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Abstract

The transcriptional factor MED12 is part of the essential mediator transcriptional complex that acts
as a transcriptional coactivator in all eukaryotes. Missense gain-of-function mutations in human
MED12 are associated with uterine leiomyomas, yet the role of MED12 deficiency in tumorigen-
esis and reproductive biology has not been fully explored. We generated a Med12 reproductive
conditional knockout mouse model to evaluate its role in uterine mesenchyme, granulosa cells,
and oocytes. Mice heterozygous for Med12 deficiency in granulosa cells and uterus (Med12fl/+

Amhr2-Cre) were subfertile, while mice homozygous for Med12 deficiency in granulosa cells and
uterus (Med12fl/fl Amhr2-Cre) were infertile. Morphological and histological analysis of the Med12fl/fl

Amhr2-Cre reproductive tract revealed atrophic uteri and hyperchromatic granulosa cells with dis-
rupted expression of Lhcgr, Esr1, and Esr2. Med12fl/fl Amhr2-Cre mice estrous cycle was disrupted,
and serum analysis showed blunted rise in estradiol in response to pregnant mare serum go-
nadotropin. Uterine atrophy was partially rescued by exogenous steroid supplementation with
dysregulation of Notch1 and Smo expression in steroid supplemented Med12fl/fl Amhr2-Cre uteri,
indicating intrinsic uterine defects. Oocyte-specific ablation of Med12 caused infertility without dis-
rupting normal folliculogenesis and ovulation, consistent with maternal effects of Med12 in early
embryo development. These results show the critical importance of Med12 in reproductive tract
development and that Med12 loss of function does not cause tumorigenesis in reproductive tissues.

Summary Sentence

Med12 conditional deficiency causes uterine, ovarian and post-fertilization dysfunction and
infertility.
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Introduction

Mediator complex functions as a transcriptional coactivator in all eu-
karyotes [1]. Mediator complexes interact with transcription factors
and RNA polymerase II. One of the main functions of mediator com-
plexes is to transmit signals from the transcription factors to the poly-
merase. MED12 protein is part of a kinase module of the mediator
complex that modulates transcriptional regulation of RNA poly-
merase II complex [1, 2]. MED12 is highly conserved among eu-
karyotes [3]. MED12 gene is located on the X chromosome and
encodes a 250-kDa protein that is ubiquitously expressed during
embryonic development and beyond [4]. MED12, MED13, CDK8,
and Cyclin C proteins constitute the kinase module of the medi-
ator complex and can act as transcriptional activator or repressor
[5, 6]. MED12 protein is also critical for the kinase activity of CDK8
[7]. Multiple pathways, such as sonic hedgehog and estrogen recep-
tors, are known to interact with MED12 [8–10]. Med12 genetic
studies in vivo indicate that Med12 is essential for early embryo
development, as Med12 hypomorphic mutation is lethal in mouse
embryos [11]. In humans, MED12 germline mutations have been
associated with mental retardation syndromes [9], while somatic
mutations have been associated with tumorigenesis. For example,
MED12 exon 2 variants were present in 59% of fibroadenomas,
80% of phyllodes tumors [12–15], and in 5% of hormone-related
prostate and 5% of adrenocortical carcinomas [16, 17]. Moreover,
almost 70% of uterine leiomyomas carry exon 2 MED12 mutations
[18, 19]. In leiomyomas, these associations are likely causative, as
exon 2 MED12 mutations induce uterine tumors in mice via a gain-
of-function mechanism [20]. However, the effects of MED12 de-
ficiency on reproductive tract development and tumorigenesis are
unknown.

We investigated the effects of loss-of-function mutations on the
reproductive tract function. We generated mice to induce conditional
deficiency of Med12 in the reproductive tract by crossing Med12
floxed animals with anti-Mullerian receptor II Cre (Amhr2-Cre),
growth differentiation factor 9 Cre (Gdf9-Cre), and zona pellucida
glycoprotein 3 Cre (Zp3-Cre) animals. The various mouse models
allowed us to study the effects of Med12 deficiency on mouse gran-
ulosa cells, uterine mesenchyme, and oocytes. Our results indicate
that Med12 loss of function does not cause tumorigenesis, and that
Med12 acts as a maternal effect gene, while in the somatic com-
partment, Med12 deficiency causes infertility by disrupting uterine
development and ovarian steroidogenesis.

Methods

Experimental mice
The University of Pittsburgh Institutional Animal Care and Use Com-
mittee approved the study. We followed University of Pittsburgh
and NIH guidelines to ensure the well-being and humane treatment
of the animals. The Med12fl/fl mice were kindly provided by Dr
Heinrich Schrewe [11]. Dr Richard Behringer generously provided
the anti-Mullerian hormone type 2 receptor, targeted mutation 3
transgenic mice (Amhr2tm3(cre)Bhr) which we used in heterozygous
state under the synonymous nomenclature Amhr2-cre [21]. All mice
were housed under 12 h light and 12 h dark per day and provided
food and water ad libitum. Genotyping of mice was conducted on
tail DNA using standardized PCR protocols [11].

Fertility and mating tests
Fertility studies were performed by housing a single female with a
proven male stud for at least 6 months, during which data on litter

size, number of litters per month, and offspring gender were col-
lected. At least five females of each genotype were used to determine
fertility and to compare with appropriate controls. For the mating
study, estrous-synchronized females (5 IU PMSG for 48 h followed
by 5 IU hCG for 20 h) were housed with proven stud males overnight.
Examination of vaginal plugs was conducted on the following morn-
ing, and the males were separated from the females at the same time.
The presence of plugs was determined at 0.5 days postconception.

Estrous cycle stages were assessed on mice at 40 days of age
by performing and analyzing vaginal smears. Cotton balls dipped
in 0.9% saline were used to first clean the vaginal opening. About
20 μl saline was flushed into the vagina by plastic pipette four to
five times. The effluent was examined on a glass slide under light mi-
croscope. The four stages (proestrus, estrus, metestrus, and diestrus)
were scored on the basis of the vaginal smears as previously described
[22].

Ovarian and uterine histological analysis
Before harvesting the uteri from euthanized mice at age greater than
6 weeks, all mice were synchronized by 5 IU PMSG for 48 h, followed
by 5 IU hCG for 20 h. The uteri were then fixed in 10% formalin
overnight, embedded in paraffin, sectioned at a thickness of 6 μm,
and stained with hematoxylin & eosin for further interpretation. For
ovarian histological analysis, ovaries were collected from mice of
various ages. The collected ovaries were then fixed in 10% formalin
overnight, embedded in paraffin, serially sectioned to a thickness of
5 μm, and processed by periodic acid–Schiff staining.

Ovarian follicle counting was performed on serial sections along
the long axis of the ovaries stained by periodic acid-Schiff staining.
Every fifth section was counted. Only follicles where oocyte nuclei
were visualized were scored. The mean of total scored follicles from
all counted sections was considered as the number of follicles per
ovary. Ovarian follicle types were defined as previously described
[23].

