 7) and differentiated into cytokeratin+ gland-like organoids. N-cadherin immunolocalised to the lateral and apical membrane of
epithelial cells in the bases of glands in the basalis of Pre-M endometrium and Post-M gland profiles, co-expressing cytokeratin, ERα but not
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SSEA-1 or SOX9, which localized on gland profiles proximal to N-cadherin+ cells. N-cadherin+ cells were quiescent (Ki-67−) in the basalis
and in Post-M endometrial glands and co-localized with EMT markers vimentin and E-cadherin.

LARGE SCALE DATA: The raw and processed data files from the gene microarray have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus data set with accession number GSE35221.

LIMITATIONS, REASONS FOR CAUTION: This is a descriptive study in human endometrium only using in vitro stem cell assays. The
differential ability of N-cadherin+ and N-cadherin−cells to generate endometrial glands in vivo was not determined. A small number of uterine
tissues analysed contained adenomyosis for which N-cadherin has been implicated in epithelial-EMT.

WIDER IMPLICATIONS OF THE FINDINGS: A new marker enriching for human endometrial epithelial progenitor cells identifies a dif-
ferent and potentially more primitive cell population than SSEA-1, suggesting a potential hierarchy of epithelial differentiation in the basalis.
Using N-cadherin as a marker, the molecular and cellular characteristics of epithelial progenitor cells and their role in endometrial proliferative
disorders including endometriosis, adenomyosis and thin dysfunctional endometrium can be investigated.
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Operational Infrastructure Support and an Australian Postgraduate Award (HPTN), and China Council Scholarship (L.X.). The authors have
nothing to declare.
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Introduction
Human endometrium is highly regenerative. It grows 4–10 mm within
4–10 days during the proliferative phase of the menstrual cycle, differ-
entiating during the secretory stage and shedding at menses for over
400 cycles during a woman’s reproductive life (Jabbour et al., 2006;
Gargett et al., 2012). The endometrium is structurally and functionally
divided into two indistinct layers; the functionalis which is shed during
menstruation and the remaining basalis from which the new functiona-
lis regenerates (Gargett et al., 2012). Cells of the functionalis respond
to fluctuating levels of circulating ovarian steroid hormones, oestrogen
and progesterone, by proliferating and differentiating in preparation
for implanting a blastocyst (Gargett et al., 2008). Tritiated thymidine
labelling showed that the basalis had a slower cellular proliferation rate
compared to the functionalis at all stages of the human menstrual cycle
(Ferenczy et al., 1979). Atrophic post-menopausal (Post-M) endomet-
rium also regenerates to produce a functionalis when exposed to oes-
trogen (Ettinger et al., 1997; Ulrich et al., 2014). It has been postulated
that epithelial progenitor cells residing in the basal layer are respon-
sible for this remarkable monthly endometrial glandular regeneration
(Padykula et al., 1989; Gargett, 2007).
Epithelial progenitor cell activity was first identified in human pre-

menopausal (Pre-M) and Post-M endometrium as clonogenic cells
(Chan et al., 2004; Schwab et al., 2005). Rare clonogenic cells initiating
large clonal colonies demonstrated adult stem cell activity of self-
renewal in vitro by serial cloning, high proliferative potential by under-
going ∼34 population doublings (PDs) and differentiated into large
gland-like cytokeratin-positive structures (Gargett et al., 2009). A small
proportion of side population (SP) cells demonstrated epithelial pro-
genitor cell activity by generating rare gland-like structures in vivo
(Masuda et al., 2010; Cervello et al., 2011). Recently, the surface
marker, stage-specific embryonic antigen-1 (SSEA-1) was shown to
distinguish the epithelium of basalis from functionalis and also marked

Post-M endometrial epithelium (Valentijn et al., 2013). SSEA-1-
expressing cells were quiescent, had longer telomeres and greater tel-
omerase activity than SSEA-1− cells, features of progenitor cells, but
their adult stem cell properties remain unknown. Bone marrow-
derived cells may contribute to endometrial tissue regeneration
(Taylor, 2004) and some morphological evidence suggests that epithe-
lial progenitor cells may originate from endometrial stromal cells
(Garry et al., 2009; Huang et al., 2012). Given the uncertain origin of
endometrial epithelial progenitor cells, it is essential to identify a candi-
date marker for these cells to determine their cellular identity, their
location and characterize their molecular and cellular properties.
A recent gene profiling study of freshly isolated, highly purified endo-

metrial epithelial cells from Pre-M and Post-M endometrial samples
identified differential gene expression of 22 WNT signalling pathway
members (Nguyen et al., 2012). WNT signalling is important in stem
cell fate determination during development and may regulate a basalis
niche where endometrial epithelial progenitor cells are postulated to
reside. N-cadherin (CDH2 gene), one of the WNT-associated genes
identified in this profiling study (Nguyen et al., 2012), is a calcium-
dependent cell adhesion molecule of the cadherin family (Yagi and
Takeichi, 2000; Derycke and Bracke, 2004). N-cadherin has role in
the haematopoietic stem cell niche (Zhang et al., 2003) and is used
as a marker to isolate limbal epithelial stem/progenitor cells
(Hayashi et al., 2007; Higa et al., 2013). P-cadherin (CDH3 gene) is
also a cell–cell adhesion molecule, which contributes to mammary
epithelial cell lineages (Nassour et al., 2012) and is expressed on
hair follicle stem .cells (Rhee et al., 2006) indicating a role in cell fate
decisions (Vieira and Paredes, 2015). We hypothesized that N-cadherin
and P-cadherin are markers that can be used to prospectively isolate
the human endometrial epithelial progenitor cell subpopulation from
mature epithelial cells.
We show that N-cadherin, but not P-cadherin, is a candidate surface

marker enriching for a clonogenic, self-renewing human endometrial
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epithelial progenitor cells. We also show N-cadherin-expressing cells
are located in the basalis of pre-M and in post-M endometrium, and
describe their relationship with SSEA-1-expressing cells.

Materials andMethods

Patient data
Human endometrium was obtained from 50 pre-menopausal women
(30–53 years) who had not taken steroid hormones for 3 months prior to
surgery (25 proliferative, 24 secretory and 1 menstrual) and 20 post-
menopausal (47–70 years) who had not menstruated for at least 1 year
undergoing hysterectomy (Table I) including another four post-menopausal
women who had participated in another study and had taken oestrogen
replacement therapy 6–8 weeks prior to surgery (Ulrich et al., 2014). Eleven
of these samples were used to generate the microarray data in a previous
study (Nguyen et al., 2012). Patient details are shown in Table I.

Ethical Approval
Ethical approval was obtained from Monash Health Human Research and
Ethics Committee B (0957B) and for the oestrogen-treated women (10103B)
who were part of a single arm phase IV clinical trial registered with the
Therapeutic Goods Administration (CTNRN12610000563066) as described
(Ulrich et al., 2014). Written informed consent was given by each patient.

Endometrial epithelial cell isolation and
purification with EpCAMmagnetic beads
The endometrium, including the basalis, was dissected from the myome-
trial surface and mechanically digested using enzyme cocktails as described
(Chan et al., 2004; Gargett et al., 2009) (Supplementary Information
Methods). Purified epithelial cells were obtained by magnetic bead sorting
using anti-human EpCAM Dynabeads. The purity of bead-selected epithelial
cells was confirmed by staining for the epithelial marker, cytokeratin (>99.8%)
and a lack of staining for the stromal marker, CD90 (Schwab et al., 2008)
which unlike vimentin does not immunostain endometrial epithelium.

Gene expression profiling and data analysis
Gene chip hybridization, scanning and data acquisition were performed at
the Australian Genome Research Facility (Melbourne, Australia) as
described previously (Nguyen et al., 2012) (Supplementary Information
Methods). Raw and processed data files were deposited in the National
Centre for Biotechnology Information (NCBI) Gene Expression Omnibus
(GEO) Data set with accession number GSE35221.

