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Uterine fibroids (leiomyomas) are the most common tumors of the
female reproductive tract, occurring in up to 77% of reproductive-
aged women, yet molecular pathogenesis remains poorly under-
stood. A role for atypically activatedmammalian target of rapamycin
(mTOR) pathway in the pathogenesis of uterine fibroids has been
suggested in several studies. We identified that G protein-coupled
receptor 10 [GPR10, a putative signaling protein upstream of the
phosphoinositide 3-kinase–protein kinase B/AKT–mammalian target
of rapamycin (PI3K/AKT–mTOR) pathway] is aberrantly expressed in
uterinefibroids.TheactivationofGPR10by its cognate ligand,prolactin
releasing peptide, promotes PI3K–AKT–mTOR pathways and cell pro-
liferation specifically in culturedprimary leiomyoma cells. Additionally,
we report that RE1 suppressing transcription factor/neuron-restrictive
silencing factor (REST/NRSF), a known tumor suppressor, transcription-
ally represses GPR10 in the normal myometrium, and that the loss of
REST in fibroids permits GPR10 expression. Importantly, mice overex-
pressing human GPR10 in the myometrium develop myometrial hy-
perplasia with excessive extracellular matrix deposition, a hallmark
of uterine fibroids. We demonstrate previously unrecognized roles
for GPR10 and its upstream regulator REST in the pathogenesis of
uterine fibroids. Importantly, we report a unique genetically modi-
fiedmouse model for a gene that is misexpressed in uterinefibroids.

Uterine fibroids (leiomyomas) are benign smooth muscle cell
(SMC) tumors of the myometrium. Leiomyomas represent

the most frequent clinical indication for hysterectomy that pre-
maturely ends a woman’s reproductive capability (1). However,
despite this, there are currently no approved drugs that can
provide effective, long-term treatment for these tumors. In the
year 2010, the estimated annual cost of uterine fibroid tumors in
the United States was $5.9–34.4 billion (2). Although uterine
fibroids are the most common tumors of the female reproductive
tract and a major quality of life issue for a significant percentage
of women, the mechanisms that initiate leiomyoma growth and
pathogenesis are still not well understood.
Several genetic and environmental risk factors have been sug-

gested to influence the etiology of leiomyomas (1, 3–5). Although,
rare germ-line mutations that give rise to heritable leiomyomas are
known, such mutations being rare do not account for the vast
majority of uterine fibroids. The occurrence of high-frequency so-
matic missense mutations in the second coding exon of the medi-
ator gene MED12 was reported in fibroid tumors in a recent study
(6). The functional significance of missense mutations to this
mediator complex protein and its developmental origins are not
currently known. Alternative mechanisms including epigenetic
variations, microRNA-mediated posttranscriptional gene regula-
tion, and altered cell signaling have recently gained traction as
putative disease initiating events (7–12). Several recent studies have
demonstrated a central role for a dysregulated phosphoinositide
3-kinase–protein kinase B/AKT (PI3K/AKT) pathway leading to
the activation of mammalian target of rapamycin (mTOR) in the
pathogenesis of leiomyomas (13–15). There is a need to identify
signaling molecules upstream of mTOR that differentially activate
this pathway in fibroids compared with normal myometrium.

In a focused effort aimed at finding putative signaling molecules
upstream of mTOR that may regulate cell growth and tumori-
genesis in leiomyomas, we identifiedGPR10 as themost highly up-
regulated G protein coupled-receptor (GPCR) in human fibroid
samples. GPR10, also known as the prolactin releasing hormone
receptor (PRLHR), is the receptor for prolactin releasing peptide
(PrRP), although evidence for its specific role in pituitary PRL
production is tenuous (16, 17). Normal expression and function of
GPR10 have been shown to be limited to several regions of the
hypothalamus (18, 19). The mechanism of hypothalamic GPR10
action that evokes stress hormone release (19) from the pituitary is
not well understood and its function in the periphery, either in
normal tissues or in disease, has not been reported. The near-
ubiquitous overexpression of GPR10, a normally neuronal specific
G protein coupled receptor (GPCR), in human leiomyomas is
unparalleled among genes shown to be dysregulated in fibroids.
This increased expression of GPR10 in uterine fibroids is partic-
ularly relevant because its activation by PrRP has been shown to
promote the proliferation of cultured cells (20).
The RE1 silencing transcription factor/neuron-restrictive silenc-

