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Abstract

Speckle-type poz protein (SPOP) is an E3-ubiquitin ligase adaptor for turnover of a diverse number
of proteins involved in key cellular processes such as chromatin remodeling, transcriptional reg-
ulation, and cell signaling. Genomic analysis revealed that SPOP somatic mutations are found in
a subset of endometrial cancers, suggesting that these mutations act as oncogenic drivers of this
gynecologic malignancy. These studies also raise the question as to the role of wild-type SPOP
in normal uterine function. To address this question, we generated a mouse model (Spop®?) in
which SPOP is ablated in uterine cells that express the PGR. Fertility studies demonstrated that
SPOP is required for embryo implantation and for endometrial decidualization. Molecular analy-
sis revealed that expression levels of the PGR at the protein and transcript level are significantly
reduced in the Spop®? uterus. While this result was unexpected, this finding explains in part the
dysfunctional phenotype of the Spop?? uterus. Moderate increased levels of the ESR1, GATA2,
and SRC2 were detected in the Spop® uterus, suggesting that SPOP is required to maintain the
proteome for normal uterine function. With age, the Spop?“ endometrium exhibits large glandu-
lar cysts with foci of epithelial proliferation, further supporting a role for SPOP in maintaining a
healthy uterus. Collectively, studies on the Spop®® mouse support an important role for SPOP in
normal uterine function and suggest that this mouse model may prove useful to study the role of
SPOP-loss-of-function mutations in the etiopathogenesis of endometrial cancer.

Summary Sentence

SPOP is required for embryo implantation, endometrial decidualization, and uterine health in the
mouse

Key words: mouse, speckle-type poz protein, progesterone receptor, estrogen receptor, embryo implantation, de-
cidualization.
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Introduction

Efforts to improve diagnosis and treatment of uterine dysfunction
are stymied by an incomplete understanding of the key endometrial
molecular signals that are required for early establishment of the
maternofetal interface. Recent whole exome sequencing has revealed
that speckle-type poz (pox virus and zinc finger) protein (SPOP; also
known as PCIF1 [1]) is frequently mutated in human endometrial
cancers [2-5]. This observation suggests that SPOP mutations may
act as oncogenic drivers of this gynecological malignancy and raises
the question: Is wild-type SPOP required for normal uterine biology?
Acting as a 42 kDa adaptor protein for the cullin3 (CUL3)-based
E3 ubiquitin ligase complex, SPOP is composed of a N-terminal
MATH domain, which selectively recruits substrates for ubiquitina-
tion and subsequent proteasomal degradation (reviewed in [6, 7]).
To date, all human endometrial cancer-associated SPOP mutations
have been mapped to the MATH substrate-recognition cleft [7];
therefore, such mutations are predicted to block normal substrate
recruitment for proteasomal turnover. Toward the C-terminus, the
bric-a-brac/tramtrack/broad (BTB) domain of SPOP is required for
interaction with the CUL3 scaffold protein [6, 7], which then targets
substrates for ubiquitin-mediated degradation by the 26S protea-
some.

Underscoring its evolutionary conserved and pleiotropic role in
proteome homeostasis, SPOP is associated with the ubiquitination
and degradation of a rapidly expanding list of diverse substrates
involved in a broad spectrum of physiological processes. Some of
these substrates include Daxx, the death-associated protein; Puck-
ered (Puc), a signaling phosphatase; MacroH2A, a core histone vari-
ant; Gli (glioma associated oncogene), a transcriptional regulator;
CHOP (C/EBP homologous protein), a transcription factor; CDC20
(cell division cycle 20), a cell cycle regulator; ERG (ETS-related
gene), an ETS transcription factor family member; AR (androgen
receptor), a nuclear transcription factor; coactivators: steroid recep-
tor coactivator-3 (SRC-3) and tripartite motif containing 24 (TRIM
24), and more recently c-MYC [8-20]. Although wild-type SPOP is
considered a tumor suppressor in a number of human cancers (re-
viewed in [7]), high expression levels of wild-type SPOP have been
shown to act as a tumor promoter in other target tissues such as the
kidney [21-24]. These paradoxical findings may be explained in part
by the cell-type specific make-up of a given SPOP substrate popula-
tion, which may constitute either a majority of tumor suppressors or
tumor promoters depending on cellular context [7].

Although there is compelling evidence that mutations of SPOP
may drive endometrial cancer, the in vivo role of wild-type SPOP
in normal uterine function is not known. To address this issue, we
recently applied conditional genetic technology in the mouse to se-
lectively abrogate SPOP expression in uterine cells that express the
PGR. Our data strongly support an important role for SPOP in nor-
mal uterine function in the mouse by regulating the homeostasis of
key signaling cues required for embryo implantation and endome-
trial decidualization.