Serum hormone analysis
For estradiol and progesterone quantitation, the serum samples were
processed at the Ligand Assay & Analysis Core, Center for Research
in Reproduction, School of Medicine, University of Virginia.

RNA isolation and real-time PCR
Three-week-old mice were synchronized by 5 IU PMSG for 48 h
before being euthanized. Ovaries were removed, and large follicles
were punctured to collect granulosa cells in 1 ml granulosa collection
culture (DME-F12, 1X penicillin-streptomycin, 0.3% BSA, 10 mM
Hepes), using two 26-G needles. The cellular suspension was cleaned
by a 40-μm nylon filter, followed by an enriching step (1000 g, 10
min), to get granulosa cell pellets. RNA was extracted from the cell
pellets using TRIzol reagent. The primers were customized using the
Integrated DNA Technologies Web tool (Supplementary Table S1).
The quantitative real-time PCR was conducted in a SYBR Green de-
tection system (Bio-Rad CFX96 PCR Detection System). The data
were normalized against Gapdh, and the relative mRNA was calcu-
lated by applying 2−��CT methods [24].

Steroid pellet implantation and uterine studies
Four-week-old mice were anesthetized by 3% isoflurane and were
administered 5 mg/kg Rimadyl (Zoetis) and 0.1 mg/kg buprenor-
phine (Patterson Veterinary) for analgesic purposes. A 3 × 3 cm
area on the back of mice was shaved and sterilized with alcohol
swab (BD Medical Technology) and iodine pads (Medline Indus-
tries). The ovaries were exteriorized and removed via posterior
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Figure 1. Med12fl/fl Amhr2-Cre female mice are infertile. (A) Breeding crosses
used to generate Med12fl/fl Amhr2-Cre and Med12fl/y Amhr2-Cre mice for ex-
perimental studies. (B) Schematic representation of floxed Med12 allele. LoxP
sites bracket exons 1–7 of the Med12 gene. In Amhr2-Cre transgenic mice,
Amhr2 promoter drives Cre expression in uterine mesenchyme, oviduct, and
granulosa cells of ovaries. (C) Fertility data of control (Med12fl/fl) (n = 7),
Med12fl/+ Amhr2-cre (n = 13), and Med12fl/fl Amhr2-cre (n = 7) female mice.
The mice were bred with wild-type stud males for 6 months. (D) Mating suc-
cess was evaluated by vaginal plug detection (n = 8). Data are presented as
mean ± SEM. ∗∗∗P < 0.001 (C, D).

incision. Estradiol pellets (0.5 mg/pellet, 90-day release, Innova-
tive Animal Research) and progesterone pellets (25 mg/pellet, 90-
day release, Innovative Animal Research) were implanted in the
subcutaneous space towards the lateral sides of the mouse neck.
After 4 weeks of implantation, the mice were euthanized for further
analysis.

Statistics
Two-tailed Student t test and two-way ANOVA were applied to
determine the significance between control and experimental groups.
A P value less than 0.05 was considered statistically significant. Data
were plotted and analyzed by GraphPad Prism 6.

Results

Med12 is essential for female fertility
We generated Med12 conditional knockout mice to study the ef-
fects of Med12 deficiency on ovarian granulosa and uterine mes-
enchymal somatic cells by crossing Amhr2-Cre and Med12fl/fl mice
(Figure 1A). The Med12fl/fl animals have exons 1 through 7 floxed,
and in the presence of a well-characterized Amhr2-Cre [20], uter-
ine mesenchyme and ovarian granulosa cells lose Med12 expression
(Figure 1B). We previously determined that 60% of cells underwent
Amhr2-Cre-mediated recombination in the reproductive tract [20].
We examined fertility in animals with one floxed Med12 allele (het-
erozygous) in the presence of Amhr2-Cre (Med12fl/+ Amhr2-Cre),
two floxed Med12 alleles (homozygous) in the presence of Amhr2-
Cre (Med12fl/fl Amhr2-Cre), and controls (Med12fl/fl). The females
were bred with wild-type males for 6 months, and the number of
pups per litter was recorded. Med12fl/+ Amhr2-Cre females were
subfertile, producing on average 4 ± 0.5 pups per litter, as com-
pared to the controls 7 ± 1.5 pups per litter (n = 7, P < 0.001,
Figure 1C). Med12fl/fl Amhr2-Cre females were infertile (n = 7,
P < 0.001, Figure 1C).

We assessed the mating behavior of Med12fl/+ Amhr2-Cre and
Med12fl/fl Amhr2-Cre females by monitoring vaginal plugs in the
presence of stud males. Med12fl/fl Amhr2-Cre females lacked vaginal
plugs, while Med12fl/+ Amhr2-Cre and control females had equal
number of vaginal plugs (n = 8, P < 0.001, Figure 1D). These
results indicated abnormal sexual behavior in Med12fl/fl Amhr2-Cre
females.

Med12fl/y Amhr2-Cre males were subfertile producing on average
5 ± 0.5 pups per litter (n = 7, P < 0.05, Supplementary Figure 1A),
indicating that Med12 is not as critical in the biology of steroid
producing Sertoli and Leydig cells [25].

Med12 disrupts estrous cyclicity
We examined vaginal secretions in the Med12fl/fl Amhr2-Cre females
to assess the estrous cycle to understand why mating did not occur.
We monitored the time of onset of vaginal cornification, the age
of first onset of estrous cycle, the number of estrous cycles occur-
ring, and the time spent in each stage of the estrous cycle during the
6-week period. Estrous cycle in rodents is divided into four stages
including proestrus, estrus, metestrus, and diestrus stage. The repre-
sentative estrous stages of control and Med12fl/fl Amhr2-Cre mice
are shown in Figure 2A. The onset of vaginal cornification was
delayed in Med12fl/fl Amhr2-Cre mice when compared to control
mice (35.60 ± 0.87 vs 30.60 ± 1.29, n = 5, P < 0.05, Figure 2B).
Along with the delayed onset of vaginal cornification, the age of
the first estrous cycle was also delayed in Med12fl/fl Amhr2-Cre fe-
males when compared to controls (71.20 ± 5.25 vs 55.00 ± 1.70,
n = 5, P < 0.05, Figure 2B). Furthermore, during the 6-week obser-
vation period, the number of estrous cycles was reduced in Med12fl/fl

Amhr2-Cre females in comparison with those in the control group
(1.83 ± 0.54 vs 4.17 ± 0.31, n = 6, P < 0.01, Figure 2C). Med12fl/fl

Amhr2-Cre mice spent more time in the metestrus stage than con-
trols (23.20 ± 1.86 vs 13.60 ± 1.63, n = 5, P < 0.01) (Figure 2D).
Metestrus stage correlates with decline in estradiol and progesterone
levels, and both vaginal cornification and estrous cycle are depen-
dent on circulating estradiol levels [26, 27]. The abnormal estrous
cycles indicate problems with steroidogenesis and impaired ovarian
function in Med12fl/fl Amhr2-Cre mice.