ing factor (REST/NRSF) has been shown to transcriptionally re-
press GPR10 in cell lines (21). Particularly relevant to the role that
PI3K/AKT appears to play in the pathogenesis of leiomyomas, the
activation of GPR10 as well as the loss of REST/NRSF, is shown to
trigger PI3K/AKT signaling and proliferation in tumor cell lines (20,
22–24). REST is an important transcriptional repressor that silences
a multitude of genes in the periphery through epigenetic mecha-
nisms (25). The loss of this tumor suppressor through proteasomal
degradation has been shown to result in oncogenic transformation
of human mammary epithelial cells (24). Mutations or alternative
splicing that result in dominant negative forms of REST have also
been associated with lung and colon cancers (24, 26, 27). A tumor
suppressor role for REST in the uterus has not been described
previously. We demonstrate that the loss of REST permits over-
expression of GPR10 in leiomyomas and this misexpression func-
tionally promotes tumor cell proliferation contributing to the
pathogenesis of uterine fibroids. Our study describes unique roles
for GPR10 and for the loss of REST in the development of fibroids.
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Results
Aberrant Expression of GPR10 in Uterine Fibroids. In an effort to
identify drug targetable, signaling molecules upstream of the
mTOR pathway that might be aberrantly regulated in uterine
fibroids, we analyzed gene expression profiling data available from
the GEO database. Analysis of human leiomyoma and normal
myometrial samples from datasetGSE13319 revealed thatGPR10,
a GPCR with known functions in PI3K/AKT pathway activation,
was the most highly dysregulated GPCR in fibroids (Fig. 1A).
TaqMan RT-PCR was used to confirm the expression of GPR10
mRNA in fibroids (Fig. 1B). Expression of GPR10 was signifi-
cantly up-regulated in 13 out of 14 patient samples. The aberrant
expression of GPR10 was further confirmed by Western blotting
(Fig. 1C). Expression of the receptor protein was evident in all of
the fibroid tissue samples tested, whereas expression was either
absent or negligible in matched normal myometrial tissues (Fig.
1C). Because fibroid tumor growth is known to be associated
with activation of the PI3K/AKT pathway leading to the acti-
vation of mTOR, we compared the expression of GPR10 to the
status of AKT phosphorylation. The AKT phosphorylation lev-
els in individual patient samples reflected the level of expression
of GPR10 in those samples (Fig. 1D), indicating that the aber-
rant expression of GPR10 and PI3K/AKT pathway activation
may be related.

Activation of GPR10 Leads to PI3K/AKT–mTOR Pathway Activation and
Leiomyoma Cell Proliferation. Next we tested whether the activa-
tion of GPR10 leads to regulation of the PI3K/AKT–mTOR
pathways in primary myometrial and leiomyoma SMCs cultured
in vitro. Abundant expression of GPR10 was maintained in
cultured leiomyoma cells (Fig. 2A, LC1–LC3), whereas in nor-
mal myometrial SMCs GPR10 expression was negligible (Fig.
2A, MC1–MC3). Persistence of differential GPR10 expression in
cultured primary cells enabled us to study the effect of its acti-
vation by PrRP. The cells were serum starved overnight and were
then treated with 1 μM PrRP-31 peptide for up to 1 h and an-
alyzed by Western blotting. Treatment of leiomyoma cells with
PrRP-31 peptide resulted in robust phosphorylation of AKT
within 1 h (Fig. 2B), whereas phosphorylation of AKT was not
affected by PrRP treatment in myometrial cells. Knockdown of
GPR10 in leiomyoma cells using siRNA resulted in the loss of

AKT phosphorylation upon treatment with PrRP peptide (Fig. 2 C
and D and Fig. S1), indicating that the effect of PrRP is transduced
by the activation of GPR10. Furthermore, addition of 1 μM PrRP
to cultured leiomyoma cells resulted in the mobilization of in-
tracellular Ca2+ (Fig. S2). Functional coupling of GPR10 to G-
protein subunit Gq and to intracellular calcium is known to occur
(28). Familial mutations to the GPR10 gene resulting in altered
calcium homeostasis have also been reported (29).
We hypothesized that the activation of GPR10 and ensuing