Materials and methods

Generation of a Spop conditional knockout mouse

As described previously [13, 25], C57BL/6 mice carrying
the Spop™1aKOMPIWisi gllele were obtained from the inter-
national knockout mouse phenotyping (KOMP) consortium
(www.knockoutmouse.org). Termed a knockout first allele, the en-
gineered Spop?1a(KOMP)Wisi g]lele consists of a targeted insertion into

the third intron of the murine Spop gene. In the 5’ to 3’ direction, the
insertion cassette is composed of an FRT site followed by the LacZ
gene and a loxP site. The first loxP site is followed by a neomycin
resistance (neo”) gene under the control of the human beta-actin
promoter; the antibiotic resistance gene also contains a strong SV40
polyA termination signal. A second FRT site and loxP site follow
the neo” gene, while a third loxP site is inserted downstream of exon
5 of the Spop gene. A “conditional ready” Spop allele, in which
exons 4 and 5 are flanked by loxP sites (floxed), was generated
by crossing Spop?”1#(KOMP)Wsi
flip recombinase gene (encoding flippase) targeted to the ROSA locus
[26]. Progeny carrying a Spop conditional allele (Spop/f) was crossed
with our Pgr“"® mice (Pgr < tm2(cre)Lyd > (C57BL6)) to selectively
abrogate SPOP expression in cells expressing the PGR [27]. The PCR
primer sequences used to genotype the Spop1aKOMP)Wisi 3lele are as
follows: forward-primer 5-GGGATCTCATGCTGGAGTTCTTC-
3’; and reverse-primer 5'-GAGCGTTCACATCCCTTACATCTC-3/,
which generates a 659-bp amplicon (PCR-1; Figure 1A and B). The
PCR primer sequences to genotype the Spop/ allele are as follows:
forward-primer 5'-GCAGAAGCAGGCAGATCTTT-3' and reverse-
primer 5'-GCCCTTAGTTTTTCATGATGG-3', which generates a
179-bp and 397-bp amplicon (PCR-2; Figure 1A and B) for the
wild-type and floxed Spop allele respectively. For brevity, resultant

Pgrre:Spop!”l bigenic mice are termed Spop®?. For studies described
drd

mice with C57BL6 mice carrying the

cre

herein, Pgr® monogenics served as controls for Spop®® mice. When

4/d mice were euthanized at the same stage

possible, control and Spop
of their cycles for histological and molecular studies described herein.

Animal husbandry and housing was undertaken in an AAALAC
accredited vivarium at Baylor College of Medicine. In temperature
controlled mouse rooms (22 £ 2°C) on a 6 am-7 pm light cycle, mice
were fed irradiated Tekland global soy protein-free extruded rodent
diet (Harlan Laboratories, Inc., Indianapolis, IN) and fresh water
ad libitum. Mouse experiments were conducted in strict accordance
with the guidelines described in the Guide for the Care and Use of
Laboratory Animals (“The Guide” (Eighth Edition 2011)) published
by the National Research Council of the National Academies, Wash-
ington, D.C. (www.nap.edu). Animal protocols used in these studies
were prospectively approved by the Institutional Animal Care and
Use Committee at Baylor College of Medicine.

Fertility trials, timed pregnancies, and superovulation
For breeding trials, sexually mature control and Spop®® females were
housed with proven stud/breeder C57BL/6 males. Over a 6-month
breeding period, the date of pup delivery, the number of litters, and
the number of pups per litter were recorded for each female. For
timed pregnancy studies, females were housed with fertility-proven
C57BL/6 males overnight. The detection of a copulatory (or vaginal)
plug the following morning was designated as day 1 of pregnancy
(1 dpc); pregnant females were individually housed. To locate in-
cipient implantation sites in uterine horns of 5-dpc pregnant dams,
Chicago sky blue dye (1%; 100 ul PBS/mouse) was injected into one
of the two lateral tail veins before mice were euthanized 2 min later.
To induce superovulation, 21-day old female mice were in-
traperitoneally (IP) injected with pregnant mare serum gonadotropin
(PMSG; Sigma-Aldrich, St. Louis, MO (5 international units
(TU)/100 pl of sterile 0.9% saline)). Forty-eight hours later, mice
received an IP injection of human chorionic gonadotropin (hCG;
Sigma-Aldrich (5 TU/100 ul of sterile 0.9% saline)). Sixteen hours
post-hCG injection, oocytes were collected from oviducts and
counted using a dissecting microscope as previously described
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ce carrying the Spop lacZ: flox allele were crossed with ROSA flippase mice to

