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SUMMARY

The regenerative capacity of the human endometrium requires a population of local stem cells.
However, the phenotypes, locations, and origin of these cells are still unknown. In a mouse
menstruation model, uterine stromal SM22a.*-derived CD34*KLF4* stem cells are activated and
integrate into the regeneration area, where they differentiate and incorporate into the endometrial
epithelium; this process is correlated with enhanced protein SUMOylation in CD34*KLF4* cells.
Mice with a stromal SM22a-specific SENP1 deletion (SENP1smKQO) exhibit accelerated
endometrial repair in the regeneration model and develop spontaneous uterine hyperplasia.
Mechanistic studies suggest that SENP1 deletion induces SUMOylation of ERa, which augments
ERa transcriptional activity and proliferative signaling in SM22a.*CD34"KLF4* cells. These cells
then transdifferentiate to the endometrial epithelium. Our study reveals that CD34*KLF4*
stromal-resident stem cells directly contribute to endometrial regeneration, which is regulated
through SENP1-mediated ERa suppression.
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The regenerative capacity of the human endometrium requires a population of local stem cells.

Here, Yin et al. show that uterine stromal SM22a*CD34*KLF4* stem cells are activated by ERa
SUMOylation and integrate into the regeneration area, where they differentiate and incorporate

into the endometrial epithelium.
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INTRODUCTION

Human endometrial mucosa is a dynamic remodeling tissue, undergoing cyclical
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morphologic and functional changes in response to fluctuating sex steroid hormones each

menstrual cycle in a woman’s reproductive life. During these recurring cycles, the

endometrial cells lining the uterine cavity proliferate and then are sloughed; however, they
are never depleted and do not proliferate out of the normal range (Spencer et al., 2005). If

this tight regulation is somehow perturbed, conditions in the uterus adversely influence

fertility and can lead to cancer (Bilyk et al., 2017; Gargett, 2004; Gurung et al., 2015). The
high regenerative capacity of the human endometrium is absolutely essential for successful
reproduction. The process of stromalto-epithelial transition drives endometrial regeneration
at postpartum (after delivery of baby) (Bilyk et al., 2017; Huang et al., 2012; Kalluri and
Weinberg, 2009; Pattabiraman and Weinberg, 2014; Patterson et al., 2013). However, the cell
population involved in this process and the underlying mechanisms regulating the transition

are poorly understood. Endometrial stem cells are also believed to be essential for this

regeneration. The first evidence of progenitor stem cells regenerating the endometrium was
based on /n vitro functional assays in which isolated endometrial cells displayed greater self-

renewal capability and multipotency (Chan et al., 2004). Further studies suggest that

endometrial stem or progenitor cells reside in the basalis layer and persist beyond

menopause (Gargett, 2007; Gargett et al., 2014; Schwab et al., 2005; Wolff et al., 2007).
Markers specific for endometrial stem cells have yet to be fully characterized. A number of
genes associated with endometrial stem cells have been reported, and these genes include
stem cell transcriptional factor Oct4, vascular progenitor markers c-Kit (CD117) and CD34,
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and endometrial carcinoma protein Musashi-1 (Bentz et al., 2010; Cho et al., 2004; Goétte et
al., 2008; Kato et al., 2007; Kim et al., 2005; Masuda et al., 2010; Matthai et al., 2006;
Parasar et al., 2017). CD34 is a transmembrane phosphoglycoprotein, first identified on
hematopoietic stem and progenitor cells. Recent data suggest that CD34 is expressed by
vascular endothelial progenitors, mesenchymal stem cells (MSCs) and even epithelial
progenitor cells (Cho et al., 2004; Kato et al., 2007; Majesky et al., 2017; Sidney et al.,
2014). Of note, CD34 along with Scal are expressed on vascular adventitia progenitor cells
that have the potential to differentiate into multiple lineages. These adventitial Scal*CD34"
can be generated /n situ from differentiated smooth muscle cells (SMCs) by upregulating the
reprograming transcription factor Kruppel-like factor 4 (KLF4) (Majesky et al., 2017).
Similarly, vascular intimal SMCs can gain progenitor phenotypes (Cherepanova et al., 2016;
Shankman et al., 2015). It has been proposed that endometrial stem cells are both fetal
epithelial and MSCs remaining in the adult endometrium that continue replicating in
adulthood, as well as being derived from circulating stem cells arising from a bone marrow
niche that seeds the endometrium periodically or in response to injury (Du and Taylor, 2007;
Figueira et al., 2011; Lynch et al., 2007; Morelli et al., 2012; Taylor, 2004). The strongest
evidence supports the presence of a resident MSC population in the uterus (some of which
may be derived from bone marrow), but the exact cell types and their regulations have not
been well defined.

The small ubiquitin-like modifier (SUMO) can be covalently attached to a large number of
proteins through the formation of isopeptide bonds with specific lysine residues of target
proteins (Gill, 2004). SUMO molecules include SUMO1, SUMO2, and SUMO3, with
SUMO2 and SUMO3 being more abundant (Pickart, 2001; Saitoh and Hinchey, 2000). A
consensus SUMO acceptor site has been identified consisting of the sequence @KXE (Q is a
large hydrophobic amino acid and K is the site of SUMO conjugation). The effect of
SUMOylation on protein function is substrate specific, regulating protein stabilization,
localization, protein-protein or protein-DNA interactions, and/or biochemical activities.
SUMOylation is a dynamic process that is mediated by activating (E1), conjugating (E2),
and ligating (E3) enzymes and is readily reversed by a six-member family of SUMO-
specific proteases (SUMO endopeptidases [SENPs]) (Miiller et al., 2001; Yeh, 2009).
SENP1 is ubiquitously expressed, localized in the nucleus and other discrete cellular
compartments, and deconjugates a large number of SUMOylated proteins, including nuclear
transcriptional factors (Cheng et al., 2007; Yeh, 2009; Yu et al., 2010).