Comparison was made between three Post-M samples and eight Pre-M
(four proliferative and four secretory). Hierarchical clustering and differen-
tial gene expression of adhesion molecule and plasma membrane receptor
genes was generated using Partek Genome Suite 6.5 software (Partek, St
Louis, MO) to shortlist candidate surface markers of endometrial epithelial
progenitor cells using the same approach as for a previous study (Nguyen
et al., 2012).

Transcriptional validation by quantitative
RT-PCR
Primers (Supplementary Table S1) were designed for candidate genes
using primer bank databases and Primer 3 (v.0.4.0) software (http://
bioinfo.ut.ee/primer3-0.4.0/). RNA was reverse transcribed to cDNA
and quantitative RT-PCR was performed (Supplementary Information

Methods). Target gene expression was normalized to 18 S rRNA. Relative
gene expression was assessed using 2−ΔΔCT method.

Flow cytometric analysis of human
endometrial epithelial cells
Purified fresh endometrial epithelial cell suspensions (1 × 105) in cold flow
wash buffer (phosphate buffered saline (PBS)/2% foetal calf serum (FCS),
Invitrogen, Australia) were incubated with primary antibodies; mouse anti-
human N-cadherin (10 μg/ml, clone GC-4, Abcam, Cambridge, UK) or
mouse anti-human P-Cadherin (5 μg/ml, clone MM0508-9V11, Abcam)
and the same concentration of matched isotype control IgG for 45 min at
4°C, washed and labelled with phycoerythrin (PE)-conjugated rat anti-
mouse IgG1 for 30 min at 4°C. To detect leucocytes, antibody-labelled
cells were incubated with PeCy5.5-conjugated mouse anti-human CD45
(10 μg/ml, Invitrogen) for 30 min at 4°C. Washed cell suspensions were
resuspended in cold flow wash buffer containing propidium iodide (10 μg/
ml, Sigma, Aldrich, St. Louis, MO, USA), and immediately assessed and
analysed using MoFlo BTA flow cytometer and SUMMIT software, version
5.01 (Dako Cytomation, Fort Collins, CO, USA) and the percent N-
cadherin+ or P-cadherin+ epithelial cells determined. More details are in
the Supplementary Information Methods.

Magnetic bead cell sorting of human
endometrial epithelial cells
Purified human endometrial epithelial cell suspensions (1 × 106–2 × 106)
were washed in 0.1% bovine serum albumin (BSA) in PBS, (Invitrogen) and
labelled with anti-human N-cadherin or anti-human P-cadherin (5 μg/ml,
Abcam) antibodies for 30 min at 4°C, washed and then incubated with
anti-mouse IgG Dynal beads (25 μl/106 cells, Invitrogen) to select cells
bound with N-cadherin or P-cadherin antibodies on the MixMACS
(Miltenyi Biotec, Bergisch Gladbach, Germany) for 20 min at 4°C. Bead-
bound cells (N-cadherin+ or P-cadherin+) retained by a magnet and the
supernatant (N-cadherin− or P-cadherin− cells) collected and counted
using a haemocytometer.

In vitro colony-forming assay
Colony-forming assays were performed as described (Chan et al., 2004)
with minor modifications (Supplementary Information Methods).

In vitro self-renewal, proliferative potential
and differentiation assays
Serial cloning assays were performed as described (Gargett et al., 2009)
for up to three subclonings (Supplementary Information Methods).
Proliferative potential was assessed by calculating the population doublings
(PDs) of a single clone from each of seven samples serially cloned using the
formula ln (clone cell count)/ln 2 (Gargett et al., 2009).

Differentiation assay-generation of 3D
gland-like organoids
Differentiation of purified N-cadherin+ cells was determined by 3D culture
in Matrigel as described (Gargett et al., 2009). Briefly eight well chamber
slides (ThermoFisher Scientific, Waltham, MA, USA) were coated with
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) for 30 min at 37°C fol-
lowed by seeding with endometrial stromal cells to provide niche cells.
Freshly isolated N-cadherin+ cells were then mixed with Matrigel (1:1) in
100 μl and seeded over the stromal cell layer and the epithelial-Matrigel
mixtures were allowed to set at 37°C for 30 min before culture medium
(DMEM-F12, 10% FCS, 1% primocin, 1% glutamine and 50 ng/ml
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Epidermal Growth Factor) was added into each well and the cells cultured
at 37°C for 3–4 weeks with medium changed twice per week until gland-
like-structures (organoids) were observed. Organoid cultures were then
fixed with 4% paraformaldehyde (PFA) for 30 min at RT, dehydrated in
30% sucrose and embedded in optimal cutting temperature (OCT) com-
pound. Sections were permeabilized with 0.5% Triton X-100 for 30 min at
RT, washed and tetramethylrhodamine isothiocyanate (TRITC)-conjugated
phalloidin (Millipore) at 1:500 (0.12 μg/ml) was applied in 1% BSA/PBS
(Sigma-Aldrich) with 0.05% Triton X-100 for 1 h at RT. Nuclei counterstaining

........................................................................................

Table I Details of patient samples used in this study.

Code Age Menstrual stage Indication/diagnosis Assay

1 48 Proliferative Leiomyoma M

2 55 Post-M Leiomyoma M

3 57 Post-M Prolapse M

4 49 Post-M Unknown M, Q

5 52 Proliferative Prolapse M, Q

6 49 Proliferative Adenomyosis, Leiomyoma M, Q

7 52 Proliferative Leiomyoma M, Q

8 45 Secretory Endometriosis M, Q

9 30 Secretory Endometriosis M, Q

10 48 Secretory Adenomyosis M, Q

11 48 Secretory Leiomyoma M, Q

12 47 Proliferative Leiomyoma Q

13 36 Proliferative Normal uterus Q

14 49 Proliferative Leiomyoma Q

15 40 Proliferative Leiomyoma Q

16 41 Secretory Prolapse Q

17 41 Secretory Prolapse Q

18 47 Secretory Prolapse Q

19 46 Secretory Leiomyoma Q

20 53 Post-M Prolapse Q

21 54 Post-M Unknown Q

22 64 Post-M Prolapse Q

23 63 Post-M Prolapse Q

24 53 Post-M Prolapse Q

25 65 Post-M Prolapse Q

26 66 Post-M Prolapse Q

27 50 Post-M Prolapse Q

28 54 Post-M Prolapse Q

29 46 Proliferative Leiomyoma F

30 39 Secretory Menorrhagia, Normal
uterus

F

31 46 Secretory Normal uterus F

32 41 Proliferative Leiomyoma F, MS,
C

33 48 Proliferative Leiomyoma F, MS,
C

34 51 Proliferative Adenomyosis, Leiomyoma F, MS,
C

35 48 Proliferative Leiomyoma F, MS,
C

36 45 Proliferative Chronic endometritis F, MS,
C

37 37 Proliferative Leiomyoma C

38 36 Proliferative Adenomyosis C

39 48 Proliferative Leiomyoma C

40 43 Secretory Adenomyosis, Leiomyoma C

41 46 Secretory Adenomyosis C

42 43 Secretory Leiomyoma C

43 42 Menstrual Leiomyoma C

Continued

........................................................................................