generate mice harboring the conditional Spop floxed allele (Spop™) in which exons 4 and 5 are flanked by loxP sites. The Spop” and mPgr-cre mouse (both
C57BL6) were crossed to generate the bigenic Spop®@ mouse. Driven by the Pgr promoter, the cre recombinase excises exons 4 and 5 of the Spop gene in the
Spop?? mouse; exons 4 and 5 encode the essential MATH domain of SPOP [13]. (B) Typical PCR results are shown for genotyping mice carrying the targeted
Spop lacZ: flox allele and the Spop™ allele using the PCR-1 and PCR-2 reaction primers respectively. For the PCR-1 reaction, lanes 1 and 2 represent genotype
results using tail tip genomic DNA from control mice and mice heterozygous for the Spop lacZ: flox allele, respectively; the positive PCR amplicon is 659 bp.
For the PCR-2 reaction, lanes 1, 2, and 3 denote control, Spop”* (heterozygous for the Spop floxed allele) and Spop” (homozygous for Spop floxed allele)
respectively; PCR-positive amplicon is 179 bp for WT allele and 397 bp for Spop floxed allele. Primer sequences for PCR-1 and -2 are listed in Materials and
methods section. (C) Real-time PCR analysis clearly demonstrates a significant reduction in Spop transcript levels in the uterus of Spop®@ mice (n = 9) as

compared to controls (n = 6). (D) Western analysis of protein isolated from control and Spop'

uterus; each lane represents a protein sample pooled from four individual adul

[28]. Ovaries were fixed in 4% paraformaldehyde (PFA) for his-
tological analysis. To assess ovarian cyclicity, the estrous cycle
was monitored over 3-4 weeks by examining the cytology of
daily vaginal lavages on slides stained with 10% crystal violet
(Sigma-Aldrich) [29].

To measure circulating serum levels of E2 and P4, blood was
collected from the orbital sinus of anesthetized 5-dpc Spop@? and

9d uteri confirms that SPOP protein is not detected in the Spop®?
t mice per genotype (B-actin serves as a loading control).

control mice. After blood clotting at room temperature for 90 min
in BD microtainer tubes (Fisher Scientific Inc.), serum was isolated
through the microtainer tubes’ serum separator; serum was stored
at —80°C until hormone measurement. Serum levels of E2 and P4
were measured by the Ligand Assay and Analysis Core of the Center
for Research in Reproduction at the University of Virginia (Char-
lottesville, VA).
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Artificial decidual response assay and hormone
treatments

Elicitation of an artificial decidual response has been described
[28, 30]. Briefly, mice were ovariectomized at 6 weeks of age and
rested for 2 weeks before receiving three daily subcutaneous (sc)
injections of E2 (100 ng). Following 2 days of rest, mice were ad-
ministered three daily sc injections of E2 plus P4 (E2 (6.7 ng) and P4
(1 mg)). Six hours following the third E2P4 injection, sesame oil (50
ul) was instilled into the lumen of the left uterine horn (stimulated);
the right horn did not receive oil (unstimulated). After intralumi-
nal instillation of the deciduogenic stimulus, mice received daily sc
injections of E2P4 for 5 days, and then weighed before euthana-
sia. Trimmed of mesometrial membrane and vasculature, extracted
stimulated and unstimulated uterine horns from each mouse were
weighed for wet-weight measurements before further analysis.

To assay the ability of P4 to suppress E2 induced uterine epithelial
proliferation in the ovariectomized mouse, an established protocol
with modifications was used [28]. Briefly, mice were ovariectomized
at 6 weeks of age, rested for 2 weeks before injection with (1)
100 ul of hormone vehicle (sesame oil; termed untreated); (2) E2
(100 ng/100 wl) for 18 h; or (3) E2 (100 ng/100 wl) and P4 (1
mg/100 wl) for 24 h before euthanasia. Tissues were immediately
removed for histological examination.

Immunohistochemical analyses

Tissues, fixed in 4% PFA overnight, were processed and embed-
ded in paraffin as previously reported [28]. Tissue sections from
serially sectioned tissue blocks were placed on Superfrost plus glass
slides (Fisher Scientific, Pittsburgh, PA). Prior to immunohistochemi-
cal analysis, sections were deparaffinized, rehydrated, and processed
through an antigen unmasking step. Following a 1-h blocking step
at room temperature, tissue sections were incubated with one of the
appropriate antibodies listed in Supplementary Table S1 overnight
at 4°C. After primary antibody incubation, sections were incubated
with a goat anti-rabbit IgG secondary antibody (Vector laboratories
Inc.) for 1 h at room temperature followed by incubation with the
R.T.U Vectastain® Universal ABC reagent (Vector laboratories Inc.)
for 30 min at room temperature. Immunopositivity was visualized in
situ through incubation with 3, 3’-diaminobenzidine (DAB, Vector
laboratories Inc.); slides were counterstained with hematoxylin for
contrast. Finally, sections were dehydrated before coverslips were
mounted using slowfade mounting medium (Fisher Scientific Inc.).
For §5'-bromo-2’-deoxyuridine (BrdU) immunohistochemical analy-
sis, mice were first IP injected with BrdU (10 mg/ml; Amersham Bio-
sciences Corporation, Piscataway, NJ (0.1 ml/10 g body weight))
2 h before euthanasia. Following tissue processing as described
above, tissue sections were incubated with a biotinylated anti-BrdU
antibody (BrdU In-Situ Detection Kit (BD Pharmingen Inc., San Jose,
CA; 1:10 dilution)) overnight at room temperature. Sections were
then incubated with the Vectastain ABC reagent at room tempera-
ture for 1 h and the immunoreaction was visualized using the DAB
peroxidase substrate kit and subsequently processed as described
above.