Recently, protein post-translational modification by SUMOylation has been reported to play
an important role in embryonic stem cell (ESC) renewal and differentiation (Du et al., 2016;
Kota et al., 2017; Sahin et al., 2014; Thiruvalluvan et al., 2018; Wu et al., 2012; Yang et al.,
2012). Nanog is a pivotal transcription factor in ESCs and is essential for maintaining the
pluripotency and self-renewal of ESCs. SUMOylation of transcription factors Oct4 and Sox2
represses Nanog expression. The function of the SUMO pathway in the endometrium has
just begun to be explored (Jiang et al., 2017; Jones et al., 2006; Zheng et al., 2015). Global
hypo-SUMOylation and redistribution of SUMO1 conjugates into distinct nuclear foci has
been observed to associate with decidualization, a process that results in significant changes
to cells of the endometrium in preparation for pregnancy. /n vitro studies suggest that
SUMOylation of the progesterone receptor sensitizes differentiating human endometrial
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stromal cells to progesterone during decidualization (Jiang et al., 2017; Jones et al., 2006;
Zheng et al., 2015). However, little is known about the function and regulation of the SUMO
pathway in endometrial stem cells during the menstrual cycle.

In the present study, we have identified a population of SM22a.*-derived CD34*KLF4* stem
or progenitor cells that are located in endometrial stroma, proliferate rapidly after being
activated, and migrate to the injured epithelial area, where they participate in endometrial
regeneration. Moreover, we show that SENP1 deletion induces SUMOylation of estrogen
receptor-a (ERa), which augments ERa transcriptional activity and downstream
proliferative signaling in CD34*KLF4* stem cells, enhancing endometrial regeneration.

SM22a*CD34* Stromal-Resident Progenitor Cells Were Involved in Endometrial
Regeneration

Cyclical endometrial regeneration occurs in non-menstruating rodents and can be enhanced
by exogenous estrogen. We used a mouse menstruation model established by Brasted and
colleagues (Brasted et al., 2003; Gurung et al., 2015) and found that epithelial regeneration
initiated at 48 h and completed by 96 h post-progesterone withdrawal (Figures S1A and
S1B). The expression of several MSC makers (Takahashi and Yamanaka, 2016) was
measured, and we found that most of them were increased during endometrial regeneration,
especially CD34 and KLF4 (Figure S1C).CD34* cells were detected among condensed cell
populations in the stroma. CD34* cells were also detected in the regenerative endometrial
epithelium, where they were co-stained with E-cadherin, peaking at 72 h but disappearing at
the end of repair (96 h) (Figures S1D and S1E).

We reasoned that a group of resident stem or progenitor cells in stroma may participate in
endometrial regeneration. We examined several stromal cell markers and found that anti-
Mullerian hormone receptor 2 (AMHR2) and the vascular smooth muscle-specific marker
SM22a., but not the endothelial cell marker CD31 or lymphatic marker LYVEL, were
specifically elevated at 36-96 h post-progesterone withdrawal in repairing the endometrium
(Figure S2A). AMHR?2 is a well-known stromal marker that is specifically expressed in the
mesenchymal cells of the uterus (Arango et al., 2008; Baarends et al., 1994). SM22a. is one
of the earliest specific markers for differentiated SMCs and perivascular pericytes (Solway et
al., 1995). SM22a.* cells are a subpopulation of AMHR2™" cells in normal stromal cells of
the uterus (Figures S2B and S2C). Moreover, SM22a showed co-staining with CD34 in the
stroma and in the repairing zone of the endometrium (Figures 1A and 1B, with isotype
controls in Figure S2D). Similar to CD34" cells, SM22a.* cells were detected only in the
stroma at early time points (36 h), but later (72-96 h) were detected in the regenerative
endometrial epithelium, where it was co-stained with E-cadherin. However, SM22a.*/CD34"
cells almost disappeared by 96 h (Figures 1C and 1D). To further determine whether SM22a
stromal cells contribute to endometrium repair, we performed genetic lineage tracing using
the Cre-loxP system (Kretzschmar and Watt, 2012). Specifically, the SM22a.-Cre deleter
mice (Lepore et al., 2005) were mated with mT/mG reporter mice to generate
sm22a:mT/mG mice so that SM22a.* cells were genetically marked by GFP expression
(Lepore et al., 2005; Zong et al., 2005). In addition, SENP1smKO were bred with mT/mG

Cell Rep. Author manuscript; available in PMC 2019 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yin et al.

Page 5

reporter mice to generate Senp1™#:sm22a.-Cre:mT/mG (called Senp1smKO:mT/G mice).
Basal levels of GFP* (SM22a.) cells were few in stroma in SM22a.-GFP reporter mice.
However, the number of GFP* (SM22a.) cells was drastically increased in the stroma during
the early stages of regeneration (36 h) and were subsequently detected in the epithelium at
late stages of regeneration (72-96 h) (Figures 1E and 1F). Of note, unlike SM22a.*/CD34"
cells, genetically labeled GFP* cells remained in the regenerative endometrial epithelium at
96 h, even after repair was completed. These data suggest that SM22a.*CD34™ progenitor
cells, likely derived from stromal resident SM22a* cells, are directly involved in
endometrial regeneration.

Mice with Stromal Deletion of SENP1 Exhibit Accelerated Endometrial Repair and
Spontaneous Uterus Hyperplasia with Increased Cell Proliferation and Decreased Cell