Table I Continued

Code Age Menstrual stage Indication/diagnosis Assay

44 47 Proliferative Leiomyoma IF

45 51 Proliferative Endometritis IF, IHC

46 53 Proliferative Leiomyoma IF

47 46 Proliferative Leiomyoma IF

48 45 Proliferative Adenomyosis,
Endometriosis

IF

49 54 Proliferative Leiomyoma IF

50 52 Proliferative Prolapse IF

51 42 Secretory Leiomyoma IF

52 38 Secretory Adenomyosis IF

53 48 Secretory Leiomyoma IF, IHC

54 43 Secretory Adenomyosis IF

55 45 Secretory Prolapse IF

56 43 Secretory Leiomyoma, Adenomyosis IF

57 65 Post-M Prolapse IF

58 70 Post-M Prolapse IF

59 59 Post-M Bleeding IF

60 63 Post-M Prolapse IF

61 66 Post-M Prolapse IF

62 47 Post-M Prolapse IF

63 60 Post-M Prolapse, Adenomyosis IF

64 57 Post-M Leiomyoma IF

65 59 Post-M +
Oestrogen

Prolapse IF

66 48 Post-M +
Oestrogen

Prolapse IF

67 63 Post-M +
Oestrogen

Prolapse IF

68 54 Post-M +
Oestrogen

Prolapse IF

69 43 Secretory Adenomyosis IHC

70 34 Secretory Infertility IF

71 47 Proliferative Leiomyoma O

72 34 Secretory Cervical erosion O

73 30 Secretory Normal endometrium O

74 43 Secretory Fibroid O

Pathology reports were used to obtain cycle stage and diagnosis (Supplemental
Methods).
C, cloning assay; F, flow cytometry sorting; IHC, immunohistochemistry; IF,
immunofluorescence; M, microarray; MS, magnetic bead sorting; Post-M, post-
menopausal; Q, qRT-PCR; O, organoid culture.
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was performed with Hoechst 33258 (Invitrogen) diluted in 1:2000 (5 μg/ml)
in PBS for 5 min at RT. Organoid sections were also immunostained with
cytokeratin antibody (Supplementary Table SII) overnight at 4°C as
detailed below for tissue sections and counterstained with Hoechst, fol-
lowing antigen retrieval in DAKO Target Retrieval Solution (Cat # S1699)
in the DAKO PT Link for 30 min at 98°C and permeablisation with Triton
X-100. Images were captured using Nikon C1 confocal microscope
(Wetzlar, Germany).

Dual colour immunofluorescence
OCT-embedded full thickness Pre-M and Post-M hysterectomy tissues
were cryosectioned (8 μm), fixed in 4% PFA/PBS for 20 min at RT and
permeabilised with 0.2% Triton X-100/PBS for 10 min. Sections were
washed and incubated with serum-free protein blocking solution (Dako)
for 1 h, followed by 1 h incubation at RT with a rabbit polyclonal specific
for human Ki-67, vimentin or SOX9, and mouse monoclonals specific for
human oestrogen receptor alpha (ERα), SSEA-1, pan-cytokeratin or E-
cadherin at concentrations detailed in Supplementary Table SII, and
matched concentrations of rabbit IgG or mouse IgG1 or IgM (controls).
Bound antibodies were detected using AlexaFluor488-conjugated-donkey
anti-rabbit IgG to visualize Ki-67, vimentin or SOX9 staining,
AlexaFluor488-conjugated-goat anti-mouse IgG to visualize ERα, pan-
cytokeratin or E-cadherin, FITC goat anti-mouse IgM to visualize SSEA-1
staining (Supplementary Table SII) for 1 h at RT. Sections were washed
and blocked again with mouse IgG (10 μg/ml) for 1 h at RT for ERα, SSEA-
1, cytokeratin, E-cadherin immunostained sections, then these and Ki-67,
vimentin or SOX9 stained sections were incubated with allophycocyanin-
conjugated-mouse anti-human N-cadherin (Supplementary Table SII).
Sections were counterstained with DAPI for 5 min and mounted in fluores-
cence mounting media (Dako). Images were captured using Nikon C1
(Wetzlar, Germany) or Olympus FV1200 confocal microscopes and ana-
lysed using Image J (NIH, Bethesda, MD, USA) software (Supplementary
Information Methods).

Statistical analysis
Data are presented as median with minimum and maximum range.
Statistical analysis was performed using GraphPad Prism software (version
5.01, CA, USA). Normality was assessed using D’Agostino and Pearson
omnibus normality test and data shown to have a non normal distribution.
Mann–Whitney U-test was used for qRT-PCR, and Wilcoxon matched-
pairs signed rank test or Fischer’s Exact test for cell assays. P < 0.05 using
two-tailed tests were considered statistically significant.

Results

Candidate markers of human endometrial
epithelial stem/progenitor cells
Our strategy to identify a surface marker for epithelial progenitor cells
in human endometrium was to identify differentially expressed cell
adhesion and plasma membrane receptor genes between highly puri-
fied EpCAM+ Post-M and Pre-M epithelial cells. We had previously
shown that basalis epithelium had a similar gene expression profile as
Post-M epithelium (Nguyen et al., 2012). Our transcriptome study
identified 22 surface marker genes as candidate markers of endomet-
rial epithelial progenitor cells (Fig. 1A). Eleven genes showed higher
expression and eleven lower expression in Post-M compared to Pre-
M endometrial epithelial cells. Four candidate genes (CDH2, CDH3,

FZD2 and FZD9) were identified as components of the WNT signalling
pathway (Nguyen et al., 2012).
Nine candidate genes (8 up- and 1 down-regulated) were validated

using qRT-PCR and showed significant differences between Pre-M and
Post-M endometrial epithelium, concordant with the microarray data
(Fig. 1B). CDH2, EPHB4 and FZD2 (P < 0.001), ITGB2, ITGB4, CDH3,
NOTCH4 and PROM2 (P < 0.05) were higher, while FZD9 (P < 0.05)
was lower in Post-M compared to Pre-M endometrial epithelial cells.

Frequency of N-cadherin- and P-cadherin-
positive epithelial cells in human endometrial
cell suspensions
Given that the importance of WNT signalling in stem cell biology and
the possibility that cadherin/β-catenin interaction could be involved in
regulating the endometrial epithelial progenitor cell niche, N-cadherin
and P-cadherin were chosen as candidates for further characterization
as potential markers of the endometrial epithelial progenitors.
N-cadherin also showed the greatest difference (6.3-fold) in gene
expression between Post-M and Pre-M epithelial cells in the micro-
array (Fig. 1).
Flow cytometric analysis of single cell suspensions of EpCAM+ endo-

metrial epithelial cells showed that a median value of 16.7% (range
3.7–36.7%, n = 8) expressed N-cadherin protein (Fig. 2A, B). Similarly,
magnetic bead sorting separated a median 20.2% (range 8.0–35.3%,
n = 5) of epithelial cells as N-cadherin+ cells (Fig. 2B). In contrast,
P-cadherin was expressed by a median 0.66% (range 0–8.8%) and 2.3%
(range 1.2–6.2%) of total endometrial epithelial cells when analysed by
flow cytometric and magnetic bead sorting respectively, suggesting
enzyme sensitivity of the epitope (Supplementary Data Fig. S1A, B).

Progenitor cell properties of N-cadherin+-
and P-cadherin+- endometrial epithelial cells
Colony-forming assays were used to assess the enrichment of epithe-
lial progenitors in magnetic bead-sorted N-cadherin+ and N-cadherin−

cell fractions. Both N-cadherin+ and N-cadherin− cells formed col-
onies (Fig. 2C) when seeded at clonal density, however larger clones
and significantly higher median cloning efficiency (CE) was observed
for N-cadherin+ cells 0.50% (range 0.04–6.0%, n = 12) compared with
N-cadherin− cells (0.13%, range 0–4.1%, n = 12) (P = 0.003) (Fig. 2D),
indicating enrichment of clonogenic epithelial cells in the N-cadherin+

subpopulation. N-cadherin+ clones were large and densely packed
(Fig. 2E) with small cytokeratin-positive cells (Fig. 2F) and had a high
nuclear:cytoplamic ratio; a property of adult stem cells (Chan et al.,
2004). In contrast, N-cadherin− cell colonies were mainly small with
sparsely arranged larger cells (Fig. 2E). The median CE of P-cadherin+

cells was 0.4% (range 0.1–7.9%, n = 3) and was similar to P-cadherin−

cells (0.9%, range 0.5–5.6%, n = 3, P = 0.999) (Supplementary Data
Figure S1C), indicating lack of enrichment for clonogenic epithelial pro-
genitor cells by the P-cadherin surface marker.
We next assessed a key property of adult stem/progenitor cells,

self-renewal, by serial cloning (Gargett et al., 2009). All 12 samples of
N-cadherin+ cells generated clones from freshly isolated cell suspen-
sions and all seven samples assessed for self-renewal underwent one
round of serial cloning, with five undergoing a second round and two a
third round (Fig. 2I). In contrast, only 9 of 12 paired N-cadherin− cell
samples generated clones (0 serial cloning, P = 0.06), and only two of