Raw images of immunostained tissue sections were digitally cap-
tured using a color chilled AxioCam MRc¢S5 digital camera interfaced
with a Carl Zeiss Axiolmager A1 upright microscope (Zeiss, Jena,
Germany). Postprocessing, collation, and annotation of images were
performed with Photoshop and Illustrator (version 6) software pro-
grams (Adobe Systems Inc., San Jose, CA).

Molecular analyses

For studies using quantitative real-time PCR, total RNA was ex-
tracted from homogenized tissues using TRIzol® reagent (Ther-
moFischer Scientific Inc., Waltham, MA) and further purified us-
ing the RNeasy® Plus Mini Kit (Qiagen). Reverse transcription
of total RNA into ¢cDNA was performed using the Superscript IV
VILO Master Mix (ThermoFisher Scientific Inc.) before real-time
PCR amplification. Details on TagMan ® gene expression assays
used in these studies are provided in Supplementary Table S2; the
18S ribosomal RNA TaqgMan® assay was used as an internal con-
trol. To evaluate Spop transcript levels by real-time PCR, the Sensi-
FAST SYBR® Hi-ROX One-Step kit (Bioline Inc., #BI0-82005) was
used. The sequences of the PCR primers in the 5'-3'reaction are as
follows: Spop forward primer: GGAGGAAATGGGTGAAGTCAT;
Spop reverse primer: GGGTTTACTCGCAAACACCA; B-actin for-
ward primer: GTGGTACGACCAGAGGCATAC; and B-actin re-
verse primer: AAGGCCAACCGTGAAAAGAT.

Conditions for western immunoblotting have been described pre-
viously [31]; the primary antibodies used in these studies are listed
in Supplementary Table S1. The SuperSignal West Pico Chemilumi-
nescent Substrate kit (ThermoFisher Scientific) was used to detect
the chemiluminescent signal. To facilitate the re-probing of western
blots with different antibodies when required, immunoblots were
stripped of primary and secondary antibodies using Restore West-
ern Blot Stripping buffer ((#21059) Thermo Fisher Scientific Inc.).

Statistical analyses

When applicable, two-tailed Student # tests along with one-way
ANOVA with Tukey post hoc multiple range tests were performed
using the GraphPad Prism and Instat tools (GraphPad Software Inc.,
La Jolla, CA). A P-value < 0.05 was considered statistically signifi-
cant; asterisks in figures denote the level of significance: *P < 0.05;
*P < 0.01; and **P < 0.001.

Results

The Spop®? female mouse is infertile

Because whole body abrogation of SPOP expression in the mouse
results in early neonatal death [1, 13, 25], we used a recently engi-
neered mouse (the Spop”/ mouse) in which critical exons (encoding
the MATH domain [7]) of the Spop gene are flanked (or floxed)
by loxP sites to allow for tissue selective ablation of SPOP with
a cre driver of choice (Figure 1A and B). The Spop” mouse was
recently used by our colleague, Dr Nicholas Mitsiades at Baylor
College of Medicine, to successfully abrogate SPOP in the prostate
epithelium using the probasin-cre driver mouse [13]. Crossing the
Spop! mouse with our Pgr-cre mouse [27] to generate the Spop®@
bigenic (Figure 1A and B), we similarly demonstrated that uterine
Spop transcript levels are significantly reduced in the Spop9d
(Figure 1C); importantly, western analysis did not detect SPOP pro-

uterus

tein in the Spop?? uterus (Figure 1D). Unfortunately, we and others
[13] have not been able to find a commercial SPOP antibody suitable
for immunohistochemistry on adult murine tissues. Irrespective, nu-
merous studies have shown that the Pgr-cre driver can successtully
ablate gene expression in PGR-positive cells of the murine uterus
(reviewed in [32]).