AKT phosphorylation in leiomyoma cells may trigger the mTOR
pathway that is usually activated in uterine fibroids. Leiomyoma
SMCs treated with the ligand PrRP showed increased mTOR
phosphorylation at Ser2448 and activation of p70S6K and 4EBP1
(Fig. 2E). Phosphorylation of mTOR, p70S6 kinase (p70S6K), and
4E-binding protein 1 (4EBP1) were unchanged in normal SMCs
treated with PrRP. These results indicate that GPR10 activation
may trigger the mTOR pathway specifically in leiomyoma cells.
Activation of GPR10 in leiomyoma cells had significant mi-

togenic effects compared with that in normal myometrial cells in
culture as indicated by BrdU incorporation (Fig. 2F). Under
serum starvation, vehicle-treated control myometrial and leio-
myoma SMCs showed equivalent BrdU incorporation. Leio-
myoma SMCs treated with 2 μM PrRP showed a greater than
2.5-fold increase in BrdU incorporation in 24 h compared with
vehicle-treated cells (Fig. 2F). The mitogenic effect of PrRP on
myometrial cells was significantly lower and reflected the lower
level of GPR10 expression (Fig. 2F, Inset).

Transgenic Overexpression of hGPR10 in Mouse Myometrium Leads to
Leiomyoma Phenotype.Activation of aberrantly expressed GPR10
triggering PI3K–AKT–mTOR pathways and leiomyoma cell

Fig. 1. GPR10 is aberrantly expressed in uterine leiomyomas. (A) Analysis of
GPR10expression in leiomyoma samples comparedwith that inmatchednormal
myometrial samples from the gene expression dataset GSE13319. (B) TaqMan
qRT-PCR analysis ofGPR10 expression in 14 pairs ofmatched normalmyometrial
and leiomyoma samples. (C) Western blot analysis of protein extracts from pa-
tient (P1–P8) samples comparing GPR10 expression in normal myometrium to
matched leiomyoma samples. Lower panel shows β-actin expression used as
protein loading control. (D) Western blot analysis of phospho-AKT (Ser473) and
GPR10 expression in three patient (PA, PB, and PC)-matched myometrial and
leiomyoma samples. Total AKT and β-actin were used as loading controls.

Fig. 2. Cultured primary leiomyoma cells express functional GPR10. (A)
GPR10 expression in primary myometrial (MC1–3) and autologous leiomyoma
SMCs (LC1–3). β-Actin was used as loading control. (B) Anti–phospho-AKT
(s473) Western blot showing that the activation of GPR10 using PrRP (1 μM)
leads to the phosphorylation of AKT in leiomyoma SMCs. Total AKT was used
as loading control. (C and D) Representative anti–p-AKT (s473) Western blot
and densitometric analysis of Western blots from three independent
experiments, respectively, showing that siRNA knockdown of GPR10 leads to
a loss of PrRP response on AKT phosphorylation. (E) PrRP treatment of
leiomyoma SMCs leads to mTOR pathway activation. β-Actin was used as
loading control. (F) Mitogenic effect of PrRP on myometrial and leiomyoma
cells after serum starvation (0.1% FBS for 24 h followed by PrRP treatment
for 24 h). Levels of BrDU incorporation in relation to vehicle-treated controls
were plotted. (Inset) Western blot analysis of GPR10 in the same SMCs used
in proliferation assay. In all Western blots, 30 μg of total cell lysates from
cells in third passage were used. Error bars indicate ± SD, *P < 0.05.
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proliferation in vitro convinced us to test whether transgenic
overexpression of hGPR10 in the myometrium would result in
a fibroid-like phenotype in vivo. We used a proximal promoter
sequence from the rat calbindin-D9K (CaBP9K) promoter that
has been reported to drive simian virus 40 (SV40) large T-anti-
gen expression to myometrium (30) to drive hGPR10 cDNA
expression (Fig. 3A).
We obtained three founder mice (one female, two male) fol-

lowing pronuclear injection of the transgenic construct as de-
termined by PCR (Fig. 3B). All three of the mouse lines
expressed hGPR10 in the uteri (Fig. 3C). Expression of the
transgene mRNA was specific to the myometrial compartment of
the uterus as indicated by in situ hybridization using a locked
nucleic acid (LNA) probe (Fig. 3J). Additionally, immunofluo-
rescence microscopy using anti-GPR10 antibodies demonstrated
myometrial expression of GPR10 protein in the transgenic mice