Med12 deficiency disrupts granulosa cell function in
the ovary
Ovaries play an essential role in reproductive hormonal physiology,
whereby androgen precursors are synthesized by the theca cells and
transported to granulosa cells for conversion to estradiol [28]. After
ovulation, the remaining follicular tissue forms corpus luteum that
secretes high levels of progesterone, and moderate levels of estradiol
and inhibin A [29, 30]. We carefully examined ovarian histology
in Med12 conditional knockout mice. We observed normal ovar-
ian histology in Med12fl/+ Amhr2-Cre mice, with normal appearing
follicles, oocytes, granulosa cells, and corpora lutea (Supplementary
Figure 2B and E). Abundant corpora lutea were present in both
control and Med12fl/+ Amhr2-Cre mice. However, examination of
Med12fl/fl Amhr2-Cre ovaries revealed significant histologic abnor-
malities. Granulosa cells in Med12fl/fl Amhr2-Cre mice showed dis-
tinct hyperchromatic staining not present in controls, consistent with
apoptosis features in the dying follicles (Supplementary Figure 2F).
Ovarian histomorphometry showed reduced number of antral folli-
cles in Med12fl/fl Amhr2-Cre mice (n = 3, P < 0.05, Supplementary
Figure 2G) as compared to controls. Amhr2 promoter-driven Cre is
highly active in secondary and small antral follicles as opposed to
smaller primordial and primary follicles [31]. Med12 deficiency in
these larger follicles likely explains the decreased number of antral
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Figure 2. Estrous cycle is disrupted in Med12fl/fl Amhr2-Cre mice. (A) Schematic representation of the estrous cycles in Med12fl/fl and Med12fl/fl Amhr2-Cre
females. (B) Ages at first vaginal cornification and onset of first cyclicity are plotted against the genotype and shows a delay in Med12fl/fl Amhr2-Cre versus
Med12fl/fl (control) mice (n = 5). (C) Number of estrous cycles counted over a 6-week period in Med12fl/fl and Med12fl/fl Amhr2-Cre females (n = 6) shows a
significant decrease in Med12fl/fl Amhr2-Cre females. (D) Days spent at each stage of the estrous cycle over a 6-week period plotted against each stage (n = 5).
Stages are defined as P, proestrus; E, estrus; M, metestrus; D, diestrus. (E) Estradiol concentration was measured in the serum of 3-week-old Med12fl/fl and
Med12fl/fl Amhr2-Cre females collected in mice without (–) and with PMSG treatment (+) after 48 h (n = 5). Data are represented as mean ± SEM. ∗P < 0.05 (B,
E), ∗∗P < 0.01 (C, D), ∗∗∗P < 0.001 (E).

follicles. Corpora lutea were rarely visualized in Med12fl/fl Amhr2-
Cre ovaries, arguing that spontaneous ovulation rarely occurred.

We also assessed the response of ovarian follicular development
in Med12fl/fl Amhr2-Cre and control animals exposed to exogenous
pregnant mare serum gonadotropin (PMSG). PMSG stimulated con-
trol ovaries, as expected, responded, and developed abundant pre-
ovulatory follicles (Figure 3A, C, E, and G, n = 4, P < 0.001,
Figure 3I). These pre-ovulatory follicles are characterized by the
presence of antral fluid and cumulus granulosa cells that surround
oocytes [23]. Significantly fewer pre-ovulatory follicles were ob-
served in PMSG-stimulated Med12fl/fl Amhr2-Cre ovaries (n = 4,
P < 0.05, Figure 3I) when compared to controls. These results are
consistent with the interpretation that Med12 deficiency disrupts
granulosa cell response to exogenous gonadotropins.

Med12fl/fl Amhr2-Cre mice are infertile and their estrous cycle
perturbed, due to disrupted hormonal production from granulosa
cells. Since Med12 is a transcriptional regulator, we assessed expres-
sion of granulosa cell transcripts known to be involved in ovarian
steroidogenesis. We performed quantitative real-time PCR on genes
known to be involved in steroidogenesis. We assayed nuclear recep-
tor subfamily 5, group A, member 2 (Nr5a2), follicle stimulating
hormone receptor (Fshr), luteinizing hormone/choriogonadotropin
receptor (Lhcgr), cytochrome P450, family 19, subfamily a, polypep-
tide 1 (Cyp19a1), cyclin D2 (Ccnd2), estrogen receptor 1 (Esr1),
and estrogen receptor 2 (Esr2). We quantitated downregulation of

Nr5a2, Esr1, and Esr2 and upregulation of Lhcgr (n = 3, P < 0.5,
Figure 3J). Nr5a2 and Lhcgr are genes that are critical during
the development of pre-ovulatory follicles and ovarian luteinization
[32–34]. Esr1 and Esr2 deficiency is known to disrupt folliculo-
genesis, corpora lutea formation, and meiotic resumption of pre-
ovulatory oocytes [35–37]. It is interesting that transcriptional level
of Ccnd2, implicated in granulosa cell proliferation [38], was not
affected. The disrupted expression of these genes is consistent with
reduced ability of Med12fl/fl Amhr2-Cre granulosa cells to respond
to gonadotropins and synthesize to estradiol [35, 39].

Med12fl/fl Amhr2-Cre mice have abnormal circulating
steroid levels
We measured estradiol levels in the serum from 3-week-old mice
before and after PMSG stimulation. The basal level of estradiol in
control and Med12fl/fl Amhr2-Cre mice was not statistically signif-
icant prior to PMSG exposure (n = 5, Figure 2E). PMSG induces
estradiol synthesis in granulosa cells and promotes maturation of
small follicles into larger, pre-ovulatory follicles [40]. Upon the in-
jection of PMSG, there was a sharp increase of estradiol in control
mice (n = 5, P < 0.001, Figure 2E). However, the estradiol response
to PMSG was blunted in Med12fl/fl Amhr2-Cre mice and estradiol
levels in Med12fl/fl Amhr2-Cre mice were significantly lower when
compared to control mice (n = 5, P < 0.05, Figure 2E). The blunted
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Figure 3. Med12fl/fl Amhr2-Cre ovarian response to PMSG stimulation and gene expression. (A–H) Med12fl/fl and Med12fl/fl Amhr2-Cre mice were treated with
PMSG for 48 h, and ovaries were sectioned and stained by periodic acid-Schiff. Representative histology is shown in panels (A–H), comparing unstimulated and
PMSG stimulated 3-week-old ovaries. Significantly more pre-ovulatory follicles were present in the Med12fl/fl control group after PMSG treatment as compared
to Med12fl/fl Amhr2-Cre group. AnF, antral follicles; Gr, granulosa cells; PreOv, pre-ovulatory follicles. Scale bars = 100 μm. (I) Quantification of pre-ovulatory
follicles from 3-week-old Med12fl/fl and Med12fl/fl Amhr2-Cre females treated with or without PMSG for 48 h (n = 4). (J) Granulosa cells were isolated from PMSG-
treated Med12fl/fl and Med12fl/fl Amhr2-cre ovaries (n = 3), and RNA was extracted for cDNA conversion and real-time quantitative polymerase chain reaction
(RT-qPCR). Data were normalized to Gapdh expression and were given as the mean relative quantity (compared with control), with error bars representing the
standard error of the mean. Student t-test was used to calculate P values. The only significant difference was noted in the expression of Med12, as expected, as
well as upregulation of Lhcgr, and downregulation of Nr5a2, Esr1, and Esr2. Pooled data represent mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

response to PMSG is consistent with observed phenotypes of irreg-
ular estrus cycles (Figure 2A), and lack of vaginal plugs (Figure 1D)
in Med12fl/fl Amhr2-cre mice.