Death

SUMOylation (SUMO conjugation) and its reverse process de-SUMOylation (SUMO
deconjugation) have emerged as important regulatory mechanisms for many biological
responses (Mdller et al., 2001; Yeh, 2009). However, it has not been shown whether SUMO
modification regulates endometrial regeneration. We screened for the expression of different
members of the SUMO and de-SUMO systems, and found that only SENP1 expression was
greatly reduced during endometrial regeneration (Figure 2A). SENP1 expression was
primarily reduced in the stroma by immunofluorescence staining (Figure 2B). SUMO1 (but
not SUMO2 and SUMO3) expression was consistently greatly upregulated as detected by
qRT-PCR, and the number of SUMO1" cells was also drastically increased in the uterus. The
cells with high SUMO1 expression were localized specifically to the regenerative zones with
kinetics similar to the SM22a.*CD34* stromal progenitor cells (Figures 2C-2E). These
observations prompted us to investigate the function of SENP1-mediated protein
SUMOylation in stromal cells during endometrial regeneration. To this end, we generated
mice with an SM22a.* cell-specific deletion of Senp1 by crossing Senp1 floxed-allele mice
(Senp17f \with mice in which Cre recombinase expression is driven by the SM22a
promoter (Lepore et al., 2005) (called SENP1smKO mice) (Figures S3A-S3C). SENP1
deletion was detected in the endometrial stroma but not in the epithelium of SENP1smKO
mice (Figure S3D). SENP1smKO mice were born viable, with normal breeding and body
weight before 6 weeks of age. We did not detect significantly increased global levels of
SUMOL1 conjugation, although SUMOL1 expression was increased by ~3-fold in
SENP1smKO compared to WT uteri (Figures 2F and 2G). This is possibly due to
compensatory regulation of the expression levels or the activity of other SENP and SUMO
family members to maintain global levels of SUMOL1 conjugation. However, the SENP1
deletion significantly increased SM22a.* cells in the stroma (Figures 2H and 21). We then
compared the kinetics of endometrial regeneration in WT and SENP1smKO mice.
Consistent with the role of SM22a.* cells in endometrial repair, the SENP1smKO mice
exhibited accelerated endometrial repair in the mouse menstruation model. Specifically,
condensed cell population was evident at 24 h post-progesterone withdrawal in
SENP1smKO versus 48 h in wild type (WT). Moreover, the epithelium was completely
regenerated at 72 h in SENP1smKO compared to WT mice at 96 h post-progesterone
withdrawal (Figure 2J, with quantifications in Figure 2K).
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We noticed that the number of pups born from pregnant mothers of SENP1smKO mice
gradually declined, while the uterus wet weight in the adult female SENP1smKO increased
in an age-dependent manner (Figures 3A and 3B). H&E staining showed hyperplasia of
endometrial stroma and epithelium in adult SENP1smKO mice compared with age-matched
WT mice (Figures 3C and S4A). The incidence of endometrial hyperplasia in SENP1smKO
mice varied from 30% at age 1-2 months to 90% at age 12—24 months. Uterine
leiomyosarcoma (LMS; a smooth muscle tumor that arises from the muscular part of the
uterus) and endometrial cancer were detected in a minority of the old SENP1smKO mice
(Figures 3D and S4B). We evaluated cell proliferation and apoptosis in the uteri of
SENP1smKO mice by Ki67 and TUNEL staining. Moreover, Ki67 was primarily co-stained
with progenitor marker CD34, suggesting that CD34 cells proliferate (Figure S5). The
results indicated that the uterine hyperplasia in SENP1smKO mice is due to increased cell
proliferation and to decreased cell death in the areas of the endometrial epithelium and
stroma (Figures 3E-3H).

SM22a*CD34* Stromal Progenitor Cells Directly Contribute to Endometrial Hyperplasia

Since we observed a profound increase in SM22a* cells in SENP1smKO stroma, we
determined whether these SM22a.* incorporate into the epithelium and contribute to uterine
hyperplasia. To this end, we established mT/mG:SM22a.Cre and SENP1smKO:mT/mG
(Senp1”f:mT/mG:SM22a.Cre) mouse lines and traced GFP™ cells during endometrium
regeneration. We observed greater numbers of GFP* cells in endometrial stroma at 1 month
of age and in the epithelium after 2 months of age in the SENP1smKO:mT/mG mice, in
which GFP™ cells showed co-staining with epithelial cell marker E-cadherin (Figures 4A,
4B, and S6A). Moreover, a strong co-localization of GFP with CD34 and SM22a. in the
SENP1smKO:mT/mG uterus was detected. The number of GFP*/CD34* and SM22a.*/
CD34" cells was significantly increased in endometrial stroma and epithelium in
SENP1smKO:mT/mG mice (Figures 4C and 4D). We also found the marker of MSCs, KLF4
(Cherepanova et al., 2016; Majesky et al., 2017; Shankman et al., 2015; Wen et al., 2016),
had increased and was co-localized with CD34* cells (Figures 4E and 4F). Of note, KLF4
nuclear staining was evident in CD34" cells, while KLF4 cytoplasmic staining was detected
in CD34" cells in the epithelium layer, where they may undergo mesenchymal-to-epithelial
cell transition (MET). Furthermore, co-staining with E-cadherin and keratin 14 further
confirmed the localization of CD34" cells to the epithelium, where again we observed
greater numbers of CD34*/E-cadherin* or CD34"/keratin 14* cells in SENP1smKO mice
(Figures 4G, 4H, S6B, and S6C). Although controversial, recent work has suggested that
bone marrow-derived cells that reach the uterus are CD45" leukocytes, but they do not
contribute to endometrial cell lineage in chimeric mouse models (Ong et al., 2018). We have
performed CDA45 staining and confirmed that there were few intraepithelial leukocytes at the
basal level. Although CD45* cells were significantly increased within stroma in the injury
and repair model, no differences were detected between WT and SENP1smKO mice.
Moreover, CD45* cells were detected in the epithelium layer (Figures S6D-S6F). Our data
have shown that SM22a*CD34*KLF4* stem cell or progenitor cells in uterine stroma
directly contribute to endometrial hyperplasia and regeneration, which is greatly augmented
by the SENP1 deletion.
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To further confirm the SM22*/CD34*KLF4* triple positive cells, GFP*CD34" cells were
collected by fluorescence-activated cell sorting (FACS) from the uteri of WT:mT/mG and
SENP1smKO:mT/mG mice followed by the detection of KLF4 expression and KLF4* cells.
GFP*CD34" cells were highly abundant in SENP1smKO mice compared to WT mice, and
these GFP*CD34" cells (but not GFP*CD34~ cells) expressed KLF4 (Figures 5A-5D). To
directly test whether SM22*/CD34™ cells could differentiate into epithelial cells, SM22*/
CD34* cells were cultured in the absence or presence of 17-f estradiol (E2; 10 nM) for 10
days. Approximately 40% of SM22a.*/CD34* cells displayed the morphological changes
after E2 treatment. We found that both GFP*/CD34~ and GFP*/CD34" cells express the
mesenchymal marker vimentin, with no epithelial cell marker E-cadherin. However,
treatment with E2 induced MET, in which cells lost vimentin with a concomitant gain of E-
cadherin expression (Figures 5E and 5F). To functionally confirm that the subset of
epithelial-like SM22a.*/CD34* cells were epithelial cells, we established a 3D Matrigel
endometrial formation model (Arnold et al., 2001, 2002). Results showed that GFP*CD34"
cells could form typical endometrium structures, a process that was further enhanced in the
presence of E2 (Figures 5G and 5H). These data suggest that SM22a*CD34"* stromal
mesenchymal cells undergo transdifferentiation, contributing to endometrial hyperplasia.