Long-term breeding studies revealed that Spop?“ female mice
mated with stud males exhibited a comparable vaginal plugging la-
tency to control females. Unlike control females (N = 12; 60 litters;
395 pups; average number of pups per litter = 6.58); however, none
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(A) 5 dpc

Control

(B)

Figure 2. Embryo attachment and implantation fails in Spop®@ mice. (A) At the gross level, the location of implantation sites are clearly observed as blue bands
(indicated by arrowheads) in uteri of control 5 dpc mice (n = 5) following tail vein injection with 1% Chicago sky blue dye. However, blue bands are not observed
in the uterus of similarly treated Spop®® mice (n = 6). (B) Serial sections stained with hematoxylin and eosin (H&E) of uterine tissue from control and Spop®?
mice at 5 dpc clearly show tight embryo attachment (E; black arrowhead) to the intact luminal epithelium (LE; white arrowhead) of the control mouse (n = 5);
however, embryo attachment does not occur in Spop® mice (n = 6). Similarly, continued advancement of embryo implantation following breakdown of the
luminal epithelium is seen in control 6 dpc mice (n = 5) but not in Spop®@ 6 dpc mice (n = 5); instead, the latter show floating embryos in the uterine lumen.
Note: bottom panels are high power magnifications of images shown in the upper panels.

of the plugged Spop@? females (N = 11) became pregnant over the 6-
month breeding period. To examine whether impairment of ovarian
4 infertility phenotype, prepubescent
Spop®@ and control females were superovulated by administrating
an established gonadotropin hormone sequential treatment regimen
[28]. Both oocyte counts and ovarian histological evaluation clearly

function underpinned the Spop

showed that ovarian activity in the Spop?“ female is comparable to
that of control females (Supplementary Figure S1). This observation
is further supported by the finding that Spop®@ females display a

normal iterative estrous cycle profile by cytological evaluation of
vaginal lavages taken daily (Supplementary Figure S1).

4d mouse is normal, we next

Because ovarian activity in the Spop
tested whether Spop®? uterine function is compromised during the
implantation period. Timed pregnancy studies revealed that Chicago
sky blue tail vein injection did not detect nascent implantation sites
in the uterine horns of the 5-dpc Spop@
similarly treated timed-pregnant controls (Figure 2A). Examination

of serial H&E stained uterine sections showed typical tight embryo

mouse as compared with
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Figure 3. Uterine decidualization is impaired in the Spop®@ mouse. (A) Established protocol to induce an artificial decidual response in the uterus of ovariectomized
control and Spop®? mice (n = 6 per genotype). (B) Gross morphology of control and Spop® uterus following the protocol described in (A) above; stimulated and
unstimulated horns are denoted by “S” and “U’, respectively (scale bar applies to both panels). (C) Histogram shows the average of wet-weight ratios (£standard
deviation) of stimulated uterine horns over contralateral unstimulated horns for control and Spop?? mice; ***P-value < 0.001. (D) Low power magnification
images of H&E stained transverse sections of stimulated (S) control uterine horn; unstimulated (U) control horn; stimulated (S) Spop®@ horn; and unstimulated
Spop?@ horn. Panels (E-H) are corresponding higher magnification images of regions within images shown in (D); scale bar in (E) also applies to (F-H).

attachment to the luminal epithelial compartment of the 5-dpc con-
trol uterus; however, embryo attachment was not observed in the
S-dpc or 6-dpc Spop? uterus (Figure 2B). In all cases, embryos

d/d \terus with

were found floating in the luminal space of the Spop
no evidence of local luminal cavity closure around the embryo (Fig-
ure 2B). At 5 dpc, there was no significant difference in the serum
levels of P4 and E2 in Spopd/d and control mice (P4 levels (ng/ml):
Spop@d = 25.0 + 2.5; control = 22.9 + 2.0; and E2 levels (pg/ml):
Spop® = 4.0 £ 0.6; control = 3.6 £ 0.6; n = 6 mice per group)).
These results show that ovarian luteal function is normal in the
Spop?d mouse during this period and concur with ovarian data pre-
sented in Supplementary Figure S1.

The Spop® infertility phenotype is intrinsic to the
uterus

To confirm that the Spop® female infertility phenotype originates in
the uterus, we used a standard artificial decidual response assay [30]

d/d and control sib-

on steroid hormone treated ovariectomized Spop
lings (Figure 3). Using an E2 and P4 administration regimen shown
in Figure 3A, we found that the Spop?“ uterine horn does not de-
velop into a typical deciduoma following intraluminal instillation of
sesame oil, which was the deciduogenic stimulus used in these exper-
iments (Figure 3B-H). This result strongly supports a critical role for
SPOP in steroid hormone-dependent endometrial stromal decidual-
ization, a cellular process that is essential for the early establishment

of pregnancy.

The expression level of PGR is markedly reduced in the
murine Spop?? uterus

Of the key uterine molecular signaling cues examined by western
analysis, our first line of molecular investigations revealed that the
expression level of both isoforms of PGR protein is markedly de-
creased in Spopd
(Figure 4A). This finding was unexpected as one study using cultured

uteri as compared to control uteri of virgin mice
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Pgr

mRNA levels/18S

Control

Spop™?