Intrinsic uterine defects cannot be rescued by
exogenous steroids in Med12fl/fl Amhr2-Cre mice
We further examined the uterine anatomy and histology in
Med12fl/+Amhr2-Cre, Med12fl/flAmhr2-Cre, and control animals.
The 12-week uterine morphology of Med12fl/+ Amhr2-Cre mice was
similar to the control group, and uterine weights were not reduced
(n = 7, Figure 4B). The gross morphology in 12-week-old Med12fl/fl

Amhr2-Cre female mice revealed atrophic uteri (Figure 4A) that
weighed significantly less than controls (n = 7, P < 0.01, Figure 4B).
The histology of the Med12fl/+ Amhr2-Cre and control uteri
(Figure 4D and G) revealed distinct endometrial and myometrial lay-
ers (Figure 4C and F). In contrast, endometrium and myometrium
layers were hypoplastic in the Med12fl/fl Amhr2-Cre uteri (Figure 4E
and H).

The uterus is highly sensitive to estradiol and progesterone lev-
els. The abnormal steroidogenesis in Med12fl/fl Amhr2-Cre mice may
explain the hypoplastic uterine phenotype in Med12fl/fl Amhr2-Cre
mice. To determine whether uterine hypoplasia in Med12fl/fl Amhr2-
Cre mice is solely due to abnormal steroidogenesis or whether
Med12 intrinsically disrupts uterine development, we implanted
placebo and steroid pellets in 4-week-old ovariectomized Med12fl/fl

(control) and Med12fl/fl Amhr2-Cre mice. After 4 weeks of ex-
ogenous steroids, the uteri of control and Med12fl/fl Amhr2-Cre

mice were collected for histological analysis. The estradiol and
progesterone concentrations reached similar levels in both control
and Med12fl/fl Amhr2-Cre ovariectomized mice (n = 4, Figure 5A
and B). Estradiol pellets rescued the weight of both ovariec-
tomized control and Med12fl/fl Amhr2-Cre uteri to 50% of the
nonovariectomized wild-type uterus (n = 5, Figure 5C). Estra-
diol and progesterone combined pellet implantation completely
rescued the weight of control uteri but only partially rescued
weights of the Med12fl/fl Amhr2-Cre uteri, reaching 50% of the
control group (n = 5, P < 0.0001, Figure 5C). The size differ-
ence between the control and Med12fl/fl Amhr2-cre uteri exposed
to combined estradiol and progesterone implants was significant
(Figure 5D). These results demonstrate that exogenous steroids did
not fully rescue the Med12fl/fl Amhr2-Cre uterine size nor weight,
and that Med12fl/fl Amhr2-Cre uterine response to estradiol com-
bined with progesterone was blunted. Examination of histology re-
vealed that ovariectomized control and Med12fl/fl Amhr2-Cre mice
treated with placebo implants had atrophic layers of endometrium
and myometrium, as expected (Figure 5E). After the implantation
of estradiol or combined estradiol/progesterone implants, control
uteri recovered well-developed endometrial and myometrial com-
partments, with an increase in the cytoplasmic portion of the cells
in each layer (Figure 5E). Unlike controls, Med12fl/fl Amhr2-Cre
uteri did not show well-developed endometrial and myometrial
layers when exposed to exogenous estradiol or combined estra-
diol/progesterone implants. Moreover, Med12fl/fl Amhr2-Cre uteri
exposed to estradiol and progesterone implants displayed abnormal
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Figure 4. Med12fl/fl Amhr2-Cre uterine anatomy and histology. (A) Gross morphology of 12-week-old female mouse reproductive tract. The Med12fl/fl (control
mice) display normal reproductive tract. In comparison to the controls, Med12fl/fl Amhr2-Cre reproductive tract is atrophic. Scale bar = 1cm. (B) Twelve-week-old
uterine weight is significantly decreased in Med12fl/fl Amhr2-Cre as compared to Med12fl/fl and Med12fl/+ Amhr2-Cre group (n = 7). Data are presented as
mean ± SEM. ∗∗P < 0.01. (C–H) Hematoxylin and eosin staining of uteri from 12-week-old Med12fl/fl, Med12fl/+ Amhr2-Cre and Med12fl/fl Amhr2-Cre mice
synchronized with PMSG and hCG. Note the atrophic uteri of Med12fl/fl Amhr2-Cre female. EM, endometrium; MY, myometrium. Scale bars = 100 μm.

histology consisting of intramyometrium glandular structures (Fig-
ure 5E). These results are consistent with the interpretation that
Med12fl/fl Amhr2-Cre uterine hypoplasia is not solely due to dis-
rupted steroid production in granulosa cells, but also due to intrinsic
uterine defects.

We examined expression of genes known to be important in uter-
ine development in control and Med12fl/fl Amhr2-Cre uteri. We as-
sayed gene expression in three groups of uteri: (1) uteri from ovariec-
tomized animals implanted with placebo pellets, (2) ovariectomized
animals implanted with estradiol pellets, and (3) ovariectomized an-
imals implanted with combined estradiol/progesterone pellets. We
specifically examined expression of steroid receptors, Esr1, Esr2,
and progesterone receptor (Pgr) (PR-AB) and one of the isoforms
PR-B, as well as genes downstream of steroid receptors such as
G protein-coupled estrogen receptor 1 (Gper1), notch 1 (Notch1),
and Smoothened, Frizzled Class Receptor (Smo). Esr1 is the key
mediator of estrogen action on uterine growth [41]. There was
no significant change of Esr1 expression between ovariectomized
Med12fl/fl Amhr2-Cre mice and the control group before steroid sup-
plementation. Estradiol implants, as expected, downregulated Esr1
in both groups (n = 3, P < 0.001, Supplementary Figure 3A). The
combined estradiol and progesterone implants further suppressed
Esr1 expression in controls (n = 3, P < 0.01), but failed to fur-
ther reduce Esr1 expression in Med12fl/fl Amhr2-Cre uteri (n = 3,
P < 0.05, Supplementary Figure 3A). Esr2 expression was not
significantly different between controls and Med12fl/fl Amhr2-Cre
uteri under different experimental conditions (n = 3, Supplemen-
tary Figure 3B). The expression of Pgr was lower in ovariectomized
Med12fl/fl Amhr2-Cre mice when compared to control uteri (n = 3,
P < 0.05, Supplementary Figure 4A). Estradiol or combined estra-
diol/progesterone implants rescued Pgr expression in both Med12fl/fl

Amhr2-Cre and control uteri to similar levels (n = 3, Supplemen-
tary Figure 4A). The progesterone receptor isoform PR-B expression
was lower in Med12fl/fl Amhr2-Cre ovariectomized uterus compared

to control uterus (n = 3, P < 0.05) and was rescued by estradiol
or estradiol combined progesterone supplementation in both con-
trol and Med12fl/fl Amhr-Cre uteri (n = 3, Supplementary Figure
4B). These results suggest that expressions of progesterone recep-
tors in Med12fl/fl Amhr2-Cre uteri can be rescued by exogenous
steroids.