ERa SUMOylation Augments ERa Transcriptional Activity

Estrogen and ERa is a major hormone ligand and receptor involved in the menstrual cycle
(Edery et al., 1989; Yamashita et al., 1989). The observation that SM22a.*CD34* stromal
mesenchymal cells undergo estrogen-dependent transdifferentiation prompted us to test
whether SENP1/SUMOylation could modulate ER transcriptional activity (Hilmi et al.,
2012; Wen et al., 2016). To this end, we measured 17-p estradiol levels in blood samples by
ELISA, and no difference was detected between WT and SENP1smKO mice (Figure S7A).
We then measured the gene expression of ERa in uteri from different ages of WT and
SENP1smKO mice and found that the expression of ERa was significantly increased in
adult SENP1smKO mice as detected by qRT-PCR and western blot (Figures S7TB-S7D).
Immunochemistry staining indicated that the number of ERa* cells was increased in both
stroma and epithelium (Figures 6A and 6B). The downstream target of ERa, cyclin D1, is
known as a strong regulator of cell proliferation (Wang et al., 2015; Zwijsen et al., 1997).
Immunostaining assays and western blot revealed an increase in cyclin D1 expression in the
SENP1smKO uterus (Figures 6C, 6D, and STE-S7G).

We next considered whether SUMOylation may enhance ERa activity and ERa.-mediated
proliferation in stromal progenitor cells. An extra band above ERa. protein was observed in
the SENP1smKO uterus, suggesting an increase in ERa SUMOylation. Endogenous ERa
underwent SUMOylation by SUMO1 in SM22a* cells as detected by a co-
immunoprecipitation assay, and the ERa SUMOylation level was significantly higher in
SENP1smKO mice (Figures 6E-6G). ERa SUMOylation was further confirmed in an
overexpression system in which ERa (with FLAG tag) and SUMO1 (with hemagglutinin
[HA] tag) were co-expressed in human stromal cells followed by co-immunoprecipitation
assays (Figure 6H). Multiple lysine residues on ERa have been previously identified as
potential SUMOylation sites (Hilmi et al., 2012). However, our mutagenesis assays indicated
that mutation at just a single putative SUMOylation lysine-472, but not three other sites
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(lysine-171, —180, or —299), diminished the ERa. SUMOylation in SENP1-deficient cells
(Figure 61), suggesting that K472 is a critical SUMOylation site for ERa induced by the
SENP1 deletion. By reconstitution of ERa mutants into human stromal cells, we found that
K472 mutation significantly reduced its transcriptional activity on the gene expressions of
cyclin D1 and insulin growth factor 1 (IGF1), which are positive regulators in uterine cell
proliferation (Suzuki et al., 2007) (Figure 6J). These results demonstrated that SENP1
deletion not only increases ERa expression but also augments ERa SUMOylation and
SUMOylation-mediated gene expression of ERa downstream proliferative signaling
(Heldring et al., 2007; Nephew et al., 2000). A previous report suggested that SUMOylation
of ERa at several sites (including K472) by SUMO3 was associated with transcriptional
suppression of estrogen responses by the antiestrogen fulvestrant in cell lines. The different
effects of SUMOQylation on ERa transcriptional activity is possibly due to distinct SUMO
molecules conjugated (SUMOL1 versus SUMO3) and/or conjugation at one versus multiple
sites.

ERa SUMOylation Augments Stem Cell Proliferation and Endometrial Hyperplasia

To investigate our observation that ERa. SUMOylation and expression has clinical relevance,
we examined the expression of SUMO1 and ERa by immunohistochemistry (IHC) in
clinical endometrial samples with normal, atypical hyperplasia or cancer histological
features. SUMOL1 expression was low in normal endometrium and weakly upregulated in
atypical hyperplasia, but it was drastically increased in endometrial cancer samples. A
similar pattern was observed for ERa expression. Moreover, there was a clear correlation
between SUMO1 with ERa scores and CD347 cells in clinical samples (Figures S8 and S9).

To investigate the role of increased ERa expression and activity in the uterine hyperplasia
observed in SENP1smKO mice, we examined whether ERa was expressed in endometrial
stem cells. Immunofluorescent staining showed that ERa is specifically upregulated in
CD34* cells. Moreover, ERaMINCD34* cells are highly increased in both endometrial
stroma and epithelium in SENP1smKO mice (Figures 7A and 7B). To prove that ERa is an
important pathway for regulating uterine hyperplasia in the SENP1smKO mice, we used a
genetic rescue approach by crossing SENP1smKO with ERa*/~ mice. ERa™/~ homozygous
female mice were sterile, whereas ERa*/~ female mice had a normal uterine size and
function (Dupont et al., 2000). The deletion of a single allele of ERa in SENP1smKO
(smKO/ERa*/") female mice diminished uterine hyperplasia compared to SENP1smKO
(Figures 7C and 7D) with a normalized number of endometrial CD34*KLF4* progenitor
cells (Figures 7E and 7F). These data suggest that augmented ERa is critical for stromal
SM22*-derived CD34+*KLF4* progenitor cell proliferation and endometrial hyperplasia in
SENP1smKO mice.

