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Abstract
Foxl2 codes for a forkhead/HNF3 transcription factor essential for follicular maturation and maintenance of ovarian identity.
FOXL2 mutations are associated with Blepharophimosis, Ptosis and Epicanthus inversus Syndrome (BPES) characterized by
eyelid malformations (types I and II) and premature ovarian insufﬁciency (type I). We show that Foxl2 is not only expressed by
the ovary, but also by other components of the mouse female reproductive tract, including the uterus, the cervix and the
oviduct. In the uterus, Foxl2 expression is ﬁrst observed in the neonatal mesenchyme and, during uterine maturation, persists in
the stroma and in the deep inner myometrial layer (IML). In the adult, Foxl2 is expressed in the differentiated stromal layer, but
no longer in the myometrium. Conditional deletion of Foxl2 in the postnatal (PN) uterus using Progesterone Receptor-cre (Pgrcre/+)
mice results in infertility. During PN uterine maturation Pgrcre/+; Foxl2ﬂox/ﬂox mice present a severely reduced thickness of the
stroma layer and an hypertrophic, disorganized IML. In adult Pgrcre/+; Foxl2ﬂox/ﬂox mice a supplementary muscular layer is present
at the stroma/myometrium border and vascular smooth muscle cells fail to form a coherent layer around uterine arteries. Wnt
signalling pathways play a central role in uterine maturation; in Pgrcre/+; Foxl2ﬂox/ﬂox mice, Wnt genes are deregulated suggesting
that Foxl2 acts through these signals. In humans, thickening of the IML (also called “junctional zone”) is associated with reduced
fertility, endometriosis and adenomyosis. Our data suggest that Foxl2 has a crucial role in PN uterine maturation and could help
to understand sub-fertility predisposition in women.

Introduction

inner myometrial layer (IML), also called junctional zone (JZ) in

In all mammals, the uterus develops as a specialization of the
paramesonephric or Müllerian ducts, which gives rise to the
infundibula, oviducts, uterus, cervix and anterior vagina (1).
The mature uterine wall is composed of two functional compartments, the endometrium and the myometrium. The endometrium is constituted by a simple columnar luminal epithelium
(LE) surrounded by a ﬁbroblastic stroma and endometrial glands
(EG) which secrete factors required for the establishment of uterine receptivity and embryo implantation (2–5). The stroma is surrounded externally by the myometrium, a muscular structure
constituted by three different layers: the circularly oriented

human MRI imaging, the vascular myometrial layer and the longitudinally oriented outer myometrial layer (OML). Myometrial
contractions, driven by the IML (or the JZ in humans) are essential
for trophoblast invasion, sperm transport and parturition (6). At
birth, the mouse uterus lacks EG and muscles, and consists of a
simple epithelium supported by undifferentiated mesenchyme.
The complex processes of neonatal uterine differentiation and
uterine gland formation are regulated by epithelium/mesenchyme interactions, which involve the extracellular matrix,
growth factors-mediated signals and expression of steroid hormone receptors (7). Adenogenesis begins at postnatal day 5
(PN5), from epithelial invaginations, which lead to the formation
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Results
Uterine expression of Foxl2
The distribution of Foxl2 during uterine development was analysed in Foxl2LacZ/+ mice (12). At 18.5 days post coitum (E18.5),
Foxl2 is expressed by the ovary, the oviduct and the cervix, but
not by the uterus (Fig. 1A, right panel). Foxl2 expression is ﬁrst detected in the uterus at birth (Fig. 1A; left panel) and persists in the
ovary, oviduct and cervix (Fig. 1B). In the uterus, during early PN

maturation (Fig. 1C; PN3, PN5 central panel), Foxl2 is detected in
mesenchymal cells which are precursors of stroma and myometrial smooth muscle cells. To discern stromal and myometrial expression of Foxl2, we detected, by immunohistochemistry (IHC),
the expression of smooth muscle actin α (SMAα) (Fig. 1C, right
panel). During early PN maturation (Fig. 1C; PN3, PN5 right
panel), Foxl2 is expressed by mesenchymal precursors of the stroma (9) and by few smooth muscle cells at the border between the
uterine mesenchyme and the early myometrium (arrowheads
Fig. 1C). At later maturation stages (PN8-PN12), Foxl2 expression
persists in the stroma and in the deep part of the IML (arrowheads). In the adult, Foxl2 is expressed by stroma cells and
blood vessel walls (Fig. 1C, lower lane), but is no longer detected
in the myometrial layer. The uterine distribution of Foxl2 is also
conﬁrmed by in situ hybridization and IHC in the adult (Supplementary Material, Fig. S1 and Fig. 3C).

Foxl2-positive cells give rise to the inner part of the IML
and to uterine blood vessels walls
Early mesenchymal cells of the uterus are known to be precursors of both the stroma and the myometrium (9). To analyse
the contribution of Foxl2-positive precursors to different components of the uterus, we used Foxl2cre/+; R26RLacZ/+ mice in which all
derivatives of Foxl2-positive cells are lacZ positive. Our results
show that Foxl2-positive precursors generate: (a) most stroma
cells, (b) SMAα-positive cells of the deep IML (arrowheads) and
(c) uterine blood vessels (arrows) (Fig. 2). These ﬁndings support
the notion that the deep IML and uterine vascular smooth
muscle cells (VSMCs) surrounding blood vessels both derive
from Foxl2-positive progenitors in the stroma. A small subpopulation of luminal epithelial cells appears also to derive from
Foxl2-positive precursors (small arrows, Fig. 2D); this is in line
with the reported contribution of stroma stem cells derivatives
to the LE (25).