We also examined genes that are downstream of the estradiol and
progesterone pathways, and implied in promoting or inhibiting uter-
ine growth. Insulin-like growth factor 1 (Igf1), Kruppel-like factor
15 (Klf15), zinc finger and BTB domain containing 16 (Zbtb16), and
Indian Hedgehog (Ihh) expression was similar under the three exper-
imental conditions in both Med12fl/fl Amhr2-Cre and control uteri.
Igf1 is a mediator of estradiol actions in uterine cells [42]. Igf1 ex-
pression was upregulated in both Med12fl/fl Amhr2-Cre and control
uteri treated with estradiol (n = 3, P < 0.0001) or combined estra-
diol and progesterone treatment (n = 3, P < 0.0001, Supplementary
Figure 3C). Klf15, Zbtb16, and Ihh are known to be uterine growth
inhibitors [43–45]; the expression of these inhibitory factors was sim-
ilarly reduced in steroid-exposed Med12fl/fl Amhr2-Cre and control
mice (Klf15, n = 3, P < 0.001, Supplementary Figure 3C; Zbtb16,
n = 3, P < 0.01, Supplementary Figure 4C; Ihh, n = 3, P < 0.05,
Supplementary Figure 4D). Gper1 and nuclear receptor subfamily 2,
group F, member 2 (Nr2f2), were significantly more downregulated
in the ovariectomized Med12fl/fl Amhr2-Cre uterus as compared to
the control (n = 3, P < 0.05), but estradiol (n = 3, P < 0.0001)
or estradiol combined with progesterone treatment (Gper1, n = 3,
P < 0.01) suppressed the expression to the same level in control
and Med12fl/fl Amhr2-Cre uteri (Gper1, Figure 5F; Nr2f2, Supple-
mentary Figure 4E). Gper1 is a known estrogen receptor mediating
ERK1/2 signaling pathway in uterine tissue [46], and it is known to
be downregulated by estradiol in uterine smooth muscle tissues [47].
Nr2f2 can inhibit the uterine epithelium proliferation [44]. These
results indicate that at the baseline, there is abnormal Nr2f2 and
Gper1 expression in Med12fl/fl Amhr2-Cre uteri. The misexpression
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Figure 5. Exogeneous estradiol and progesterone cannot fully rescue the uterine hypoplasia in Med12fl/fl Amhr2-Cre mice. (A, B) Serum estradiol (A) and
progesterone (B) concentrations were measured in ovariectomized Med12fl/fl and Med12fl/fl Amhr2-Cre mice after the implantation of placebo, estradiol, or
estradiol combined with progesterone pellets for 4 weeks (n = 4). (C) Uterine weights in ovariectomized Med12fl/fl and Med12fl/fl Amhr2-Cre mice implanted with
placebo, estradiol, or estradiol combined with progesterone pellets for 4 weeks (n = 5). (D) Gross morphology of uteri from 8-week-old ovariectomized Med12fl/fl

and Med12fl/fl Amhr2-Cre mice implanted with placebo and estradiol combined with progesterone pellets for 4 weeks. Note significant increase in uterine size
after exposure to combined estradiol and progesterone pellets. (E) Hematoxylin & eosin staining of uteri from 8-week-old ovariectomized Med12fl/fl (control) and
Med12fl/fl Amhr2-Cre mice implanted with, placebo, estradiol, or estradiol combined with progesterone pellets for 4 weeks. Zoomed panels are shown below and
to the left of the displayed histology section. Placebo treatment had little effect on ovariectomized control and Med12fl/fl Amhr2-Cre uteri, with atrophic layers
of endometrium and myometrium. After the implantation of estradiol or combined estradiol/progesterone implants, control uteri recovered well-developed
endometrial and myometrial compartments (dotted yellow line). Unlike controls, Med12fl/fl Amhr2-Cre uteri did not show well-developed endometrial and
myometrial layers when exposed to exogenous estradiol or combined estradiol/progesterone implants (dotted yellow line). Moreover, Med12fl/fl Amhr2-Cre
uteri exposed to estradiol and progesterone implants displayed abnormal histology consisting of intramyometrium glandular structures (dotted yellow line).
(F–H) Real-time quantitative polymerase chain reaction (RT-qPCR) on RNA isolated from uteri exposed to placebo, estradiol only, or estradiol and progesterone
pellets. Results are shown for Gper1, Notch1, and Smo transcripts (n = 3). Pooled data represent mean ± SEM. ∗P < 0.05 (A, F, G, H); ∗∗P < 0.01 (A, B, F, G);
∗∗∗P < 0.001 (G); ∗∗∗∗P < 0.0001 (C, F, H). MY, myometrium; EM, endometrium. Scale bars = 100 μm.
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of Nr2f2 and Gper1 was normalized once Med12fl/fl Amhr2-Cre
uteri received exogenous estradiol or estradiol combined with pro-
gesterone. Notch1, Smo, and Patched 1 (Ptch1) were genes whose
expression differed between controls and Med12fl/fl Amhr2-Cre mice
after exogenous steroid implants. Notch1 is a known inhibitory fac-
tor in uterine development [48]. Smo activation impedes uterine
differentiation [49]. Ptch1 is known to inhibit estrogen signaling
via paracrine loop [44], halting the growth of uterine epithelium.
Notch1, Smo, and Ptch1 were downregulated when the uterus was
stimulated by exogenous estradiol in both Med12fl/fl Amhr2-Cre and
control groups (Notch1, n = 3, P < 0.001, Figure 5G; Smo, n = 3,
P < 0.0001, Figure 5H; Ptch1, n = 3, P < 0.0001, Supplementary
Figure 4F). However, in the presence of combined estradiol and pro-
gesterone implants, the expression of Notch1, Smo, and Ptch1 went
lower in the control group (Notch1, n = 3, P < 0.01, Figure 5G; Smo,
n = 3, P < 0.05, Figure 5H; Ptch1, n = 3, P < 0.001, Supplementary
Figure 4F) but remained unchanged in Med12fl/fl Amhr2-Cre uteri.
These results show that progesterone addition had differing effects
on Notch1, Smo, and Ptch1 expression in Med12fl/fl Amhr2-Cre mice
when compared to controls. These differences may explain why pro-
gesterone had no additional effects on weight rescue of Med12fl/fl

Amhr2-Cre uteri (Figure 5C).