Figure 4. Protein levels of the PGR are significantly reduced in the Spop®@ uterus. (A) Western immunoblot analysis shows that the A and B isoforms of PGR
are significantly reduced in the Spop?? uterus as compared to controls. Expression levels of ESR1 are moderately increased in the Spop?? uterus compared
to controls. The expression levels for SRC-3 are not significantly changed between control and Spop?? uteri; f-actin serves as the loading control. Note: each
lane on the gel represents pooled protein samples from three individual mice. (B) Real-time PCR analysis shows that Pgr transcript levels are also significantly
reduced in the Spop?? uterus (n = 4) as compared to controls (n = 4). (C) Immunohistochemical detection of PGR expression in the uterus of an ovariectomized
control mouse. Note strong immunoreactivity for PGR in the luminal epithelium (LE) and glandular epithelium (GE). (D) Immunohistochemical detection of

PGR expression in the uterus of an ovariectomized Spop®@ mouse; note the significantly low levels of PGR expression in the luminal and glandular epithelial
compartments. (E) and (F) are higher magnification images of (C) and (D) respectively; scale bar in (C) and (E) applies to (B) and (F), respectively.

human breast cancer cells showed that PGR protein is targeted for
turnover by SPOP [33], suggesting absence of SPOP would lead to an
increase (rather than a decrease) in the levels of uterine PGR. How-
ever, real-time PCR analysis demonstrated that Pgr transcript levels
are also reduced by SPOP silencing (Figure 4B), indicating that the
observed reduction in uterine PGR expression levels is most likely
an indirect molecular consequence of SPOP depletion.

Although the expression levels of ESR1 are moderately increased
in the Spop® uterus (Figure 4A), the induction of established ESR1
molecular targets is not significantly different between the Spop®?
and control uterus (Supplementary Figure S2). The expression levels

of steroid receptor coactivator 3 (SRC-3) are unchanged between
genotypes (Figure 4A). Apart from their importance in murine uter-
ine function [34, 35], ESR1 and SRC-3 have been shown to be targets
of SPOP in vitro [8, 36] as well as substrates for other ubiquitin-
mediated mechanisms of protein turnover [34]. We also detected
a moderate increase in protein levels of GATA2 and SRC-2 in the
Spop? uterus as compared to the control uterus (Supplementary
Figure S3); importantly, these proteins exert important roles in en-
dometrial responsiveness to P4 [29, 37, 38].

The significant depletion of uterine PGR in the Spop®? mouse
was also confirmed by follow-up immunohistochemical detection for
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Figure 5. Absence of SPOP in the murine uterine results in a significant attenuation in the induction of established transcriptional responses to acute progesterone
exposure. Quantitative real-time PCR analysis of the transcriptional induction of established P4 gene targets in the uterus from ovariectomized control and
Spop@? mice treated with vehicle (sesame oil (white column)) and 1 mg P4 (1 mg/100 ! (black column)) for 6 h (n = 5 mice per treatment/genotype). Note the
marked decrease in transcriptional induction of Areg; Hdc; Ihh; Plzf, Cyp26a1; Errfi1; IL13ra2; and Tcf23in the Spop® uterus in response to P4 administration.
P values <0.05, <0.01 and <0.001 are indicated by *, **, and *** respectively; n.s. denotes nonspecific (P > 0.05).
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Figure 6. Progesterone suppression of estrogen-induced epithelial proliferation is significantly attenuated in the Spop?? endometrium. (A) Uterine tissue
from ovariectomized untreated control mice that were stained for BrdU incorporation. Luminal epithelium is indicated by arrowhead. (B) Uterine tissue from
ovariectomized untreated Spop®@ mice that were similarly stained for BrdU incorporation. (C) Uterine tissue from ovariectomized control mice treated with E2
(100 ng for 18 h) that were stained for BrdU incorporation. Note the expected increase in the number of luminal epithelial cells that score positive for BrdU
incorporation (arrowhead). (D) Uterine tissue from ovariectomized Spop®? mice treated with E2 (100 ng for 18 h) that were stained for BrdU incorporation. Note
a similar increase in the number of luminal epithelial cells scoring positive for BrdU incorporation. (E) Uterine tissue from ovariectomized control mice treated
with E2 for 18 h and then P4 (1 mg) for 8 h that were stained for BrdU incorporation. Note the expected marked reduction in the number of luminal epithelial
cells scoring positive for BrdU incorporation (black arrowhead). White arrowhead indicates a stromal cell positive for BrdU incorporation. (F) Uterine tissue from
ovariectomized Spop®@ mice treated with E2 for 18 h and then P4 (1 mg) for 8 h that were stained for BrdU incorporation. Note: a significant number of luminal
epithelial cells remain positive for BrdU incorporation (arrowhead). Scale bar in (A) applies to (B-F); data representative of n = 5 mice per genotype/treatment

group.