DISCUSSION

The most significant finding from our study is that we have identified that stromal SM22a.-
derived CD34*KLF4* cells function as endometrial stem cells in several different mouse
models. By immunofluorescence staining and lineage tracing with a GFP labeling approach,
we show that the SM22a.* stromal cells are activated in response to an estrogen stimulation,
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gaining marker expression of CD34*KLF4* progenitor cells. By examining the localization
of CD34"KLF4* cells at various time points during endometrial repair, we have shown that
SM22a.*CD34*KLF4" cells are present in the stroma at an early phase, but are localized in
the regenerating epithelial layer during repair. Those integrated CD34*KLF4* cells
gradually lose stem cell markers CD34 and KLF4 but gain the epithelial markers E-cadherin
and keratin 14. Furthermore, an /n vitro 3D Matrigel model shows that SM22a.*CD34*
stromal mesenchymal cells undergo mesenchymal-to-epithelial transition (MET). These data
indicate that stromal SM22a.*CD34" cells likely migrate to the regeneration area, where
they incorporate into the endometrial epithelium. We further show that ERa and its
downstream proliferative signaling in CD34*KLF4* cells are highly activated during
regeneration; ERa signaling is activated by the deletion of SENP1, leading to a substantial
increase in the number of SM22a*CD34*KLF4" cells and to endometrial regeneration in
SM22a-specific SENP1-deficient mice. Our study supports that SM22a.-derived
CD34*"KLF4* stromal-resident stem cells directly contribute to endometrial regeneration.
The exact mechanism by which CD34*KLF4* cells undergo MET is unclear. Our
observation that co-expression of KLF4 with active ERa in migrating cells suggests that the
reprogramming factor KLF4 may play a very important role in the MET process. Therefore,
we propose the following model: ERa activation activates KLF4, which reprograms stromal
SM22a* cells into CD34*KLF4* progenitor cells; CD34*KLF4* progenitor cells proliferate
before migrating to the epithelial layer, where they transdifferentiate into epithelial cells,
enhancing endometrial regeneration. Downregulation or loss of SENP1 induces
SUMOylation and overactivation of ERa, which drives its own expression and augments
estrogen-independent endometrial regeneration and, eventually, uterine hyperplasia with
possible cancer progression. Of note, the Senpl1 gene promoter contains the hypoxia
response element (HRE), and SENP1 expression can be regulated in response to hypoxia
(Xu et al., 2010). Recent studies suggest that dynamic spatial and temporal changes in
hypoxia are involved in endometrial breakdown and repair (Cousins et al., 2016), and
SENP1 expression should be tightly regulated by hypoxia in the endometrium. Therefore, in
a normal menstrual cycle, in which SENP1 is turned on and off, the endometrium is exposed
to a risk of cancer every time it undergoes normal repair throughout life. However, the exact
mechanism leading to SENP1 depletion during endometrial regeneration in the mouse model
remains unclear and will be further investigated in future studies, as will its relevance to
human tissues.

Phenotypic markers specific to endometrial stem cells are being studied and have not yet
been definitively characterized (Gurung et al., 2015). It has been reported that
CD146*PDGFRB* (platelet-derived growth factor receptor B positive) cells in the basalis
and functionalis of the human endometrium localize to perivascular areas. Moreover,
isolated stromal CD146"PDGFRB* cells exhibit phenotypic and functional properties of
MSCs, capable of differentiation into adipogenic, osteogenic, myogenic, and chondrogenic
lineages (Schwab et al., 2005). The origin of endometrial stem cells has recently been
examined by a phylogenetic approach by using RNA sequencing (RNA-seq) data to infer
lineage relations among different cell types and to trace the pattern of gene-expression
changes on a tree-like relation of cell types. This approach identified well-known regulators
of the endometrium such as progesterone receptor (PGR) and FOXO1, as well as GATA2 as
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a potential stromal regulator, and is essential for endometrial stromal cell differentiation /in
vitro (Kin et al., 2015). Of note, GATAZ is a critical factor for vascular development and
vascular remodeling in adults in our previous studies (Qiu et al., 2017; Yu et al., 2010).
However, how the vascular GATA2* and perivascular CD146"PDGFRB* cells contribute to
cyclic regeneration of the endometrium needs to be determined. More important, our study
on perivascular CD34+*KLF4* cells, together with these reports on stromal CD146(MCAM)
*PDGFRp* cells, may support a general theme by which resident perivascular cells function
as the source of endometrial stem cells. CD146/MCAM (also known as the melanoma cell
adhesion molecule or cell surface glycoprotein Muc18) functions as a receptor for laminin
a4, a matrix molecule that is broadly expressed within the vascular wall (Flanagan et al.,
2012). Accordingly, MCAM is highly expressed by cells that are components of the blood
vessel wall, including vascular endothelial cells, SMCs, and pericytes. PDGFR is essential
for the vascular development of pericytes and vascular SMCs, and therefore the integrity
and/or functionality of the vasculature in multiple organs (Lindahl et al., 1997, 1998). It is
worth determining whether the CD34*KLF4* and CD146(MCAM)*PDGFRp* cells are
identical populations in the stroma and whether they are functionally equivalent during
endometrial regeneration.

Adult tissue stem or progenitor cells not only express distinct cellular markers but also have
a different chromatin landscape from their progeny. Whole-transcriptome RNA-seq analysis
and an assay for transposase-accessible chromatin using sequencing (ATAC-seq) have been
applied to characterize gene expression programs and chromatin accessibilities of MSCs
from various tissues. Both RNA-seq and ATAC-seq can successfully define the molecular
signature of MSCs based on their tissue origins. However, clustering based on tissue origin
is more accurate with chromatin accessibility signatures than with transcriptome profiles
(Ho et al., 2018). It should be mentioned that chromatin remodeling also depends on critical
transcriptional factors that are expressed in specific progenitor cells. For example, cardiac
progenitor cells (CPCs) fate transitions with distinct open chromatin states critically depend
on CPC-specific transcriptional factors ISL1 and NKX2-5 (Jia et al., 2018). Similarly,
OCT4-SOX2-KLK4 expression could drive dynamic changes in chromatin states, shifting
from open to closed and closed to open states within particular loci. The open to closed loci
are largely composed of genes associated with a somatic fate, while the closed to open loci
are associated with pluripotency (Li et al., 2017). Of note, KLF4 is upregulated in the
uterine CD34*KLF4* progenitor cells. In a future study, we will characterize the chromatin
accessibility in the uterine CD34*KLF4" progenitor cells compared to both SM22a.*
stromal cells and differentiated endometrial epithelial cells.

Estrogen stimulation of the endometrium is the primary etiological factor associated with the
development of endometrial hyperplasia and adenocarcinoma. We observe endometrial
hyperplasia and even endometrial cancer in aged SENP1smKO mice. Previously in
SENP1smKO mice, we have observed delayed oocyte growth and follicle maturation with
reduced follicle number and size during early oocyte development, leading to premature
ovarian failure in late stages of ovulating life (Tan et al., 2017). However, here, we
demonstrate that estradiol can stimulate endometrial hyperplasia in ovariectomized
SENP1smKO mice, eliminating the possibility that these effects derive from the ovary. Our
mutagenesis data support that augmented ERa activation by SUMO modification is critical
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for the described phenotype, as confirmed by showing that the ERa deletion completely
blunts endometrial hyperplasia and cancer. Mechanistic studies suggest that the
SUMOylation of ERa augments ERa. transcriptional activity and downstream proliferative
signaling in SM22a*CD34*KLF4* stem cells. Nevertheless, the potential role in
endometrial regeneration of other SUMO targets besides ERa remains to be explored. It is
well documented that the uncontrolled proliferation of stem cells leads to cancer (Jiang et
al., 2017; Jones et al., 2006; Kota et al., 2017; Sahin et al., 2014; Wu et al., 2012; Yang et
al., 2012; Zheng et al., 2015). Endometrial cancer is the most common cancer of the female
reproductive system. Approximately 60,050 cases of endometrial cancer occur in the United
States each year, which is more than the incidence of ovarian cancer and cervical cancer
combined. Our study suggests that targeting ERa SUMOylation-dependent proliferation of
stromal CD34*KLF4* stem cells may provide a beneficial strategy for reducing the risk of
endometrial cancer.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Reagents and all other data supporting the presented findings are available upon request to
the Lead Contact, Wang Min (wang.min@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study approval—All animal studies were approved by the Institutional Animal Care and
Use Committee of Yale University. Use of clinical paraffin samples were approved by
Institutional Review Board at The First Affiliated Hospital, Sun Yat-sen University,
Guangzhou, China.