Med12 is a maternal effect gene
The role of Med12 in oogenesis has not been previously examined.
To evaluate its role in oogenesis, we used oocyte-specific Gdf9-Cre
and Zp3-Cre transgenic mice to ablate Med12 from primordial and
primary follicles, respectively. Both primordial and primary folli-
cles form in postnatal ovaries, when majority of oocytes have ar-
rested in diplotene stage of meiosis I. Gdf9-Cre and Zp3-Cre are
highly efficient in recombining loxP sites in oocytes [50–53]. Gdf9-
Cre males crossed with Med12fl/fl females did not produce pups
that carried Gdf9-Cre (Figure 6A and D). Leaky, paternal Gdf9-
Cre expression is known to occur, and the sperm carrying Gdf9-
Cre transgene probably leads to efficient recombination of Med12
floxed sites in the fertilized egg with subsequent embryo death. This
interpretation is consistent with current understanding that pater-
nal and maternal X chromosome are active immediately after fer-
tilization, and biallelic expression of certain genes from both pa-
ternal and maternal X chromosomes is required for first few cell
divisions to proceed [54]. The lack of Med12fl/+ Gdf9-Cre pups ar-
gues for the importance of early embryonic biallelic Med12 expres-
sion for successful embryogenesis to occur. We also utilized Zp3-
Cre, which is not expressed in the male germline. Zp3-Cre males
crossed with Med12fl/fl females produced Med12fl/+ Zp3-Cre females
(Figure 6A and E), again supporting our conclusion that leaky Gdf9-
Cre from the paternal mating inactivated maternally floxed Med12
allele. However, when Med12fl/+ Zp3-Cre females were crossed with
Med12fl/y males, no pups of Med12− /fl, Med12fl/fl, Med12− /fl Zp3-
Cre, Med12fl/fl Zp3-Cre, Med12− /y, Med12fl/y, Med12− /y Zp3-Cre,
and Med12fl/y Zp3-Cre genotypes were born (Figure 6A and F). In
these crosses, the Zp3-Cre expressed from the female side inacti-
vated floxed Med12 allele in the oocyte and therefore no Med12− /fl

pups were born, consistent with requirement for biallelic expres-
sion of Med12 during early development. We successfully generated
Med12fl/fl Zp3-Cre female pups by mating Med12fl/y Zp3-cre males
with Med12fl/fl females (Figure 6A and G). Med12fl/fl Zp3-Cre fe-
males were infertile when mated with stud males. The ovarian his-
tology of Med12fl/fl Zp3-Cre females showed normal folliculogenesis
and the presence of normal corpora lutea, indicating successful ovu-

lation (Figure 6B and C). These results indicate that postnatal Med12
expression in the oocyte is not important for oogenesis, but is essen-
tial for early embryo development. Med12 is therefore a maternal
effect gene.

Discussion

MED12 is a critical subunit of the mediator complex, and has an im-
portant role in regulating RNA polymerase II transcription. MED12
global knockout is lethal and shows the importance of MED12 in
early cell growth, differentiation, and development [11, 55]. Human
germline mutations in MED12 associate with several diseases. The
germline mutations, predominantly in the carboxyl terminal domain
of the MED12 protein, cause X-linked recessive syndromes (Opitz-
Kaveggin, Lujan-Fryns, and Ohdo syndrome). Phenotypes include
intellectual disability, dysmorphology, and multi-organ structural
birth defects [56]. Recently, whole-exome sequencing approaches
to various tumors such as fibroadenomas, phyllodes, leiomyomas
[12–15], prostate, and adrenocortical carcinomas [16, 17] have as-
sociated specific MED12 variants with these benign and malignant
tumors. In the reproductive tract, unique MED12 variants were iden-
tified in exon 2 in approximately 70% of uterine fibroids. Recent
studies show that these MED12 variants in exon 2 are likely to
cause uterine leiomyomas via gain-of-function genetic mechanisms
[20]. Specific roles of MED12 in the reproductive tract have not
been previously studied in detail. In this manuscript, we utilized well-
characterized Cre transgenic lines to cause conditional deficiency of
Med12 in a variety of reproductive tissues. We utilized Amhr2-Cre
to cause Med12 deficiency in both granulosa cells and uterine mes-
enchyme. Med12fl/+ Amhr2-Cre females, with one floxed Med12
locus, are subfertile and Med12fl/fl Amhr2-Cre mice, with two floxed
Med12 loci, are infertile, consistent with dose-dependent effect of
Med12 deficiency in the female reproductive system. Interestingly,
Amhr2-Cre-induced deficiency in male mice (Med12fl/y Amhr2-Cre)
did not significantly affect fertility. Amhr2-Cre in male reproductive
tissues is expressed in Sertoli and Leydig cells [25], and our results
suggest that Med12 has sexual dimorphic effects in both male and
female reproductive tracts. Amhr2-Cre has been previously shown
to efficiently excise loxp sites in both ovaries and testes and has been
used in the past to show detrimental effects of another transcriptional
regulator, GATA binding protein 4 (Gata4), on male infertility [20,
31, 57, 58]. It is possible that Med12 interactions are tissue and
cell type specific. For example, Med12 in vivo deletion abrogates
P300 interaction at enhancers of key hematopoietic genes [59]. The
sexually dimorphic effects of Med12 need further investigation.

The abnormal mating behavior of the Med12fl/fl Amhr2-Cre fe-
males was the primary cause of female infertility and likely due to
the abnormal estrous cycle. This conclusion was derived from the
lack of vaginal plugs, late onset of vaginal cornification, and delayed
onset of estrous cyclicity in Med12fl/fl Amhr2-Cre females. Although
the basal level of estradiol in control and Med12fl/fl Amhr2-Cre fe-
males was similar (Figure 2E), Med12fl/fl Amhr2-Cre females had
inadequate rise in estradiol levels after PMSG stimulation. Med12fl/fl

Amhr2-Cre females have decreased number of antral follicles and
after PMSG stimulation, decreased number of pre-ovulatory folli-
cles. Because large antral and pre-ovulatory follicles are the ma-
jor source of estradiol [28], we cannot exclude a contribution of
the decreased number of these follicles toward the impaired PMSG
stimulated synthesis of estradiol. These data together indicate that
ovarian estradiol production is defective in mice with granulosa cell-
specific knockout of Med12. Although developing ovarian follicles
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Figure 6. Oocyte-specific deletion of Med12 causes infertility without affecting folliculogenesis. (A) Breeding strategy used to assess the effects of Med12
deficiency on folliculogenesis with Gdf9-Cre that is active in oocytes of primordial (smallest) ovarian follicles, and Zp3-Cre that is active in oocytes of primary
follicles. Gdf9-Cre introduced from the male side never produced Gdf9-Cre positive pups likely due to leaky Gdf9-Cre expression from the paternal side that
inactivated Med12 floxed allele from the maternal side and caused embryonic lethality (D). (B, C) Periodic acid-Schiff staining of 12-week-old Med12fl/fl and
Med12fl/fl Zp3-Cre ovaries generated in crosses described in (A). Note the presence of normal follicles at all stages as well as corpora luteua in both Med12fl/fl

and Med12fl/fl Zp3-Cre mice. Med12fl/fl Zp3-Cre mice are infertile. (D–G) Fertility results from various breeding strategies depicted in (A) are shown. Note lack
of mortality when Zp3-Cre is transmitted from the male side (G) as opposed to Gdf9-Cre (D) (D, n = 7; E, n = 5; F, n = 4; G, n = 3). ∗∗∗∗P < 0.0001. Scale
bars = 100 μm.