2258 Nguyen et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/32/11/2254/4259275 by Biom
edical Library user on 03 D

ecem
ber 2018



Figure 1 Differential expression of candidate surface markers in Pre-M and Post-M endometrial epithelial cells. (A) Hierarchical cluster analysis of
22 cell adhesion molecules and plasma membrane receptors showing P < 0.05 (ANOVA) and fold change >2 for comparison between Post-M (sample
1–3), proliferative (sample 4–7) and secretory (sample 8–11) EpCAM+ endometrial epithelial cells. Each column shows the relative gene expression of
a single patient sample for the candidate surface markers which are labelled on the abscissa. Higher expression (red) and lower expression (blue) is
indicated by colour and intensity. CDH2 is outlined in white. Dendrogram and heat map were generated by Partek Genomics Suite software. (B) qRT-
PCR validation of nine candidate cell adhesion molecules and plasma membrane receptors. All nine genes showed statistically significant differences
between Pre-M (n = 8, white) and Post-M (n = 4) (Table I). Expression was normalized to 18 S rRNA. Data are presented as box and whisker plots
showing medians and minimum and maximum range (95% confidence interval). **P < 0.001; *P < 0.05. CDH2, cadherin 2; CDH3, cadherin 3; EPHB4,
EPH receptor B4; ITGB2, integrin subunit beta 2; ITGB4, integrin subunit beta 4; PROM2, prominin 2; NOTCH4, notch 4; FZD2, frizzled class receptor 2;
FZD9, frizzled class receptor 9. Data for FZD2 and FZD9 are reprinted with permission from (Nguyen et al., 2012).
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Figure 2 Functional studies of N-cadherin enriched and depleted EpCAM+ endometrial epithelial cells. (A) Flow cytometric histogram of N-cadherin
fluorescence intensity. N-cadherin+ cells are shown in black, istoype-matched negative control in grey. (B) Percentage of N-cadherin+ cells by flow cytome-
try and magnetic bead sorting. Horizontal line indicates median value. (C) Typical cloning plate showing colony-forming units of flow cytometry sorted N-
cadherin+ and N-cadherin− populations. (D) CE of N-cadherin+ and N-cadherin− paired samples from 12 patients (detailed in Table I). (E) Typical cell
morphology of N-cadherin+ and N-cadherin− clones. (F) Representative cytokeratin immunocytochemistry of an N-cadherin+ clone. Staining showing small
compact epithelial cells with high nuclear: cytoplasmic ratio. Scale bar, 100 μm. (G–H) Gland-like organoids formed when N-cadherin+ epithelial cells were
cultured in Matrigel for 4 weeks on a layer of endometrial stromal cells. (G) Left panel, a maximum projection of a confocal Z-stack showing structures
derived from N-cadherin+ cells stained for actin (red) and DNA (blue) and right panel a confocal optical section through the same showing lumina (*). (H)
Organoid immunostained with cytokeratin antibody (green) showing an epithelial gland-like structure. Insert is isotype IgG control. (I-J) Serial cloning analysis
of N-cadherin+ and N-cadherin− colony-forming cells demonstrating self-renewal. Initial seeding density was 100 epithelial cells/cm2. Individual primary
clones were recloned at 10, 25 and 50 cells/cm2. (I) Data are presented as the number of samples producing clones per number of patient samples exam-
ined for each serial cloning and analysed by Fisher’s Exact test, (J) CE at each serial cloning step, black, N-cadherin+ cells; grey, N-cadherin− cells. Data are
presented as box and whisker plots showing median and maximum range (95% confidence intervals) of 12 samples for the initial cloning (0) and seven sam-
ples for first (1), second (2) and third (3) serial clonings. ***P < 0.003, *P < 0.05 (Wilcoxon Rank Sum test). CE, cloning efficiency.
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seven samples underwent one (P = 0.04) and two rounds of subclon-
ing (serial cloning 1 and 2) and none achieved three subclonings
(Fig. 2I). The median CE for each serial cloning round was higher for
N-cadherin+ compared with N-cadherin− epithelial cells, but only sig-
nificant for the first and second (P < 0.05) but not subsequent serial
clonings (Fig. 2J). PD calculations from serially cloned cells from one
clone from each sample showed that N-cadherin+ clones underwent
significantly more PDs than N-cadherin− clones (26.4 versus 9.0, n = 7
clones from seven different patients), respectively, P = 0.024. Freshly
isolated N-cadherin+ cells also differentiated into cytokeratin+ gland-
like epithelial structures with a lumen in 3D Matrigel cultures (Fig. 2G,
H). Together these data indicate that N-cadherin+ colony-forming
units (CFU) have greater have self-renewal and proliferative capacity
than N-cadherin− CFU. Neither P-cadherin+ or P-cadherin− cells seri-
ally cloned (data not shown).

Location of N-cadherin+ cells in human
endometrium
Immunofluorescence revealed that N-cadherin was located on the
apical surface and lateral junctions of the plasma membrane of epithe-
lial cells in the basalis and occasionally in functionalis glands of Pre-M
(Fig. 3A and 3D, 4A, 5B, 6A) and Post-M (Fig. 3B, 4B, 6B) gland

profiles. The most strongly stained basalis gland profiles were those
directly adjacent to the myometrium in both Pre-M and Post-M endo-
metrium (Figs. 3A, B, D, 4–6). Figure 3D also shows that a typical sin-
gle gland gradually loses N-cadherin immunostaining in most gland
profiles as the gland penetrates the basalis towards the functionalis.
Pan-cytokeratin immunolocalisation confirmed the epithelial identity of
basalis N-cadherin+ epithelial cells and showed that not all basalis
gland profiles adjacent to the myometrium express N-cadherin
(Fig. 3D). No stromal N-cadherin was detected (Figs. 3–6,
Supplementary Figs S2–S5).
P-cadherin was localized to the basal surface of epithelial glands in

both functionalis and basalis of Pre-M endometrium and Post-M endo-
metrium (Supplementary Data Fig. S1D).

Characterization of the N-cadherin
progenitor cell phenotype in vivo
We next examined whether N-cadherin+ epithelial cells proliferate
in vivo. Dual colour immunofluorescence and confocal microscopy
showed few proliferating Ki-67+ epithelial cells in the basalis in com-
parison to the functionalis in Pre-M endometrium (Fig. 4A), particularly
in the proliferative stage of the cycle, as expected. N-cadherin+ cells
rarely co-localized with Ki-67, indicating a quiescent progenitor cell

Figure 3 N-cadherin immunofluorescence staining in full thickness endometrium. (A) Pre-M proliferative endometrium, (B) Post-M endometrium,
(C) representative matched isotype IgG control for N-cadherin. (D) Colocalisation of N-cadherin (red, left panel) and pan-cytokeratin (green, middle
left panel) and merge (blue DNA, middle right panel) and enlargement of inset (right panels) of Pre-M proliferative endometrium (upper panel without
DNA staining, lower panel with DNA). Scale bars: 50 μm, g: gland. Images for A, B and D are representative of immunostaining of a number of different
patient samples; 12 samples for A, four samples for B and three samples for D,. CK: Pan-cytokeratin.
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phenotype. In Post-M endometrium, Ki-67+ epithelial cells were virtu-
ally absent and N-cadherin+ cells did not immunostain for Ki-67
(Fig. 4B, top panels). Similarly, the ‘basalis’ of post-M endometrium fol-
lowing exposure to estradiol for 8 weeks showed few proliferating epi-
thelial cells, and while the regenerating ‘functionalis’ region showed
more Ki-67+ cells, they were less frequent than proliferative pre-M
endometrium (results not shown). N-cadherin+ gland profiles were
present and co-localization of Ki-67 and N-cadherin was not observed
(Fig. 4B, bottom panels), confirming the quiescent phenotype of
N-cadherin+ epithelial cells in atrophic and regenerating Post-M
endometrium.
Given the key role of oestrogen in mediating regeneration of the

endometrial functionalis each menstrual cycle, we then examined
whether N-cadherin+ progenitor cells expressed oestrogen receptor-
α (ERα). In proliferative stage endometrium, ERα was expressed in
functionalis (Fig. 5A) and basalis epithelial cells as expected (Fig. 5B).