Smooth muscle 22a (SM22a.) specific SENP1 knockout mice and tomato
reporter mice—Senp1f/fl mice were generated by inserting loxP sites surrounding the
Senp1 gene exons 5 and 6, based on homologous recombination. Senp1f/fl mice were mated
with a deleter line carrying the Cre recombinase driven by the Sm22a.-promoter (sm22a.-
Cre:B6.129S6- Tag/n'™2(cr¢)Yec]y purchased from the Jackson Laboratory)(Qiu et al., 2017;
Shao et al., 2015; Tan et al., 2017; Yu et al., 2010; Zhu et al., 2017). For the reporter mice,
the SM22a.-Cre deleter mice were mated with mT/mG reporter mice
(ROSA-26S0rtmA4(ACTB-tdTomato, EGFP)LU0/j: pyrchased from The Jackson Laboratory) to
generate sm22a:mT/mG mice. In addition, we mated Senp1™f:sm22a-Cre (SENP1smKO)
to mT/mG reporter mice to generate Senpl™:sm22a.-Cre:mT/mG (named
SenplsmKO:mT/G mice). All mice had been subsequently backcrossed onto the C57BL/6
background for 6t generations. The deletion of SENP1 in uterine stromal cells of
SENP1/Ml:Cre was verified by quantitative PCR with reverse transcription using primers
amplifying exons 5-6 (Shao et al., 2015; Yu et al., 2010) and SENP1*/* & specific Cre or
Senp1™f mice used as controls. Mice were cared for in accordance with National Institutes
of Health guidelines, and all procedures. All animal studies were approved by the
Institutional Animal Care and Use Committee of Yale University.
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Rescue of uterine hyperplastic phenotype in SENP1smKO mice by deletion of
estrogen receptor-a (ERa)—ERa*~ mice obtained from Jackson Laboratory. All mice
had been subsequently backcrossed onto the C57BL/6 background for 61 generations.
SENP1smKO:ERa were obtained by mating SENP1smKO with ERa*/~ mice. Senp1f and
ERa*/~ knockout mice were used as controls.

Mouse model of menstruation and treatment regimens—All mice in this study
unless indicated were non-pregnant female mice at proestrous stage. One week after
ovariectomy female C57BL/6 mice received s.c. injections of 100 ng 17-B-estradiol (E2,
internal source) in ethanol/arachis oil (1:9) on three consecutive days. After three-days a
progesterone (P4) releasing silastic tube (0.5 mg P4/d, internal source) was implanted s.c.
into the back of mice followed by further applications of 10 ng E2 on three consecutive
days. Concomitant with the last E2 treatment 50 puL sesame oil was injected into one uterus
horn to induce decidualization (Brasted et al., 2003). The P4 implants were removed 48 h
later. Mice were sacrificed at indicated points of time after steroid withdrawal and uteri were
weighed and harvested for further analyses. All surgeries were performed under isoflurane-
induced anesthesia.

METHOD DETAILS

Immunohistochemical Staining—Paraffin-embedded samples isolated from uterus of
mouse or human were sectioned at a thickness of 4 pm. To stain SUMO1, SM22a,, CD34, E-
cadherin, keratin-14, KLF4 and ERa and cyclin D1, the slides were first deparaffinized in
xylene and rehydrated with gradient concentrations of alcohol under standard procedures.
After rehydration, the slides were immersed in 0.01 mol/L citrate buffer (pH 6.0) and heated
(95°C) for 15 min for antigen retrieval. Then, the samples were incubated with 3% hydrogen
peroxide (H,0,) for 10 minutes followed by 10% normal goat serum blocking for 10
minutes. Subsequently, the sections were incubated with primary antibody for overnight at
4°C. After washing with TBST for 3 times, the sections were incubated with biotin-labeled
secondary antibody followed by horseradish peroxidase (HRP)-conjugated streptavidin for
30 minutes individually at room temperature. After applying HRP substrate, 3.3"-
diaminobenzidine tetrahydrochloride (D3939-1set, Sigma) in 0.01% H,0, for 2-10
minutes, the slides were counterstained with Meyer’s hematoxylin for 30 to 60 s and
mounted with mounting medium for visualization under microscope. (Yin et al., 2016; Yin
etal., 2017). Scoring of SUMO1 and ERa in EC samples via IHC staining follows the
methods previously published. All of IHC staining samples from EC patients were
independently evaluated by experienced two pathologists.

Immunofluorescence staining—A respective isotype control was used in all of our
immunostaining. For example, anti-CD34 antibody was a rabbit antibody (abcam) therefore
a rabbit IgG isotype from abcam was used as a primary antibody control followed by the
same secondary antibody (e.g., Alexa Fluor®-conjugated donkey anti-rabbit). Confocal
microscopy images were taken with a Zeiss-LSM 700 microscope and evaluated using the
ZEN2010 software. For mean fluorescence intensity measurements, confocal microscopy
images were analyzed with ImageJ. Slides were observed using a Zeiss Axiovert 200
fluorescence microscope (Carl Zeiss Microlmaging; Thornwood, NY), and images were
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captured using Openlab3 software (Improvision, Lexington, MA). For tissue, 5 um serial
sections cut from frozen, OCT-embedded tissues were fixed in —20°C acetone for 10
minutes, dried for 15 minutes, followed by the same blocking/antibody protocol for cells as
listed above. All images were taken at least from 4 areas of each section randomly and 5
sections per mice using a light microscope with 40x objective lens. Images were quantified
using the MATLAB software (The Math Works, Inc. Natick, MA) as described previously
(Zhou et al., 2016). The endometrium repairing zone was identified and both epithelium and
stroma regions were marked using Photoshop. Number of target positive cells were counted
and quantified as % of total DAPI™ cells in the region.