(Fig. 3K). Interestingly, histomorphometric analysis of uterine
cross-sections revealed that the transgenic mice had a twofold
increase in the myometrial cross-sectional area compared with
littermate WT controls (Fig. 3D). Increase in overall uterine
thickness was noticeable in all of the adult transgenic mice
compared with estrus cycle stage matched control littermates
(representative cross-sections at equal magnification are shown in
Fig. 3J). We further analyzed the uterine cross-sections for the
number of mitotic cells present using Ki-67 antigen immunoflu-
orescence staining. Average numbers of Ki-67 positive cells per
cross-section in 3- to 5-mo-old WT and the transgenic mice were
1.42 ± 0.99 and 6.17 ± 2.29, respectively. Extent of mitotic activity
present in the transgenic myometrium was comparable to the
reported level of mitotic cells in uterine leiomyomas (31).
Because uterine leiomyomas are known to be associated with

increased TGFβ signaling and with altered expression of a num-
ber of genes that encode proteins of smooth muscle cells and the
extracellular matrix, we tested the expression of collagens Co-
l1A1 and Col3A1, Tgfb3, dermatopontin (Dpt), and alpha smooth
muscle actin (Acta2) in uteri from 2- to 4-mo-old mice. Our
results indicated that the transgenic mice expressed significantly
higher levels of Col1A1, Col3A1, Tgfb3, and Acta2 and a lower
level of Dpt compared with WT mice (Fig. 3 E–I). Dysregulation
of these genes in the CaBP9K-hGPR10 mice represent a pheno-
type similar to leiomyomas. We stained sections of uteri from
littermates of 6-mo-old mice using Masson’s trichrome to visu-
alize collagen in the extracellular matrix. Collagen deposition in
the transgenic uterus was dramatically increased compared with
that in the uterus of wild-type littermates (Fig. 3L). Myometrial
tissue sections from transgenic mice stained with hematoxylin
and eosin were morphologically identical to those of human
leiomyoma samples (Fig. S3). In addition, uteri from 6- to 9-mo-
old transgenic mice contained SMC tumors with excessive col-
lagen deposition (Fig. S4). Histological sections of the ovaries
were normal in the transgenic mice. Our preliminary data also
indicated that the female transgenic mice expressing hGPR10 in
the myometrium have severely reduced fertility.

Loss of REST Permits GPR10 Expression. An earlier report suggested
that REST/NRSF-mediated repression precludes peripheral
GPR10 expression (21). Because GPR10 expression in leiomyo-
mas is widespread and abundant, we tested the status of REST/
NRSF expression in uterine fibroid samples. Interestingly, REST/
NRSF mRNA expression was unchanged in leiomyomas com-
pared with that in the normal myometrium. The results also
corroborated the expression data for REST from GEO dataset
GSE13319. Ubiquitinylation and proteasomal degradation of
REST mediated by beta-transducin repeat containing protein
(β-TRCP), contributing to oncogenic transformation in cell lines,
has been reported recently (23). REST protein levels, determined
by Western blotting, indicated that compared with normal myo-
metrial tissues, patient-matched leiomyoma samples expressed
markedly reduced levels of the protein (Fig. 4A and Fig. S5). This
result was further confirmed by immunofluorescence staining of
REST in tissue sections from normal myometrium and leiomyo-
mas (Fig. 4B, panels 1–4). Normal myometrial samples showed
intense REST staining, whereas the fibroid samples showed lower
levels of REST. Further, in leiomyoma samples the residual level
of REST protein present was predominantly cytoplasmic (Fig. 4B,
panels 4 and 6), suggesting that REST-mediated repression of
a multitude of genes could be compromised in fibroids. Our
results thus indicated a potentially unique role for REST, a major
transcriptional repressor and known tumor suppressor, in the
pathogenesis of fibroids. Additionally, GFP-REST protein
expressed from a transfected construct was less stable in leio-
myoma cells compared with that in myometrial cells (Fig. S6 A
and B). This led us to test whether REST corepressor 1 (CoREST)
or β-TRCP, known regulators of REST, were dysregulated in
uterine fibroids. Our data indicated that the levels of expression
of Co-REST and β-TRCP were not significantly altered in fibroids
(Fig. S6 C and D). Altered protein–protein interactions of REST