are the main source of estradiol, other tissues (e.g. adipose tissue) can
produce estradiol. The normal basal estradiol level in Med12 condi-
tional knockout mice may derive from these other sources or maybe
due to incomplete Amhr2-Cre activity. Amhr2-Cre activity depends
on the locus in question, and previous work has shown it to be a
robust Cre, with over 50% recombination [60]. It is therefore likely
that the phenotypes we describe here are due to a mosaicism of cells
with nonrecombined and recombined genotype. Med12fl/flAmhr2-
Cre mice mating behavior was disrupted despite PMSG/HCG cycle
synchronization, possibly due to dysfunctional granulosa cells and
poor rise in estradiol following stimulation as shown in Figure 2E.
Alternatively, AMH signaling may have functional significance in the
pituitary and hypothalamus, and Amhr2-driven deletion of Med12
in the brain may contribute to anovulation [61, 62].

Within ovarian follicles, theca cells synthesize androgen precur-
sors under stimulation by LH, which the granulosa cells then con-
vert to estradiol [28]. Our conditional knockout via Amhr2-Cre
will cause Med12 deficiency in granulosa cells. The histology of
Med12fl/fl Amhr2-Cre ovaries showed that granulosa cells were ab-
normal, with many hyperchromatic cells indicative of apoptosis, the
number of antral follicles was significantly decreased, and the num-
ber of corpora lutea was also significantly lower. Med12 depletion

downregulates the expression of important components of the
steroidogenesis pathway, including Nr5a2, Esr1, and Esr2. Nr5a2 is
involved in steroidogenesis, luteinization, and progesterone synthesis
[34]. Esr1 deficiency and Esr2 deficiency are known to disrupt fol-
liculogenesis [63]. Med12fl/fl Amhr2-Cre mice showed less antral fol-
licles and after PMSG stimulation, less pre-ovulatory follicles, which
is similar to the ovarian phenotype in Esr2-deficient mouse model
[36, 64]. Esr1-deficient mice have abnormal response to PMSG by
upregulating Lhcgr and Cyp19a1. Granulosa cells of Esr2-deficient
animals fail to respond to PMSG, in part by upregulating Fshr [64].
Interestingly, aromatase (Cyp19a1), an essential enzyme in steroido-
genesis, and Fshr, an important gonadotrophin receptor for follic-
ular growth, were not significantly affected by Med12 deficiency.
Recent studies reveal that MED12 depletion significantly reduces
the estradiol-induced ESR1 target genes in MCF7 breast cancer cell
line [10] and MED12 mutations, likely gain-of-function mutations,
correlate with higher ESR2 expression in the stromal cytoplasm of
fibroadenoma and phyllodes [65]. Collectively, these results suggest
that the granulosa cells with specific Med12 deficiency do not re-
spond properly to PMSG stimulation both in terms of expression
of certain critical genes (Nr5a2, Esr1, and Esr2) and in terms of
estradiol biosynthesis. This inability presumably reflects a primary
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ovarian defect that results from the absence of Med12 expression in
the granulosa cells.

Amhr2 promoter-driven Cre expression is well known to occur
in uterine mesenchymal cells and has been used by multiple inves-
tigators to assess the effects of conditional gene deficiency in the
uterus [66–68]. In our study, conditional deficiency of Med12 in the
uterus caused uterine atrophy with hypoplasia of the myometrium
and endometrium. The hypoplasia was in part due to the abnormal
steroidogenesis in Med12fl/fl Amhr2-Cre females, and exogenous
steroid implants partially rescued Med12fl/fl Amhr2-Cre uterine
weight.

Both estradiol and progesterone play an important role in uterine
morphology during the estrous cycle. Estrogen binds to estrogen re-
ceptors, which allows cells to be responsive to progesterone and pro-
gesterone receptor. The actions of progesterone and its receptor were
shown in multiple studies to be critical for uterine epithelial prolifera-
tion and interactions with stromal cells [44]. Our results suggest that
progesterone pathways are more disrupted than estrogen pathways
in the Med12-deficient mouse. We base this conclusion on estra-
diol only versus combined estradiol and progesterone response in
ovariectomized Med12fl/fl Amhr2-Cre mice. Estradiol only implants
had similar effect on the uterine weights of ovariectomized Med12fl/fl

Amhr2-Cre and control uteri. Combination of estradiol and proges-
terone completely rescued uterine weights of control group further.
However, no additional benefit of estradiol combined with pro-
gesterone was observed in Med12fl/fl Amhr2-Cre uterus. Med12fl/fl

Amhr2-Cre uterus phenotype is similar to the phenotype observed
in Pgr knockout mouse model [69, 70]. However, Pgr and PR-B ex-
pression was not disrupted in estradiol and estradiol combined with
progesterone supplemented Med12fl/fl Amhr2-Cre uteri. Therefore,
we suspect that Med12 deficiency could act on genes downstream
of Pgr. We examined Pgr downstream genes including Zbtb16, Ihh,
Nr2f2, Ptch1, Notch1, and Smo, along with downstream genes of
estrogen receptor, Klf15, Igf1, and Gper1. Progesterone-regulated
genes showed abnormal expression in Med12fl/fl Amhr2-Cre uteri,
either before the exogenous administration of steroids (Nr2f2) or
after exogenous administration of estradiol combined with proges-
terone (Ptch1, Notch1, Smo). When activated by Pgr, Ihh with Wnt
ligands will induce the expression of Ptch1 and Nr2f2. The sub-
sequent action of Ptch1 and Nr2f2 is to antagonize the mitogenic
pathways related to growth factors, impeding further uterine epithe-
lial proliferation [44]. It is interesting that Ptch1 is affected, given
that Amhr2-Cre is not active in uterine epithelium, which argues
that the cross talk between the mesenchyme and epithelium may
be disrupted. Notch1 expression is also dysregulated in Med12fl/fl

Amhr2-Cre uteri. Notch1 is known to regulate Pgr via epigenetic
modifications [48], and Med12 deficiency could indirectly affect epi-
genetic modification via disrupting Notch1 expression. Alternatively,
MED12 and PGR proteins physically interact and affect proges-
terone related pathways, a hypothesis that requires further testing.
Our data are also important in the study and treatment of uterine
leiomyomas. Traditional treatment, targeting estrogen or proges-
terone inhibition, needs to be maintained to prevent recurrence [71].
From our studies, progesterone-regulated pathways could be sig-
nificantly impacted by Med12 mutation-positive leiomyomas [72].
Med12-deficient uterine phenotype observed here is likely milder
due to partial Amhr2 driven Cre activity [20]. Our interpretation as-
sumes that Med12 actions are primarily at the level of transcription,
and that transcript levels correlate with protein levels and functions.