All N-cadherin+ cells co-expressed ERα (Fig. 5B) whether in the prolif-
erative (Fig. 5B) or secretory (Fig. 5C) stage of the menstrual cycle
and shown in more detail at high power of a single basalis gland
profile (Fig. 5C).
Since N-cadherin has an important role in EMT, we examined

whether N-cadherin+ progenitor cells expressed the EMT marker
vimentin and had reduced E-cadherin expression. Vimentin immunos-
tained all epithelial cells in the functionalis and basalis as reported pre-
viously (Norwitz et al., 1991) using three different antibodies
(Supplementary Data Fig. S3). Basalis N-cadherin+ epithelial cells also
co-localized with vimentin (Supplementary Data Fig. S3B). Similarly, E-
cadherin, the archetypal epithelial marker localized to all epithelial cells
in the functionalis (Supplementary Data Fig. S4A) and basalis
(Supplementary Data Fig. S4B), including N-cadherin+ epithelial cells
which co-localized both N- and E-cadherin, suggesting they had not
undergone EMT.

Figure 4 N-cadherin+ epithelial cells in human endometrium rarely proliferate. Dual colour immunofluorescence of N-cadherin+ (red) and prolifer-
ating (Ki-67, green) cells in (A) Pre-M functionalis (upper panel) and basalis (lower panel) endometrium. Merged images show DNA staining with
Hoechst (middle right panels) and insets are without DNA staining (right panels). Arrow indicates proliferating N-cadherin+ cell, and in (B) Post-M
endometrium of control (non-treated, upper panel) and ‘basalis’ of oestrogen-treated for 8 weeks (lower panel). Scale bars: 50 μm. Representative
images of six samples each for both Pre-M and atrophic Post-M endometrium and four treated with oestrogen.
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SSEA-1 is a marker of basalis endometrial epithelial cells (Valentijn
et al., 2013). We therefore assessed whether N-cadherin+ Pre-M and
Post-M endometrial epithelial cells also expressed SSEA-1. There
were occasional N-cadherin+ and some SSEA-1+ gland profiles in the
functionalis (Fig. 6A, Supplementary Data Figure S2A). In the basalis of
Pre-M endometrium, N-cadherin+ epithelial cells were typically found
in gland profiles adjacent to the myometrium as described above,
while SSEA-1 was localized to epithelial cells of gland profiles closer to
the functionalis, with some colocalisation of the two markers (Fig. 6A
lower panels, Supplementary Data Figure S2A). In gland profiles
expressing both N-cadherin and SSEA-1, it often appeared that half
the gland profile nearest the myometrium was immunoreactive for N-

cadherin and the other half, proximal to the lumen, immunostained for
SSEA-1. A similar pattern of N-cadherin and SSEA-1 immunoreactivity
was observed in atrophic Post-M endometrium (Fig. 6B upper panels).
In addition, the luminal epithelium stained for SSEA-1 but not N-
cadherin (Fig. 6B, Supplementary Data Figure S5A). Similarly in
oestrogen-treated Post-M endometrium, N-cadherin+ cells were usu-
ally adjacent to the myometrium and SSEA-1+ cells were closer to the
lumen, and occasionally these markers appeared in the regenerated
endometrium. Since SSEA-1+ cells also express SOX9 (Valentijn et al.,
2013) we examined SOX9 expression in N-cadherin+ cells and found
very rare co-localization (Supplementary Data Fig. S5). However,
nuclear SOX9 immunolocalised to the luminal epithelium of the

Figure 5 N-cadherin+ in human Pre-M endometrial epithelial cells express ERα by dual colour immunofluorescence of N-cadherin+ cells (red). (A)
ERα-immunostained epithelium in functionalis glands with negligible N-cadherin staining, (B) N-cadherin+ cells in basalis gland profiles adjacent to the myo-
metrium (upper panel); higher magnification of inset in the merge panel of the upper row showing lateral membrane staining of epithelial cells and co-
localization with ERα (lower panel). (C) high power images of a single basalis gland profile showing apical and lateral localization of N-cadherin colocalising
with ERα immunostained nuclei. Scale bars: 50 μm, Representative images from proliferative stage endometrium representative of four patient samples.
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functionalis and the proximal region of N-cadherin+ gland profiles in
the same location as SSEA-1 in the basalis (Supplementary Data Fig.
S5B), confirming that SSEA-1+ cells are usually phenotypically distinct
from N-cadherin+ cells. Together this suggests a potential epithelial
hierarchy exists in human endometrial epithelium (Fig. 7).

Discussion
Using differential gene expression profiling between Pre-M and Post-M
endometrial epithelial cells, we discovered that N-cadherin, a cell–cell
adhesion molecule, is a candidate marker of human endometrial epi-
thelial progenitor cells. N-cadherin+ cells were enriched for clonogenic
and self-renewing epithelial cells with high proliferative potential that
differentiated into cytokeratin+ gland-like structures in 3D cultures,

key properties of adult stem/progenitor cells. These N-cadherin+ epi-
thelial progenitor cells were predominantly located in the deep basalis
at the bases of endometrial glands adjacent to the myometrium. In
keeping with their progenitor status, N-cadherin+ cells were quiescent
in vivo, rarely cycling as few were positive for the proliferation marker
Ki-67. Typical of endometrial basalis epithelial cells, N-cadherin+ pro-
genitor cells expressed ERα but rarely the proliferation marker, Ki-67.
Our dual colour immunofluorescence data suggest that human endo-
metrial columnar epithelial cells have a potential differentiation hier-
archy, with the most primitive cell being N-cadherin+SSEA-1− located
at the bases of the glands adjacent to the myometrium. As these primi-
tive N-cadherin+SSEA-1− cells move from the gland bases through the
basalis toward the lumen, they gradually lose N-cadherin as they
potentially differentiate into transit amplifying (TA) SSEA-1+ cells (i.e.