PGR expression in uterine sections derived from untreated ovariec-
tomized Spop@@ and control mice (Figure 4C-F). It is known that
PGR protein expression is markedly robust and consistent in the ep-
ithelial compartment of the uterus of the ovariectomized wild-type
mouse [38], making for an ideal model to compare the relative ex-
pression levels of this nuclear receptor in control and mutant mice
by immunohistochemistry [38]. Importantly, as a consequence of the
reduction of uterine PGR levels, the transcriptional induction of a

number of PGR molecular targets is significantly attenuated in the
Spop@d uterus (Figure 5), a subset of these targets are critical for
embryo implantation [39-41] and endometrial stromal cell decidu-
alization [31, 42].

Reduction in PGR levels in the Spop®@ uterus also results
in a significant attenuation in the ability of P4 to suppress E2-
induced uterine epithelial proliferation (Figure 6). This result is
significant as endometrial P4 resistance is linked to a number of
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Figure 7. The Spop?? uterus exhibits large cystic endometrial glands with age. (A) Light microscopy using a dissecting scope of control uterine tissue at the
gross level (n = 5 mice). (B) Light microscopy of Spop®? uterus shows conspicuously large cysts (arrowheads); n = 5 mice. Scale bar in (A) applies to (B). (C)
Transverse section of control uterus stained for cytokeratin 8, an epithelial marker. (D) Transverse section of Spop®@ uterus similarly stained for cytokeratin 8;
note the numerous large glandular epithelial cystic structures (arrowhead). Scale bar in (C) applies to (D). (E) Longitudinal section of the Spop?? uterus stained
for cytokeratin 8. Note that cystic glands of variable size and shape appear throughout the uterine horn (arrowhead).

endometrial pathologies, including endometriosis and endometrial
cancer [43].

Cystic endometrial glands develop in the Spop®?

uterus with age

By 10 months of age, the untreated Spop’
lated cystic glandular structures that are not observed in age-matched
control mice (Figure 7A-E). Throughout the Spop® uterine horn,

dld yterus exhibits overt di-

numerous cystoid structures—irregular in size and shape—crowd the
endometrial stroma in cribriform patterns that extend to the circular
smooth muscle layer of the myometrium (Figure 7A-E). However,
the dilated Spop®@ uterine glands do not show epithelial atypia,
pseudostratification, or excessive secretory (or eosin positive) ma-
terial. Interestingly, immunohistochemical evaluation for FOXA2
expression (a marker for normal glandular epithelial cells [44]) is
significantly reduced in epithelial cells that comprise the larger cysts,
which suggests that these cells have lost their normal glandular
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Figure 8. Epithelial cells in Spop?? endometrial cysts express low levels of FOXA2 and exhibit increased proliferative capacity. (A) Transverse section of uterine
horn from a control mouse stained for FOXA2 expression. Note the expected strong immunopositivity for FOXA2 expression in the glandular epithelia located
in the antimesometrial (AM) pole (arrowhead); M indicates mesometrial pole. (B) Transverse section of uterine horn from Spop®? mouse similarly stained
for FOXA2 expression. Note the significant decreased expression of FOXA2 in the larger cystoid structures (arrowheads). Scale bar in (A) applies to (B). (C)
Higher magnification of region shown in (A) above. (D) and (E) are higher magnifications of regions shown in (B) above. Scale bar in (C) applies to (D). (F)
Control glandular epithelia (GE) stained for BrdU incorporation. Note the sparse distribution of BrdU-positive GE cells (arrowhead). (G) Immunostaining for
BrdU incorporation in Spop®@ GE cells. Note the foci (brackets) of BrdU-positive cells in the larger cystic glands; S indicates stroma. Scale bar in (F) applies to

(G).

epithelial identity (Figure 8A-E). Although the Spop®? glandular
epithelium scores significantly higher in the number of proliferating
cells as compared to controls, many of these proliferating cells are
distributed in focal areas rather than evenly distributed (Figure 8F
and G); this cellular distribution pattern has been reported for similar
uterine pathologies with dilated cystic uterine glands [45]. Therefore,
the Spop@@ uterine histopathology that emerges with age may arise
from these foci of hyperproliferation.

Discussion

Although SPOP was discovered over two decades ago [46], condi-
tional SPOP knockout mouse models have only been generated and
characterized within the last two years [13, 25]. In the case of the
murine prostate, SPOP ablation in the epithelium results in hyperpla-
sia and dysplasia that develops into prostatic intraepithelial neopla-
sia (PIN) in the dorsolateral and ventral prostate by 38 weeks of age
[13]. Using a similar approach that allows for the targeted ablation
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of SPOP in cells which express PGR, we demonstrate the importance
of uterine SPOP for embryo implantation and endometrial decidual-
ization. By revealing a critical role for SPOP in hormone-dependent
endometrial decidualization, we provide essential in vivo support
for recent in vitro studies [47] that report a pivotal involvement for
murine SPOP in endometrial stromal cell decidualization in culture.