Fig. 3. Transgenicmice expressinghGPR10 cDNA in themyometrium develop
a uterine fibroid phenotype. (A) CaBP9K–hGPR10 transgenic construct. (B) PCR
genotyping of transgenic founder mice showing the presence of three trans-
genic mice (lanes 2, 4, and 5). (C) TaqMan RT-PCR analysis of uterine RNA of F0
female founder (TG1, lane 4 in B, 6 mo old) and F1 females (3 mo old) derived
from the twomale founder lines (TG2, TG3, lanes 2 and 5 inB) showinghGPR10
expression. Values are average± SD for threemice in each group except for the
F0 female founder (TG1) where the average± SD of three independent RT-PCR
estimates is plotted. (D) Transverse cross-sections of uteri from 4-mo-old
CaBP9K–hGPR10 transgenic mice and WT littermates (four each) were stained
with H&E. Using histomorphometry, total myometrial area of 20 cross-sections
in each genotype were measured and represented as relative values to that of
WT. (E–I) TaqMan RT-PCR analysis of gene expression in the uteri from four
CaBP9K–hGPR10 and four WT mice (3–4 mo old), measuring Col1A1, Acta2,
Dpt, Col3A1, and Tgfb3, respectively. All samples were analyzed in triplicates.
(J) In situ hybridization using an antisense LNA probe to hGPR10 showing
myometrial expression of the transgene. LNA oligo corresponding to the sense
strand sequence was used as control. (K) Immunofluorescence staining of
uterine cross-sections using anti-GPR10 antibodies showing myometrial ex-
pression of GPR10 (green) in the CaBP9K–hGPR10 mice. Control experiments
used no primary antibodies. Sections were costained with EthD-1 (red) to
visualize nuclei. (L) Masson’s trichrome staining of uterine myometrial sec-
tions showing excessive collagen deposition (blue) in the transgenic tissue.
Adjacent sections were stained with H&E for comparison. Error bars indicate ±
SD, *P < 0.05.
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with Co-REST or with β-TRCP may also influence its repressor
function or stability. Our results suggest that the mechanism of
loss of REST in leiomyomas may be unique.
We carried out chromatin immunoprecipitation experiments

in primary myometrial and leiomyoma SMCs to test whether
REST was associated with the GPR10 promoter. Our results
indicated that REST was associated with the Gpr10 promoter in
normal myometrial cells (Fig. 4C). Conversely, in leiomyoma
cells, the RE1 element in the Gpr10 promoter was not associated
with REST but was specifically associated with acetylated histone
H3, indicating that the chromatin is permissive to transcription
(Fig. 4C). Additionally, siRNA knockdown of REST in normal
myometrial cells led to expression of GPR10 mRNA (Fig. 4D)
and protein expression (Fig. 4E), indicating that the loss of
REST may mediate the expression of GPR10 in myometrial
SMCs as illustrated (Fig. 4F).
Because the loss of REST could potentially lead to derepression

of a large number of its targets in the periphery, we used data
mining to identify additional REST target genes expressed in
leiomyomas. In fact, several of the most aberrantly expressed
genes in fibroids, including glutamate receptor, ionotropic, AMPA
2 (GRIA2); stathmin-like 2 (STMN2); glutamate receptor, iono-
tropic, N-methyl D-aspartate 2A (GRIN2A); neurofilament heavy
polypeptide (NEFH); sal-like protein 1 (SALL1); secretogranin II

(SCG2); and cerebellin 1 (CBLN1) are known REST-repressed
targets (Fig. S7A; dataset GSE13319). Pathway analysis (using
IPA; Ingenuity Systems, www.ingenuity.com) of the gene expres-
sion dataset also revealed that two additional genes down-regu-
lated in leiomyoma samples, PRICKLE1 andHBEGF were REST
related but not direct transcriptional targets of REST (Fig. S7A).
PRICKLE1 (also known as RILP for REST/NRSF-interacting
LIM-domain protein) has been shown to influence nuclear local-
ization of REST (32). The aberrant expression of a number of
REST target genes in addition to GPR10 supports a role for the
loss of this tumor suppressor in fibroid pathogenesis.
Because down-modulation of REST in cultured primary

myometrial cells leads to GPR10 expression, we further queried
whether additional REST target genes with potential functions
in leiomyomas show concomitant changes in expression. Gene
expression profiling using Affymetrix microarrays (U133 Plus
2.0) indicated that several REST target genes with functions in
connective tissues were also up-regulated in myometrial cells
after knockdown of REST (Fig. S7B, GEO dataset GSE41386).
Interestingly, functional analysis (using IPA; Ingenuity Systems)
of REST regulated gene networks that are altered in leiomyoma
tissue samples also revealed that the loss of REST could affect
a number of genes, including type 1 and 3 collagens, and the
TGFβ family of proteins with crucial connective tissue functions
(Fig. S7C). Our results indicate that the ectopic expression of
GPR10 in the uteri of CaB9K–hGPR10 transgenic mice or that
resulting from the loss of REST in human uterine leiomyomas
could lead to identical changes in genes that are markers of
uterine fibroid pathogenesis (Fig. 3 E–I and Fig. S7C).