Figure 6 N-cadherin rarely co-localizes with basalis epithelial cell marker SSEA-1. Dual colour immunofluorescence of N-cadherin+ cells (red) and
SSEA-1 (green) in (A) Pre-M endometrium showing N-cadherin+ gland profiles only present in the basalis (lower panel) adjacent to the myometrium
with some profiles showing SSEA-1+ immunostaining in the proximal half, or glands only SSEA-1+ at the functionalis-basalis junction and in (B) Post-M
control (untreated, upper panel) and oestrogen-treated (lower panel) showing a similar pattern of N-cadherin and SSEA-1 immunoreactivity with
SSEA-1 proximal to N-cadherin staining and rare colocalisation. Scale bars: 50 μm. Representative images of at least three Pre-M and three Post-M
samples for both Post-M endometrium treated with or without oestrogen.
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N-cadherin−SSEA-1+), which in turn is down-regulated on entry into
the functionalis to become fully differentiated N-cadherin−SSEA-1−

cells often passing through a short stage where both markers are colo-
calised (Fig. 7A). However we also observed N-cadherin−SSEA-1+

cells in the luminal epitheilum. We speculate that the differentiated
N-cadherin− SSEA-1− functionalis epithelial cells, which proliferate in
response to oestrogen, will express a different surface molecule that
distinguishes them from their basalis precursors. However, transcrip-
tomics and more functional studies (e.g. clonogenicity and self-
renewal) are required to clarify the relative levels of differentiation and
primitiveness between N-cadherin+SSEA-1−, N-cadherin−SSEA-1+

and N-cadherin−SSEA-1− cells.
The cell clones generated by N-cadherin+ cells resemble the large

epithelial clones produced by EpCAM-purified endometrial epithelial
cells (Chan et al., 2004), displaying a well-defined compact structure
comprising small cytokeratin+ cells with a high nuclear:cytoplasmic
ratio, the ability to serially clone and were highly proliferative. In con-
trast, N-cadherin− epithelial cells generated smaller, loosely arranged
colonies with reduced capacity to serially clone and proliferate. The
mean percentage of clonogenic N-cadherin+ cells was greater than
unfractionated freshly isolated clonogenic endometrial epithelial cells
(1.05% vs 0.22%) (Chan et al., 2004) indicating an almost five fold
enrichment. In contrast, P-cadherin did not enrich for clonogenic, self-
renewing endometrial epithelial cells, despite showing greater immu-
noreactivity in basalis epithelial cells than those in the functionalis. It is
possible that P-cadherin is more susceptible to enzymes used to dis-
sociate endometrial tissue resulting in the presence of clonogenic cells
in the P-cadherin− fraction. For prospective isolation of an endometrial
epithelial progenitor population it is necessary to use robust markers
not susceptible to enzyme degradation.
Our novel unbiased gene profiling strategy to identify differentially

expressed genes between Post-M and Pre-M endometrial epithelium
enabled us to rapidly identify a basalis-specific marker for endometrial
epithelial cells with progenitor cell activity in comparison to using a
candidate approach or screening with a panel of antibodies. Our
hypothesis that the epithelial progenitors were located in the basalis
was verified by stem cell functional assays; clonogenicity, serial cloning,
proliferative capacity and differentiation. The present study adds
weight to our previous work demonstrating that Pre-M basalis epithe-
lium has a similar gene profile to atrophic Post-M endometrial epithe-
lium (Nguyen et al., 2012). Furthermore, our qRT-PCR and
immunofluorescence studies confirmed the location of N-cadherin in
basalis epithelial cells. Assessing Post-M endometrium from women
administered short term oestrogen (8 weeks) prior to hysterectomy
also showed a similar staining pattern of markers (Ki-67, ERα, SSEA-1)
as Pre-M, indicating that functionalis epithelium can regenerate from
quiescent basalis-like epithelium of atrophic endometrium. Although
the N-cadherin+ epithelial cells rarely proliferate, we suggest that their
progeny are responsible for regenerating Post-M endometrial glands.
N-cadherin is a cell–cell adhesion molecule involved in stabilizing

adherens junctions between epithelial cells (Takeichi, 1990). The
extracellular domain is involved in homophilic adhesion between cells
and the intracellular domain interacts with β-catenin to mediate cell
signalling regulating gene expression and the actin cytoskeleton. N-
cadherin is well known for its role in epithelial mesenchymal transition
(EMT) associated with tumour cell migration and invasion (Derycke
and Bracke, 2004). During development, N-cadherin has a role in

mesodermal lineage specification (Alimperti and Andreadis, 2015),
including mesothelium. The endometrium of the primordial uterus
(Müllerian duct) arises from invagination of the coelomic epithelium, a
mesodermal-derived epithelium (Kobayashi and Behringer, 2003) dur-
ing foetal development. A small number of foetal stem/progenitor
cells are thought to be maintained into adulthood and contribute to
tissue regeneration in postnatal life (Gargett, 2007). It is possible that
the clonogenic, self-renewing N-cadherin+ cells detected in the bases
of endometrial glands in the present study are derived from these foe-
tal epithelial progenitor cells. As the uterus develops during the second
half of gestation, glands invaginate into the underlying uterine mesen-
chyme and the N-cadherin+ progenitors may migrate in the invaginat-
ing epithelium to form the gland bases during this process.
Alternatively, as the endometrial epithelium commences differenti-
ation into SSEA-1+ cells, the leading edge may remain N-cadherin+ as
they migrate to the gland bases. N-cadherin is regulated by Platelet-
derived Growth Factor (PDGF) and Fibroblast Growth Factor (FGF)
(Alimperti and Andreadis, 2015), and human clonogenic endometrial
epithelial cells proliferated in PDGF-BB-containing serum-free medium
(Chan et al., 2004; Schwab et al., 2005), supporting this hypothesis.
Endometrial epithelial cells also express vimentin, a mesodermal
marker, indicating their mesodermal origin. We suggest that N-
cadherin may be a marker of mesoderm-derived human epithelial pro-
genitor cells of Müllerian-derived tissues.
N-cadherin expression has been examined in human endomet-

rium with varying results. Some studies show little or no immunor-
eactivity in epithelium and stroma in biopsies (Poncelet et al., 2010;
Bartley et al., 2014). Others show strong reactivity in the proliferative
but not secretory stage in biopsy tissue (Qi et al., 2015), although the
staining seems to be cytoplasmic as well as at lateral junctions and in
stromal cells, which we never observed (Makker et al., 2017). It is pos-
sible that basalis endometrium was also present if samples were
obtained in the early proliferative stage. Differences to our results may
be technical due to the use of different antibodies or paraffin sections with
the associated antigen retrieval versus fresh frozen tissue. Nevertheless,
we consistently showed strong apical-lateral epithelial-specific immunor-
eactivity in the bases of glands with two different N-cadherin monoclonal
antibodies using frozen sections and confocal microscopy in a large num-
ber of Pre-M and Post-M endometrial samples.
N-cadherin has been used to identify and study stem/progenitor

cell subpopulations in human limbal epithelium (Higa et al., 2013) and
mouse neural progenitor cells (Klingener et al., 2014). N-cadherin
also has roles in the niche of hematopoietic stem cells (Zhang et al.,
2003) and dopaminergic neurons, regulating proliferation and differ-
entiation (Sakane and Miyamoto, 2013). In these progenitors,
N-cadherin interacts with the Wnt signalling pathway. The differen-
tial expression of N- and P-cadherin in the current study, and other
Wnt molecules (Nguyen et al., 2012) identified in our gene micro-
array, suggest a role of the Wnt signalling pathway in the regulation
of N-cadherin+ human endometrial epithelial progenitor cells or their
basalis niche.
A limitation of this study is that we used hysterectomy tissue from

a small number of patients with adenomyosis (n = 11 from a total of
74, 10 for N-cadherin analyses), a common indication for hysterec-
tomy. Since N-cadherin has a role in EMT and EMT has been impli-
cated in adenomyosis, these samples may have influenced our
results. However, they were used across the range of techniques,
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and were always outnumbered by non-adenomyotic samples. Given
that N-cadherin+ epithelial cells also expressed E-cadherin, it is
unlikely they were undergoing EMT. Another limitation is that we
have not compared the differential ability of N-cadherin+ and N-
cadherin− cells to generate endometrial glandular tissue in vivo. Such
an assay is technically difficult and likely requires inclusion of pro-
genitor cell niche factors, which are currently unknown for endo-
metrial epithelial progenitors. Others have demonstrated gland
development in xenograft assays for human endometrial SP cells but
only 8% (Masuda et al., 2010) and 2% (Cervello et al., 2011) gener-
ated gland-like structures. In both studies other cell types (endothe-
lial, stromal) were present that may have acted as niche cells. We
reasoned that pure epithelial cells, whether N-cadherin+ or N-
cadherin− would unlikely generate gland-like structures without
niche cells. We believe that the xenografting of organoids recently
generated in 3D culture (this study) (Valentijn et al., 2013; Boretto
et al., 2017; Turco et al., 2017) will likely yield more fruitful assays
for assessing tissue reconstitution activity of N-cadherin+ epithelial
progenitor cells.
The identification of a human endometrial epithelial progenitor