Intriguingly, our molecular analysis demonstrates that the ex-
pression levels of both isoforms of the PGR protein are significantly
attenuated with uterine SPOP depletion, providing one mechanis-
tic explanation for the uterine dysfunction displayed by the Spop@
mice. The marked reduction in PGR protein levels following SPOP
ablation was unexpected since SPOP has been shown by in vitro stud-
ies to turnover PGR [33] as well as other nuclear receptors, such as
ESR1 and the AR [9, 36, 48, 49]. Moreover, a recent in vivo study—
using a similar engineered mouse approach—showed that the expres-
sion levels of AR—a close relative of PGR—are markedly increased
as expected in the prostate epithelium following conditional SPOP
ablation in the mouse [13]. However, the observation that Pgr tran-
script levels are also reduced in the Spop®d
rect regulation of PGR protein levels by SPOP. Instead, these findings
suggest other regulatory factors of PGR protein stability and/or tran-
scription are substrates for uterine SPOP. Accordingly, the striking

uterus argues for an indi-

reduction in uterine PGR expression levels results in adverse molec-
ular repercussions in terms of a significant attenuated induction of
key downstream transcriptional programs required for endometrial
implantation processes and decidualization in the mouse. Further-
more, the P4 resistance phenotype of the Spop@
a cellular mechanism to explain the functional defects of this tissue,

uterus may suggest

when SPOP function is derailed. The latter proposal will be a major
focus for future investigations.

Further molecular analysis disclosed that SPOP ablation results
in a moderate increase in the expression levels of uterine ESR1,
GATA2, and SRC-2, suggesting that perturbation of SPOP action
most likely derails the normal homeostatic levels of many proteins
in the proteome required for uterine function. Although the changes
in expression levels are moderate for a given protein, we speculate
that the collective alterations in levels of many proteins are expected
to exert significant adverse effects on uterine function. Interestingly,
we have recently shown that GATA2 is required for maintaining
uterine PGR expression levels [38]. The observation that GATA2 is

4/d yuterus may represent a molecular

moderately increased in the Spop
mechanism to increase PGR expression in response to the significant
decrease in PGR expression levels as result of SPOP ablation. In the
case of SRC-2, we previously demonstrated that increasing the levels
of this coregulator results in severe uterine dysfunction in the mouse
[29], resulting in a striking subfertility phenotype. The uterine defects
resulting from increased SRC-2 levels include a marked impairment
in uterine decidualization and an enhanced proliferative response to
E2 exposure leading to endometrial glandular cysts and epithelial
hyperplasia [29].

In view of the strengthening link between SPOP somatic muta-
tions and a subset of human endometrial cancers [2-5], the question
arose as to whether the Spop#? uterus would exhibit histopatho-
logical signatures consistent with the early stages of endometrial

dld conditional knockout allele in

tumorigenesis. Although the Spop
the mouse does not directly model the human SPOP point muta-
tions found in human endometrial cancers, both SPOP mutation
types result in loss-of-function phenotypes. In keeping with recent
in vivo prostate studies in the mouse [13], we found that the aging
Spop@? endometrium develops conspicuously dilated glandular ep-

ithelial cysts with foci of hyperproliferative epithelial cells. Interest-

ingly, these aberrant histomorphic features emerge at approximately
the same time (~38-40 weeks) that PIN lesions are observed in the
prostate of mice in which the Spop allele is conditionally abrogated
[13]. Whether the histopathology of the Spop®@ endometrium pre-
disposes this tissue to neoplasia with time or accelerates the progres-
sion of oncogene-dependent endometrial cancer constitute important
questions for future investigation.
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Supplementary data are available at BIOLRE online.

Supplementary Table S1. List of antibodies used in the describe
experiments.

Supplementary Table S2. List of TagMan assays used in the de-
scribed experiments.

Supplementary Figure $1. Ovarian function is normal in the Spop®?
mouse. (A) Control (n = 8) and Spop? (n = 6) mice ovulated sim-
ilar numbers of oocytes following administration of an established
superovulation hormone regimen. (B-E) Histological analysis shows
both control (B, D) and Spop®@ (C, E) ovaries exhibit corpora lutea
(CL) following ovulation. (F) Typical estrous cyclicity profiles for
both control (n = 10) and Spop@ (n = 10) mice supports normal
ovarian activity including steroidogenesis in Spop@? female. (G) Rep-
resentative examples of crystal violet stained vaginal cytology from
control and Spop? mice at defined stages of the estrous cycle.
Supplementary Figure S2. Expression of estrogen molecular targets
is not significantly altered in the Spop@
Supplementary Figure S3. Western analysis of GATA2, SRC-1, and
SRC-2 protein expression in the control and Spop®@

uterus.
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