Quantitative PCR (qRT-PCR)—Total RNA was extracted from human tissues using the
RNeasy Plus Mini Kit (74134, QIAGEN), and then converted into cDNAs using the High
Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosystems) following the
manufacturer’s instruction. Quantitative PCR was performed with a CFX-96 (Bio-Rad)
using the RT2 SYBR Green (330500, SA Biosciences). All values were normalized with
GAPDH abundance. Data were presented as the average of triplicates + SD.

3D co-culture system of endometrial formation (Arnold et al., 2001, 2002)—
GFP(SM22)*CD34" uterine stromal cells isolated from mT/mG reporter mice (WT) and
SENP1smKO:mT/mG mice at age of 2-months. The 24-well plates were precoated with
Matrigel and SM22*CD34* uterine stromal cells (total cell number as 1*106 cells / well)
were directly seeded onto the matrigel-precoated 24 well plate. The cells were incubated at
37°C for up to 48 hours to allow endometrium to form. Starting hour 6 and 48, the cells
fluorescent microscopic images to analyze the morphology. The well without cells but
containing medium was used as negative control. All assays were performed at least three
times and each time was tested in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Group sizes were determined by an a priori power analysis for a two-tailed, two-sample t
test with an a of 0.05 and power of 0.8, in order to detect a 10% difference in uterus
hyperplasia and histological parameters (e.g., uterus weight and numbers of progenitor cells)
at the endpoint. Female animals were grouped with no blinding but randomized during the
experiments. No samples or animals were excluded from analysis. All quantifications (e.g.,
uterus weight, body weight, cytokines, apoptosis, progenitor cell populations, ERa
activation) were performed in a blinded fashion. The differences of results of western-blot,
gRT-PCR, immunostainings, FACS, and endometrium formation were analyzed by Student’s
t test. All figures are representative of at least three experiments unless otherwise noted. All
graphs report mean £ SEM values of biological replicates. Comparisons between two groups
were performed by paired t test, between more than two groups by one-way ANOVA
followed by Bonferroni’s post hoc test or by two-way ANOVA using Prism 4.0 software
(GraphPad). P values were two-tailed and values < 0.05 were considered to indicate
statistical significance. p < 0.05, p < 0.01 and p < 0.001 are designated in all figures unless
specified with *, ** *** respectively.
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Highlights

Downregulation or loss of SENP1 induces SUMOylation and activation of
ERa

SENP1-ERa reprograms stromal SM22a.* cells into CD34*KLF4" progenitor
cells

CD34*KLF4* cells migrate to epithelial layer, enhancing endometrial
regeneration

The SENP1-ERa pathway may augment uterine hyperplasia and cancer
progression
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Figure 1. SM22a.*CD34" Stromal-Resident Progenitor Cells Involved in Endometrial
Regeneration

Normal C57BL/6 mice were subjected to induced menstruation, and mouse uteri were
harvested at 0, 36, 72, and 96 h post-P4 withdrawal. Tissue sections underwent
immunofluorescence staining, and DAPI was used to counterstain cell nuclei.

(A and B) (A) Immunofluorescent staining of SM22a and CD34 in tissue sections, and (B)
SM22a.*CD34* cells in the stroma and epithelium of the mouse uterus were quantified.
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(C and D) (C) Immunofluorescent staining of SM22a and E-cadherin in tissue sections, and
(D) SM22a*E-cadherin® cells in the stroma and epithelium of the mouse uterus were
quantified.

(E and F) Normal C57BL/6 mice (hon-mT/mG) and sm22a.Cre:mT/mG mice were
subjected to induced menstruation. (E) Representative images and (F) quantification of GFP
* cells in the stroma and endometrium of uterine frozen sections from sm22a.Cre:mT/mG
mice at 0, 36, and 72 h post-P4 withdrawal.

All of the data are presented as means £ SEMs; n = 5; **p < 0.01 and ***p < 0.001 (two-
sided Student’s t test). Scale bars: 20 um (A, C, and E).
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Figure 2. SENP1 Deletion Enhances Epithelium Repair in the Injury Model
Mice were subjected to induced menstruation, and mouse uteri were harvested at 0-96 h

post-P4 withdrawal.

(A) SUMOylation and de-SUMOylation family members were determined by qRT-PCR.
(B) SENP1 expression was detected by immunofluorescence staining.

(C) SUMO family members were determined by gRT-PCR.

(D) Immunohistochemical staining of SUMO1 and nuclei were counterstained with
hematoxylin.
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(E) SUMOL1" cells in the stroma and epithelium were quantified.

(F) Global SUMO conjugation in WT and SENP1smKO uteri were determined by western
blotting with anti-SUMOL.

(G) SUMO1 mRNA expression was determined by qRT-PCR.

(H and 1) SENP1 deletion in the stroma increased SM22a.* cells. Uteri were harvested at 4—
6 weeks of age, and (H) SM22a and SENP1 were stained with respective antibodies
followed by DAPI counterstaining.

(1) SM22a* cells in the stroma (%) were quantified.

(J and K) SENP1 deletion enhances epithelium repair in the injury model. Six-week old WT
and SENP1smKO mice were subjected to the mouse endometrial injury model, and uteri
were harvested at the indicated times (0-96 h). Representative H&E staining for tissue
sections are presented (J), and the percentage of epithelium coverage was quantified (K).
All of the data are presented as means + SEMs; n = 5; **p < 0.01 and ***p < 0.001 (two-
sided Student’s t test). Scale bars: 10 um (B, D, and H) and 25 pm (J).
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Figure 3. Deletion of SENP1 in Stromal Cells Significantly Induce Uterine Hyperplasia
(A) Quantification of the ratio of uterus over body weight in WT and SENP1smKO mice at

different ages.

(B) Quantification of the number of pups in WT and SENP1smKO mice at 2-12 months.
(C) H&E staining of uterus sections from WT and SENP1smKO mice at the age of 9
months. Top: cross-section; bottom: longitudinal section.