Discussion
The mechanisms that initiate uterine leiomyoma growth and
pathogenesis are still not completely understood. Here we pro-
vide evidence that the loss of tumor suppressor REST and the
ensuing derepression of GPR10 play a role in the pathogenesis
of uterine fibroids. We propose that the degradation of REST
acts as a trigger for the proliferation of quiescent SMCs in the
myometrium. We further provide evidence that the aberrant
expression of GPR10 and its activation lead to PI3K/AKT–
mTOR pathway activation in uterine SMCs. Crucially, we show
that transgenic mice expressing hGPR10 in the myometrium
develop a uterine fibroid phenotype, validating the role of this
signaling protein in the pathogenesis of fibroids in vivo.
GPR10 has central functions in stress hormone release and

feeding behavior (16, 33–35). It is now widely accepted that,
whereas the ligand PrRP is expressed in the periphery, normal
function of the receptor GPR10 is limited to various parts of the
brain (16, 36). Although GPR10 expression or function in uterine
leiomyomas have not been reported previously, activation of the
PI3K–AKT pathway by GPR10 in cultured rat pituitary tumor de-
rived GH3 cells (22), and its influence on rat pheochromocytoma
(PC-12) cell proliferation have been reported (20). We hypothe-
sized that aberrantly expressed GPR10 may act upstream of the
mTOR signaling pathway, known to be dysregulated in leiomyomas.
Aberrant GPR10 expression was present in the vast majority
(>90%) of leiomyoma samples in sharp contrast to other growth
factor receptor pathways including insulin-like growth factor 2
pathway, that are up-regulated in roughly a third of uterine fibroids
(11). The expression levels of GPR10 also reflected the extent of
phospho-AKT levels in tissue samples (Fig. 1 C and D), suggesting
that the underlying mechanisms of GPR10 expression and PI3K–
AKT–mTOR pathway activation in fibroids may be interrelated.
Activation of AKT/mTOR and ensuing phosphorylation of the
downstream targets p70S6K and 4EBP1 are known to promote cell
growth and proliferation (37–39). Results from our experiments
using cultured primary myometrial and leiomyoma cells confirm
that the activation of GPR10 by PrRP results in the activation of
PI3K/AKT–mTOR pathway, mobilization of intracellular calcium,
andmitogenic responses in leiomyoma cells, revealing a unique role
for GPR10 in leiomyoma cell signaling and cell proliferation.

Fig. 4. Loss of REST enables GPR10 expression in leiomyomas. (A) Western
blotting for REST in matched myometrial and leiomyoma tissues showing
down-regulation of REST protein in leiomyomas (additional patient data in
Fig. S5). (B) Immunofluoresence staining of myometrial and leiomyoma tissues
(panels 1–4) and SMCs (panels 5 and 6) with anti-REST (green) antibody. Nuclei
are stained in panels 1–4 with EthD-1 (red). (C) Chromatin immunoprecipita-
tion of REST with GPR10 promoter and acetylated histone H3 in matched
myometrial and leiomyoma SMCs. (D) Quantitative RT-PCR on REST and GPR10
mRNA in myometrial SMCs silenced with siREST and scrambled siRNA (n = 3).
(E) Expression of REST and GPR10 inmyometrial SMCs silenced with siREST and
scrambled siRNA for 24 and 48 h. (F) Working model depicting the link be-
tween loss of REST and the overexpression of GPR10 in myometrium. Error
bars indicate ± SD, *P < 0.05.
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Our results indicated that transgenic mice carrying CaBP9K–
hGPR10 display myometrial-specific robust GPR10 expression.
The transgenic mice showed increased myometrial thickness, al-
tered uterine smooth muscle gene expression, enhanced extra-
cellular matrix production, and fibroid tumor formation, indi-
cating that aberrantly expressed GPR10 plays an important role
in the pathogenesis of fibroids. Available literature shows that,
whereas mice genetically modified for known tumor suppressors
and oncogenes exist as models for uterine fibroids, this is a
unique gain-of-function model for a gene aberrantly expressed
in uterine fibroids.
The presence of an RE1 element in the promoter of GPR10