marker allows the investigation of these cells in endometrial prolif-
erative disorders which may originate from basalis epithelium. For
example, in endometriosis where dislocation of basalis endomet-
rium (Leyendecker et al., 2002) or the retrograde shedding of
endometrial stem/progenitor cells in menstrual debris (Starzinski-
Powitz et al., 2001; Gargett, 2007; Sasson and Taylor, 2008) has

been postulated. In adenomyosis, we speculate that N-cadherin+

basalis epithelial cells, located directly adjacent to the myometrium
become dysregulated from microtrauma to the junctional zone
from chronic uterine peristaltic contractions (Leyendecker et al.,
2009), allowing their invasion into the myometrium and initiation
of endometrial endometrioid cancer (Hubbard and Gargett, 2010).
Studies showing altered immunoreactive N-cadherin in endome-
triotic (Bartley et al., 2014), adenomyotic lesions (Qi et al., 2015)
and endometrial adenocarcinoma (Van Patten et al., 2010) support
this hypothesis.
In conclusion, we have identified the first specific surface marker

identifying a progenitor population in human endometrial epithelium
using a gene profiling approach comparing Pre-M and Post-M epithe-
lium and verified by in vitro stem cell functional assays, clonogenicity
self-renewal (serial cloning), proliferation and differentiation. We show
that N-cadherin+ epithelial progenitor cells are located in the deepest
gland profiles of the endometrium in direct contact with the myome-
trium. These N-cadherin+ cells rarely proliferate in vivo, despite
expressing ERα and they appear to be a different and possibly more
primitive cell than SSEA-1+ SOX9+ basalis epithelial cells. The ability of
N-cadherin+ cells to generate glands in vivo in an animal model remains
to be determined. However, the identification of N-cadherin as an
endometrial epithelial progenitor marker paves the way for investiga-
tions of the role of these cells in gynaecological disorders associated
with abnormal endometrial proliferation such as endometriosis, ade-
nomyosis and endometrial cancer.

Figure 7 Schematic of human endometrial glands. (A) showing typical and consistent positional relationship between N-cadherin+, SSEA-1+ and
differentiated N-cadherin−SSEA-1− cells. Clonogenic N-cadherin+SSEA-1− cells are located in the bases of glands in the basalis adjacent to the myome-
trium, telomerase expressing N-cadherin−SSEA-1+ cells are situated proximal to N-cadherin+ cells in the upper basalis and lower functionalis and differen-
tiated N-cadherin−SSEA-1− epithelial cells are found in the functionalis and luminal epithelium. Note that there is a small population of N-cadherin+SSEA-1+

co-expressing transitional epithelial cells between N-cadherin+SSEA-1− and N-cadherin−SSEA-1+ cells, and that SSEA-1 is re-expressed in luminal epithelium
(B) showing the positional relationship of the occasional transitional epithelial cell type, N-cadherin+SSEA-1+ observed in some gland profiles in the
functionalis.
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Supplementary data
Supplementary data are available at Human Reproduction online.

Acknowledgements
The authors thank gynaecologists from Monash Health and Waverley
Private Hospital who have provided endometrial tissues and research
nurses Francis Walker, Yao Han, Germana Ryan and Kellie
Woodclarke for consenting patients and collecting tissues.

Authors’ roles
H.P.T.N.: participated in experimental design, data collection and ana-
lysis, interpretation of the data, critical discussion and manuscript writing.
L.X.: participated in experimental design, data collection, analysis and
interpretation, critical discussion and manuscript preparation. J.A.D.,
K.-S.T., H.M., F.L.C. and C.N.S.: collected and analysed data and partici-
pated in its interpretation. AR: conducted the clinical trial and provided
clinical samples. C.E.G.: conception and participation in study design,
interpretation of the data and critical discussion, manuscript writing.

Funding
Cancer Council Victoria grant 491079 (C.E.G.) and Australian
National Health and Medical Research Council grants 1021127 (C.E.
G.), 1085435 (C.E.G., J.A.D.), 145780 and 288713 (C.N.S.), RD
Wright Career Development Award 465121 (C.E.G.), Senior
Research Fellowship 1042298 (C.E.G.), the Victorian Government’s
Operational Infrastructure Support and an Australian Postgraduate
Award (H.P.T.N.), and China Council Scholarship (L.X.).

Conflict of interest
None declared.

References
Alimperti S, Andreadis ST. CDH2 and CDH11 act as regulators of stem
cell fate decisions. Stem Cell Res 2015;14:270–282.

Bartley J, Julicher A, Hotz B, Mechsner S, Hotz H. Epithelial to mesenchy-
mal transition (EMT) seems to be regulated differently in endometriosis
and the endometrium. Arch Gynecol Obstet 2014;289:871–881.

Boretto M, Cox B, Noben M, Hendriks N, Fassbender A, Roose H, Amant
F, Timmerman D, Tomassetti C, Vanhie A et al. Development of orga-
noids from mouse and human endometrium showing endometrial epi-
thelium physiology and long-term expandability. Development 2017;144:
1775–1786.

Cervello I, Mas A, Gil-Sanchis C, Peris L, Faus A, Saunders PT, Critchley
HO, Simon C. Reconstruction of endometrium from human endomet-
rial side population cell lines. PLoS One 2011;6:e21221.

Chan RW, Schwab KE, Gargett CE. Clonogenicity of human endometrial
epithelial and stromal cells. Biol Reprod 2004;70:1738–1750.

Derycke LD, Bracke ME. N-cadherin in the spotlight of cell-cell adhesion,
differentiation, embryogenesis, invasion and signalling. Int J Dev Biol 2004;
48:463–476.

Ettinger B, Bainton L, Upmalis DH, Citron JT, VanGessel A. Comparison
of endometrial growth produced by unopposed conjugated estrogens

or by micronized estradiol in postmenopausal women. Am J Obstet
Gynecol 1997;176:112–117.

Ferenczy A, Bertrand G, Gelfand MM. Proliferation kinetics of human
endometrium during the normal menstrual cycle. Am J Obstet Gynecol
1979;133:859–867.

Gargett CE. Uterine stem cells: what is the evidence? Hum Reprod Update
2007;13:87–101.

Gargett CE, Chan RW, Schwab KE. Hormone and growth factor signaling
in endometrial renewal: Role of stem/progenitor cells. Mol Cell
Endocrinol 2008;288:22–29.

Gargett CE, Nguyen HP, Ye L. Endometrial regeneration and endometrial
stem/progenitor cells. Rev Endocr Metab Disord 2012;13:235–251.

Gargett CE, Schwab KE, Zillwood RM, Nguyen HPT, Wu D. Isolation and
culture of epithelial progenitors and mesenchymal stem cells from
human endometrium. Biol Reprod 2009;80:1136–1145.

Garry R, Hart R, Karthigasu KA, Burke C. A re-appraisal of the morpho-
logical changes within the endometrium during menstruation: a hystero-
scopic, histological and scanning electron microscopic study. Hum
Reprod 2009;24:1393–1401.

Hayashi R, Yamato M, Sugiyama H, Sumide T, Yang J, Okano T, Tano Y,
Nishida K. N-Cadherin is expressed by putative stem/progenitor cells
and melanocytes in the human limbal epithelial stem cell niche. Stem
Cells 2007;25:289–296.

Higa K, Kato N, Yoshida S, Ogawa Y, Shimazaki J, Tsubota K, Shimmura S.
Aquaporin 1-positive stromal niche-like cells directly interact with N-
cadherin-positive clusters in the basal limbal epithelium. Stem Cell Res
2013;10:147–155.