(D) Statistical analyses of hyperplasia, uterine sarcoma, and endometrial cancer in WT and
SENP1smKO mice observed at different ages.
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(E-H) Immunofluorescent staining of Ki67 with epithelial marker p-catenin (E) and TUNEL
staining (G) in the uteri of WT and SENP1smKO mice at the age of 2 and 9 months.
Proliferating (Ki67*) and apoptotic (TUNEL™") cells were quantified in (F) and (H).

All of the data are presented as means + SEMs; n = 5; **p < 0.01 and ***p < 0.001 (two-
sided Student’s t test). Scale bars: 600 um (C) and 200 um (E and G).
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Figure 4. SM22a*CD34* Stromal Progenitor Cells Directly Contribute to Uterine Hyperplasia
(A) Immunofluorescent staining with allophycocyanin (APC)-conjugated anti-E-cadherin

shown in purple in uterine sections from mT/mG reporter mice (WT) and
SENP1smKO:mT/mG mice at the age of 1 and 2 months. DAPI was used for
counterstaining of cell nuclei.

(B) GFP™ as indicative SM22a.* cells in the stroma and epithelium layer was quantified.
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(C and D) Immunofluorescent staining (C) and quantification (D) of CD34 and co-
localization with GFP (SM22a) in uterine sections of 2-month-old WT and SENP1smKO
mice.

(E and F) Co-immunofluorescent staining (E) and quantification (F) of KLF4 and CD34 in
uterine sections of 2-month-old WT and SENP1smKO mice. Arrow indicates a typical
nuclear KLF4-staining CD34* progenitor cell, while the arrowhead indicates CD34 cells
located in the epithelium layer with KLF4-cytoplasmic staining.

(G and H) Co-immunofluorescent staining (G) and quantification (H) of CD43 and epithelial
marker keratin 14 in uterine sections of 2-month-old WT and SENP1smKO mice. White
dashed lines show the boundaries between the endometrial stroma and epithelium. White
arrows show CD34" keratin 14~ cells in the epithelial layer.

All of the data are presented as means £ SEMs; n = 5; **p < 0.01 and ***p < 0.001 (two-
sided Student’s t test). Scale bars: 20 uym (A, C, E, and G).
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Figure 5. SM22a*CD34* Stromal Mesenchymal Cells Transdifferentiate into Epithelial Cells In
vitro

(A-D) SM22a.*CD34" stromal mesenchymal cells express KLF4.

(A) FACS analyses and sorting of GFP*CD34" stromal mesenchymal cells from the uteri of
2-month-old mT/mG reporter mice (WT) and SENP1smKO:mT/mG mice.

(B) The percentage of CD34*/GFP™ cells was quantified.

(C and D) (C) GFP*CD34" and GFP*CD34" cells were subjected to immunofluorescence
staining with KLF4, and (D) the percentage of KLF4*/CD34* cells were quantified.
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(E and F) SM22a.*CD34* stromal mesenchymal cells transdifferentiation to epithelial cells.
Sorted GFP*CD34* and GFP*CD34" cells were cultured in the absence or presence of E2
(10 ng/mL) for 10 days. (E) Cells were subjected to immunostaining for vimentin and E-
cadherin, and (F) the percentage of positive cells was quantified.

(G and H) Endometrium formation analyses. GFP*CD34" and GFP*CD34" cells were
cultured in a Matrigel-precoated 24-well plate.

(G) The cells were incubated 6-48 h to allow the formation of endometrial-like structures
with lumens.

(H) The number of endometrium formations was quantified based on phase and fluorescence
images.

All of the data are presented as means £ SEMs; n = 6; **p < 0.01 and ***p < 0.001 (two-
sided Student’s t test).
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Figure 6. ERa. SUMOylation at lys472 Augments Its Transcriptional Activity
(A and B) Immunohistochemical staining (A) and quantification (B) of ERa in uterine

stroma and epithelium from 2-month-old WT and SENP1smKO mice.

(C) Immunohistochemical staining of cyclin D1 in uterine sections from 4-month-old WT
and SENP1smKO mice.

(D) Quantification of cyclin D1* cells in stroma and endometrium.

(E-G) Uteri from WT and SENP1smKO mice were collected, and tissue lysates were
subjected to co-immunoprecipitation (colP) assays, as indicated. Inputs (E), colP with anti-
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ERa (F), and colP with anti-SUMOL1 (G), followed by western blot with anti-ERa or anti-
SUMOYL, as indicated. ERa. and SUMOQylated ERa are indicated.

(H) Expression plasmid for FLAG-tagged ERa was co-transfected with HA-tagged SUMO1
into human stromal cells, and ERa SUMOylation was determined by colP with anti-HA,
followed by western blotting with anti-FLAG (ERa).

(I) The K472R mutation diminishes ERa SUMOylation. FLAG-tagged ERa WT or a KR
mutant (mutation at K171, K180, K299, K472, or all 4K residues) was co-transfected with
HA-tagged SUMOL1 into human endometrial stromal cells (HESCs) in which endogenous
SENP1 was knocked down by SENP1 small interfering RNA (siRNA), and ERa
SUMOylation was determined by colP with anti-HA, followed by western blotting with
anti-FLAG (ERa).

(J) SUMOQylation enhances ERa transcriptional activity. ERa WT or a KR mutant was co-
transfected into HESCs. Expression of ERa downstream genes cyclin D1 and IGF1 was
determined by qRT-PCR.

All of the data are presented as means £ SEMs; n = 5; **p < 0.01 (two-sided Student’s t
test).
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Figure 7. ERa Mediates Stem Cell Proliferation and Uterine Hyperplasia in SENP1smKO Mice
(A and B) Co-immunofluorescent staining (A) and quantification (B) of ERa. and CD34 in

uterine sections of 9-month-old WT and SENP1smKO mice. Representative images and
quantifications of isolated uteri from WT and SENP1smKO mice at the age of 9 months.

(C and D) Representative images (C) and the ratios (D) of isolated uterus over body weight
in WT, SENP1smKO, ERa*~ and SENP1smKO:ERa*~ mice at the age of 9 months.

(E and F) Co-immunofluorescent staining (E) and quantification (F) of KLF4 and CD34 in
uterine sections of 9-month-old WT, SENP1smKO, ERa*/~ and SENP1smKO:ERa*/~ mice.
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Representative images and quantifications of isolated uteri from WT and SENP1smKO mice
at the age of 9 months.
Scale bars: 20 pm (A and E) and 2.0 mm (C).
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