Med12 global knockout is embryonic lethal at E10.5 [11].
These results indicate that Med12 is critical for early embryonic
development. However, the role of Med12 in oocyte differentia-

tion and growth is unknown. Our results from Gdf9-Cre and Zp3-
Cre-mediated Med12 deficiency are consistent with the conclusion
that Med12 is a maternal effect gene. During early embryogene-
sis, paternal X chromosomes are active immediately after fertiliza-
tion, and expression of certain genes is required from both pater-
nal and maternal X chromosomes for development to proceed [54].
Med12 is expressed from the X chromosome and oocyte-specific
Med12 deficiency from either maternal or paternal germline results
in infertility, indicating the necessity of bi-allelic Med12 expres-
sion for early embryogenesis, despite normal ovarian folliculoge-
nesis and oocyte maturation. Few maternal effect genes have been
characterized to date, and include genes such as zygote arrest 1
(Zar1), DNA methyltransferase (cytosine-5) 1 (Dnmt1), develop-
mental pluripotency-associated 3 (Dppa3), and NLR family, pyrin
domain containing 5 (Nlrp5) [73–76]. The characteristic of maternal
effect genes to date is that its deficiency has no effect on oogenesis,
but is essential for early postfertilization events, and causes one or
two-cell embryo arrest. Med12 behaves as an X chromosome derived
maternal effect gene. It is interesting that Zp3-Cre driven Med12 de-
ficiency has no effect on the growing oocytes. Mediator complexes
transmit signals from the transcription factors to the polymerase
in a variety of tissue [77]. Transcriptional regulation is important
for oocyte growth at the primary oocyte stage, as previously shown
by disruption of LIM homeobox protein 8 (Lhx8) expression [78].
It is therefore interesting that Med12, unlike oocyte-specific tran-
scriptional regulators such as Lhx8, spermatogenesis and oogenesis
specific basic helix-loop-helix 1 (Sohlh1), spermatogenesis and oo-
genesis specific basic helix-loop-helix 2 (Sohlh2), and folliculogen-
esis specific basic helix-loop-helix (Figla), is not important during
oogenesis and oocyte maturation [78–80]. Whether other members
of the mediator complex play a role in oogenesis remains to be
determined.

We have demonstrated that the somatic or germline loss of
Med12 causes infertility without evidence for tumorigenesis. Med12
variants in humans associate with a wide range of tumors and in
the reproductive tract, nearly 70% of uterine leiomyomas [81, 82]
carry unique Med12 somatic variants [18, 19]. Our studies further
support previous findings [20] that leiomyomas are not caused by
the loss of function, but rather by the gain-of-function mutations
in the Med12 gene. The role of Med12 in the reproductive tract is
pleiotropic, disrupting function of various tissues. In the granulosa
cells, Med12 disrupts steroidogenesis; in the uterus, it disrupts uter-
ine development; and in the germline, Med12 is an X-chromosome
gene essential for early embryogenesis. The effects of Med12 appear
to be cell type and tissue specific, and further studies are needed
to elucidate Med12 mechanisms behind reproductive-specific phe-
notypes caused by Med12 deficiency.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Fertility data of Med12fl/y Amhr2-Cre
mice. (A) Fertility data of Med12fl/y (controls, n = 7) and Med12fl/y

Amhr2-Cre (male conditional knockout, n = 16) males. Males were
mated with Med12fl/fl females for 6 months. (B) Distribution of
pups of various genotypes from the mating of Med12fl/y Amhr2-Cre
males with Med12fl/fl females. Note that the number of female pups
is significantly lower than the number of male pups. Pooled data
are represented as mean ± SEM. ∗P < 0.05 (A, B), by Student two-
tailed t-test (A, B) and two-way ANOVA (B).

https://academic.oup.com/biolre/article-lookup/doi/10.1093/biolre/iox143#supplementary-data
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Supplementary Figure S2. Med12fl/fl Amhr2-Cre mice have abnormal
folliculogenesis. (A–F) Periodic acid-Schiff staining of 12-week-old
female ovaries from Med12fl/fl, Med12fl/+ Amhr2-Cre, and Med12fl/fl

Amhr2-Cre groups. Note the hyperchromatically stained granulosa
cells co-occurring with dying follicles, outlined in yellow (F). PrF, pri-
mary follicles; SF, secondary follicles; CL, corpus luteum; AnF, antral
follicles; Gr, granulosa cells; Oo, oocytes. Scale bars = 100 μm. (G)
Quantification of ovarian follicle types in 6-week-old Med12fl/fl and
Med12fl/fl Amhr2-Cre mice. Three pairs of ovaries were embedded in
paraffin and serially sectioned at 5 μm thickness. The follicles were
counted by every fifth section. We scored primary follicles (PrF), sec-
ondary follicles (SF), and antral follicles (AnF). Data are represented
as mean ± SEM. ∗P < 0.05(G).
Supplementary Figure S3. Expression of estrogen receptors and
downstream genes can be partially rescued by exogenous steroids
in Med12fl/fl Amhr2-Cre uterus. (A–E) Real-time quantitative poly-
merase chain reaction (RT-qPCR) shows the expression of Esr1,
Esr2, Igf1, and Klf15 mRNAs in uterus isolated from ovariectomized
Med12fl/fl and Med12fl/fl Amhr2-Cre mice after the implantation of
placebo, estradiol, or estradiol combined with progesterone pel-
lets (n = 3). Pooled data represent mean ± SEM. ∗P < 0.05 (A);
∗∗P < 0.01 (A, B, C, D); ∗∗∗P < 0.001 (A, D); ∗∗∗∗ P < 0.0001 (C)
by Student two-tailed t-test.
Supplementary Figure S4. Expression of progesterone receptors and
downstream genes cannot be fully rescued by exogenous steroids
in Med12fl/fl Amhr2-Cre uterus. (A–E) Real-time quantitative poly-
merase chain reaction (RT-qPCR) shows the expression of Pgr, PR-
B, Zbtb16, Ihh, Nr2f2, and Ptch1 mRNAs in uterus isolated from
ovariectomized Med12fl/fl and Med12fl/fl Amhr2-Cre mice after the
implantation of placebo, estradiol, or estradiol combined with pro-
gesterone pellets (n = 3). Note the expression of Pgr and PR-B is
downregulated by estradiol or estradiol combined with progesterone
pellets in both Med12fl/fl and Med12fl/fl Amhr2-Cre group (n = 3,
P < 0.001). Pooled data represent mean ± SEM. ∗P < 0.05 (A, B,
D, E); ∗∗P < 0.01 (C, F); ∗∗∗ P < 0.001 (B, F); ∗∗∗∗P < 0.0001 (C,
E, F) by Student two-tailed t-test.
Supplementary Table S1. Summary of primers used in Q-PCR anal-
ysis of Med12flfl Amhr2-Cre granulosa cells and ovariectomized
uterus.
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