Huang CC, Orvis GD,Wang Y, Behringer RR. Stromal-to-epithelial transition
during postpartum endometrial regeneration. PLoS One 2012;7:e44285.

Hubbard SA, Gargett CE. A cancer stem cell origin for human endometrial
carcinoma? Reproduction 2010;140:23–32.

Jabbour HN, Kelly RW, Fraser HM, Critchley HO. Endocrine regulation of
menstruation. Endocr Rev 2006;27:17–46.

Klingener M, Chavali M, Singh J, McMillan N, Coomes A, Dempsey PJ,
Chen EI, Aguirre A. N-cadherin promotes recruitment and migration of
neural progenitor cells from the SVZ neural stem cell niche into demyeli-
nated lesions. J Neurosci 2014;34:9590–9606.

Kobayashi A, Behringer RR. Developmental genetics of the female repro-
ductive tract in mammals. Nat Rev Genet 2003;4:969–980.

Leyendecker G, Herbertz M, Kunz G, Mall G. Endometriosis results from
the dislocation of basal endometrium. Hum Reprod 2002;17:2725–2736.

Leyendecker G, Wildt L, Mall G. The pathophysiology of endometriosis
and adenomyosis: tissue injury and repair. Arch Gynecol Obstet 2009;280:
529–538.

Makker A, Goel MM, Nigam D, Bhatia V, Mahdi AA, Das V, Pandey A.
Endometrial expression of homeobox genes and cell adhesion molecules
in infertile women with intramural fibroids during window of
implantation. Reprod Sci 2017;24:435–444.

Masuda H, Matsuzaki Y, Hiratsu E, Ono M, Nagashima T, Kajitani T, Arase
T, Oda H, Uchida H, Asada H et al. Stem cell-like properties of the
endometrial side population: implication in endometrial regeneration.
PLoS One 2010;5:e10387.

Nassour M, Idoux-Gillet Y, Selmi A, Come C, Faraldo ML, Deugnier MA,
Savagner P. Slug controls stem/progenitor cell growth dynamics during
mammary gland morphogenesis. PLoS One 2012;7:e53498.

Nguyen HP, Sprung CN, Gargett CE. Differential expression of wnt signal-
ing molecules between pre- and postmenopausal endometrial epithelial
cells suggests a population of putative epithelial stem/progenitor cells
reside in the basalis layer. Endocrinology 2012;153:2870–2883.

Norwitz ER, Fernandez-Shaw S, Barlow DH, Starkey PM. Expression of
intermediate filament in endometrial glands changes with the onset of
pregnancy and in endometriosis. Hum Reprod 1991;6:1470–1473.

2267N-cadherin on human endometrial epithelial progenitors

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/32/11/2254/4259275 by Biom
edical Library user on 03 D

ecem
ber 2018



Padykula HA, Coles LG, OkuliczWC, Rapaport SI, McCracken JA, King NW Jr.,
Longcope C, Kaiserman-Abramof IR. The basalis of the primate endomet-
rium: a bifunctional germinal compartment. Biol Reprod 1989;40:681–690.

Poncelet C, Cornelis F, Tepper M, Sauce E, Magan N, Wolf JP, Ziol M.
Expression of E- and N-cadherin and CD44 in endometrium and hydro-
salpinges from infertile women. Fertil Steril 2010;94:2909–2912.

Qi S, Zhao X, Li M, Zhang X, Lu Z, Yang C, Zhang C, Zhang H, Zhang N.
Aberrant expression of Notch1/numb/snail signaling, an epithelial mes-
enchymal transition related pathway, in adenomyosis. Reprod Biol
Endocrinol 2015;13:96.

Rhee H, Polak L, Fuchs E. Lhx2 maintains stem cell character in hair folli-
cles. Science 2006;312:1946–1949.

Sakane F, Miyamoto Y. N-cadherin regulates the proliferation and differen-
tiation of ventral midbrain dopaminergic progenitors. Dev Neurobiol
2013;73:518–529.

Sasson IE, Taylor HS. Stem cells and the pathogenesis of endometriosis.
Ann N Y Acad Sci 2008;1127:106–115.

Schwab KE, Chan RW, Gargett CE. Putative stem cell activity of human
endometrial epithelial and stromal cells during the menstrual cycle. Fertil
Steril 2005;84:1124–1130.

Schwab KE, Hutchinson P, Gargett CE. Identification of surface markers
for prospective isolation of human endometrial stromal colony-forming
cells. Hum Reprod 2008;23:934–943.

Starzinski-Powitz A, Zeitvogel A, Schreiner A, Baumann R. In search of
pathogenic mechanisms in endometriosis: the challenge for molecular
cell biology. Curr Mol Med 2001;1:655–664.

Takeichi M. Cadherins: a molecular family important in selective cell-cell
adhesion. Annu Rev Biochem 1990;59:237–252.

Taylor HS. Endometrial cells derived from donor stem cells in bone mar-
row transplant recipients. JAMA 2004;292:81–85.

Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez MJ, Farrell L,
Hollinshead M, Marsh SGE, Brosens JJ, Critchley HO et al. Long-term,
hormone-responsive organoid cultures of human endometrium in a
chemically defined medium. Nat Cell Biol 2017;19:568–577.

Ulrich D, Tan KS, Schwab K, Cheong A, Deane JA, Rosamilia A, Gargett
CE. Mesenchymal stem/stromal cells in postmenopausal endometrium.
Hum Reprod 2014;29:1895–1905.

Valentijn AJ, Palial K, Al-Lamee H, Tempest N, Drury J, Von Zglinicki T,
Saretzki G, Murray P, Gargett CE, Hapangama DK. SSEA-1 isolates
human endometrial basal glandular epithelial cells: phenotypic and func-
tional characterization and implications in the pathogenesis of endomet-
riosis. Hum Reprod 2013;28:2695–2708.

Van Patten K, Parkash V, Jain D. Cadherin expression in gastrointestinal
tract endometriosis: possible role in deep tissue invasion and develop-
ment of malignancy.Mod Pathol 2010;23:38–44.

Vieira AF, Paredes J. P-cadherin and the journey to cancer metastasis. Mol
Cancer 2015;14:178.

Yagi T, Takeichi M. Cadherin superfamily genes: functions, genomic organ-
ization, and neurologic diversity. Genes Dev 2000;14:1169–1180.

Zhang J, Niu C, Ye L, Huang H, He X, Tong WG, Ross J, Haug J, Johnson
T, Feng JQ et al. Identification of the haematopoietic stem cell niche and
control of the niche size. Nature 2003;425:836–841.

2268 Nguyen et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/32/11/2254/4259275 by Biom
edical Library user on 03 D

ecem
ber 2018


	N-cadherin identifies human endometrial epithelial progenitor cells by in vitro stem cell assays
	Introduction
	Materials and Methods
	Patient data
	Ethical Approval
	Endometrial epithelial cell isolation and purification with EpCAM magnetic beads
	Gene expression profiling and data analysis
	Transcriptional validation by quantitative RT-PCR
	Flow cytometric analysis of human endometrial epithelial cells
	Magnetic bead cell sorting of human endometrial epithelial cells
	In vitro colony-forming assay
	In vitro self-renewal, proliferative potential and differentiation assays
	Differentiation assay-generation of 3D gland-like organoids
	Dual colour immunofluorescence
	Statistical analysis

	Results
	Candidate markers of human endometrial epithelial stem/progenitor cells
	Frequency of N-cadherin- and P-cadherin-positive epithelial cells in human endometrial cell suspensions
	Progenitor cell properties of N-cadherin+- and P-cadherin+- endometrial epithelial cells
	Location of N-cadherin+ cells in human endometrium
	Characterization of the N-cadherin progenitor cell phenotype in vivo

	Discussion
	Supplementary data
	Acknowledgements
	Authors’ roles
	Funding
	Conflict of interest
	References