has been suggested to preclude the expression of this GPCR in
nonneuronal cells (21). Thus, its widespread expression in uter-
ine fibroids is very fascinating and suggested to us that REST/
NRSF may be dysregulated in uterine fibroids. In addition to
GPR10, a number of other known targets of REST including
GRIA2, GRIN2A, DCX, STMN2, SCG2, SALL1, and CBLN1
were among the most significantly up-regulated genes in uterine
fibroids (Fig. S7A), strongly suggesting that the function of tumor
suppressor REST is severely compromised in uterine fibroids.
Our results indicated that, whereas REST/NRSF mRNA levels
were comparable in normal myometrium and leiomyomas,
REST protein levels were markedly reduced in fibroids (Fig. 4 A
and B and Fig. S5). Furthermore, results from chromatin immu-
noprecipitation and gene knockdown experiments (Fig. 4 C–E)
confirmed that REST regulates GPR10 expression in the myo-
metrium and that loss of REST leads to aberrant expression of
GPR10 in leiomyoma cells. The loss of this master regulator of
epigenetic long-term gene silencing provides a compelling mech-
anism for the pathogenesis of fibroids and links the activation of
PI3K/AKT pathway (24) and the proposed regulation of REST
target genes by estrogen (40) to uterine leiomyomas.
REST binds to a 21- to 23-bp repressor element (RE1) pre-

dicted to occur in ∼2,000 gene promoters within the human
genome (41, 42). Through the recruitment of numerous cor-
epressors and gene regulatory proteins to promoter sites, REST
epigenetically silences target genes (26). Overexpression of al-
ternatively spliced forms of REST that function as dominant
negatives has also been shown to promote tumorigenesis (26,
27). Importantly, down-regulation of REST has been shown to
enable gene expression that promotes vascular SMC pro-
liferation (43). The role of REST in myometrial SMCs or its loss
in the pathogenesis of uterine fibroids has not been reported
previously. We found that β-TRCP, the ubiquitin ligase known to
regulate REST stability in tumor cells (23), and Co-REST, an
important regulator of REST activity (44), were expressed at
comparable levels in leiomyomas and myometrium (Fig. S6 C
and D). Elucidation of the exact mechanism leading to the ac-
celerated REST degradation in leiomyomas requires further
studies. The results of our wound-healing studies (Fig. S6 E and
F) support a role for the loss of REST in myometrial SMC
proliferation and/or cell migration. It is conceivable that the loss
of REST protein triggers myometrial cell proliferation and
transformation of the cells to a fibroid phenotype. Loss of REST
is known to result in mitotic arrest deficient-like 1 (MAD2)-
mediated genomic instability in tumor-derived cell lines (45).
Recurring chromosomal translocations and gene mutations have
also been shown to exist in uterine fibroids (46).
Because REST is known to interact with MED12 (47), a gene

frequently mutated in fibroids (6, 48), we investigated whether
such somatic mutations resulted in altered protein–protein inter-
actions that may contribute to improper tumor suppressor func-
tion of REST. We were unable to detect altered REST–MED12
interactions or aberrant subcellular localization of MED12 in
leiomyoma cells. Somatic missense mutations occurring inMED12
at high frequencies indicate upstream mechanisms that trigger
initial steps of myometrial cell proliferation, considering that the
adult normal myometrium is essentially quiescent. Based on our
results showing the overexpression of REST target genes in leio-
myomas, it will be important to test whether MED12 mutation

occurs as a “second hit” that leads to the activation of these genes.
Further studies are needed to determine if the loss of REST leads
to MED12 mutations or if missense mutations in MED12 may
influence REST function.
Pathway analysis of genes dysregulated in uterine fibroids

revealed that several connective tissue genes including type 1 and
type 3 collagens and TGFβ are potential downstream targets of
REST and that GPR10 (PRLHR) may act as a mediator of this
pathway (Fig. S7C). Results from our small interfering RNA me-
diated REST knockdown also indicated that several connective
tissue genes were derepressed when REST is down-modulated
(Fig. S7B). Because the loss of REST appears to regulate a number
of connective tissue genes and pathways implicated in scar forma-
tion, we hypothesized that myometrial SMCs may down-regulate
REST during the wound-healing process. In vitro wound-healing
assays demonstrated that the cells migrating/proliferating into the
wound area expressed significantly lower levels of REST in their
nuclei (Fig. S6E). Additionally, siRNA knockdown of REST ac-
celerated the wound healing process in cultured primary myo-
metrial cells (Fig. S6F). Thus, the loss of REST may initiate or
accelerate SMC proliferation during the pathogenesis of leiomyo-
mas. Our finding of loss of REST in uterine fibroids could have an
extraordinary impact on our understanding of uterine fibroid
pathogenesis. Further studies using a REST conditional KOmouse
model, currently being developed in our laboratory, will determine
the specific role of this tumor suppressor in the pathogenesis of
fibroids. It may also be important to understand whether accumu-
lation of mutations inMED12 (6, 48), TSC2 (13),HMGA2 (49, 50),
or REST pathway genes occur after the loss of REST and resultant
chromosomal instability. Our finding that GPR10 plays an impor-
tant role as an effector downstream ofREST in the pathogenesis of
uterine fibroids provides an excellent opportunity for the de-
velopment of brain sparing small molecule antagonists for the
treatment of fibroids. The CaBP9K–hGPR10 transgenic mice will
facilitate preclinical development of such GPR10 antagonists.

Materials and Methods
Chemicals and Reagents. Dulbecco’s Modified Eagle’s medium (DMEM), penicil-
lin–streptomycin, and L-glutaminewere purchased fromBiowhittaker. Dulbecco’s
PBS/modified, FBS, and bovine calf serum (BCS) were purchased from HyClone.
Ethidiumhomodimer (EthD-1), Alexa Fluor-conjugated secondary antibodies, and
collagenasewere obtained from Life Technologies. Anti-GPR10 antibody (catalog
no. NBP1-00854, rabbit polyclonal) was obtained from Novus Biologicals. Anti-
REST antibodies (catalog nos. 09-019, 05-1477, and 17-641 for Western blotting,
immunofluorescence, and ChIP assays, respectively) were obtained from EMD
Millipore. Phospho specific antibodies for mTOR (Ser2448), p70S6K (Thr389), and
4E-BP1 (Thr37/46) were from Cell Signaling Technology Inc. (Danvers, MA).
FuGene 6 transfection reagent and colorimetric BrdU cell proliferation ELISA kit
were from RocheApplied Science. TaqMan primer-probe sets and siRNA reagents
were obtained fromLife TechnologiesAppliedBiosystems and IDT. Lockednucleic
acid probes and controls for mRNA in situ hybridizations were obtained from
Exiqon. PrRP peptide was obtained from Phoenix Pharmaceuticals.

Tissue Collection and Cell Culture. Leiomyoma samples were obtained by R.A.N.
under institutional reviewboard-approvedprotocols fromtheUniversityof Illinois
at Urbana-Champaign and from Carle Hospital from premenopausal women
undergoing hysterectomy at Carle Foundation Hospital (Urbana, IL). Smooth
muscle cells were prepared from the samples and were cultured as described
previously (51). The cells were serum starved for 24 h in the presence of 0.1%
charcoal stripped FBS before treatment with PrRP (0.1–2 μM) ligand. Serum-
starved cells were treated for 24 h with BrdU labeling reagent in the presence of
PrRP and were analyzed using the BrdU labeling detection ELISA kit (Roche).

RNA Isolation and qRT-PCR Analyses. Total RNA was isolated from tissue
samples or cultured cells stored in RNAlater (Qiagen) using RNeasy mini kit
(Qiagen) according to manufacturer protocol. After quantitation using
Nanodrop spectrophotometer, aliquots of RNA were reverse transcribed
using the High Capacity cDNA Reverse Transcription kit (Life Technologies,
Applied Biosystems). TaqMan assays for PRLHR/GPR10 (Hs00244685_s1; ABI),
Col1A1 (Mm.PT.47.6999992; IDT), Col3A1 (Mm.PT.47.9778198; IDT), Acta2
(Mm.PT.47.7024949; IDT), Tgfb3 (Mm.PT.47.10648587; IDT), and Dpt (Mm.
PT.47.17098032; IDT) were used to quantify gene expression using the delta
delta C(T) method in comparison with 18s.
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Generation of CaBP9K–hGPR10 Transgenic Mice. The rat calbindin D9K (−117
to +365 nt) promoter and the ORF from of hGPR10 cDNA were used to
generate the transgenic construct. Further details about the CaBP9K–
hGPR10 mouse model are provided in SI Materials and Methods. The
transgenic founder mice were bred to C57BL/6J females to obtain hemi-
zygous transgenic mice used in the study.
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