Foxl2 conditional inactivation in the uterus
In order to analyse the role of Foxl2 in PN maturation of the
uterus, we crossbred mice carrying a Foxl2 conditional allele
(Foxl2ﬂox/ﬂox) (14), with the Progesterone Receptor-Cre knockin
(PgrCre/+) mice (26) in which the Cre-recombinase gene is expressed in the epithelium and in the stroma of the PN uterus
(27). As the Pgr promotor is also active in the granulosa of antral
follicles (28) and in the pituitary gland (29), we veriﬁed the tissue-speciﬁc pattern of recombination of Foxl2 in our mice. In
Pgrcre/+; Foxl2ﬂox/ﬂox mice at PN25 the recombinant allele was detected only in the uterus, but not in the ovary or in the pituitary
gland (Fig. 3A). At this stage, Pgr is not expressed in the granulosa of immature follicles and in the pituitary of prepubescent
females (26,30).
As expected, neither Foxl2 mRNA nor Foxl2 protein were
detected in the uterus of Pgrcre/+; Foxl2ﬂox/ﬂox mice (Fig. 3B, C and
Fig. 7).

Pgrcre driven Foxl2 inactivation results in infertility
Pgrcre/+; Foxl2ﬂox/ﬂox females are not fertile. Interestingly, the analysis of daily vaginal smears in the two weeks following sexual
maturation showed a normal oestrus cycle and vaginal plugs
were present after mating with WT males indicating a normal
sexual behaviour and a normal ovarian function. Ovaries of mature mutant and WT mice were similar, with the presence of all
classes of follicles and corpora lutea (Supplementary Material,
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of GE (glandular epithelium) buds and results in the development
of simple tubular glands lined by a simple cuboidal epithelium
(8). During postnatal (PN) development, the neonatal mesenchyme differentiates into two layers: the endometrial stroma
and the myometrial muscular layers. Mouse uterine myogenesis
begins at PN3 when the oriented outer mesenchymal cells differentiate into bundles of smooth muscle cells, preﬁguring the IML.
At PN15, the inner, outer and vascular myometrial layers are
already formed and the maturation phase continues by the
growth of these individual layers. The mouse uterus is fully
mature around PN30 (9).
FOXL2 codes for a forkhead/HNF3 transcription factor that displays a highly conserved expression in the vertebrate ovary (10).
In humans, FOXL2 mutations cause the autosomal dominant Blepharophimosis–Ptosis–Epicanthus inversus Syndrome (BPES)
(OMIM ID: 110100) (11). A large spectrum of FOXL2 mutations
has been identiﬁed and two types of BPES have been described.
Both forms of BPES are characterized by oculo-facial dysmorphism, which, in BPES type I, is also associated to premature ovarian
insufﬁciency (POI). Several mouse models carrying targeted Foxl2
mutations have been generated (12–14). Homozygous females
show dysmorphic eyelids/foreheads (15) and are infertile, due
to an early impairment of follicular development and a defect
in primordial follicle individualization (13). It has been shown
that Foxl2 regulates the expression of genes involved in the control of steroidogenesis (16,17). Foxl2 interacts with Steroidogenic
Factor-1 (SF-1) and inhibits the expression of both CYP17 (16) and
StAR (18), and activates the expression of Cyp19a1 (aromatase)
(19), suggesting that its involvement in POI might result from a
misregulation of steroid biosynthesis.
Recent studies show that, beside the ovary, where Foxl2 is expressed in early ovarian follicles and by granulosa cells (18,20),
strong expression also occurs in the endometrium. High-throughput proﬁling experiments of human endometrium show that the
highest levels of FOXL2 expression are reached during the proliferative phase (21). Uterine expression of Foxl2 is also supported
by studies in the bovine where the gene is negatively regulated
by progesterone (22). In human and in bovine endometrium, immunodetection of FOXL2 protein has suggested its localization in
the stroma and in GE (22,23). Furthermore, FOXL2 is overexpressed
in endometriosis, a human pathology characterized by the
presence of ectopic endometrial tissue outside the uterine cavity
(23). Despite these data, the possible role of FOXL2 in uterine
maturation and function has not yet been explored.
Here, we show that stromal uterine cells (SC) express Foxl2
throughout PN development. Using a mouse model in which
Foxl2 is conditionally deleted in the uterus we show that this transcription factor is essential for several aspects of normal uterine
maturation including myometrial and vascular formation. Foxl2
uterine deletion results in infertility. Our ﬁndings might implicate
Foxl2 in reproductive disorders of the uterus and should be taken
into consideration when counselling BPES patients undergoing
in vitro fertilization.
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Figure 1. Foxl2 expression during uterine maturation. (A) LacZ expression in the reproductive tract of female Foxl2LacZ/+ mice at E18.5 and at birth. Before birth Foxl2 is
expressed in the oviduct, the ovary and the cervix; uterine expression begins only at birth. (B) LacZ expression in the adult oviduct and cervix of female Foxl2LacZ/+
mice. (C) LacZ expression in Foxl2LacZ/+ mice during PN development and in the adult. During PN development, Foxl2 is expressed by most SC (s), by cells surrounding
blood vessels (small arrows) and by the deep IML (arrowheads). In the adult, no Foxl2 expression was detected in the myometrium. Left and central panels
counterstained with eosine; right panels, IHC with anti-SMAα antibodies. cvx: cervix, eml: external myometrial layer, ge: glandular epithelium, iml: inner myometrial
layer, le: luminal epithelium, m: myometrium, o: ovary, ov: oviduct, s: stroma, u: uterus; small arrows: ß-gal positive blood vessels; arrowheads: positive zone for
SMAα and ß-gal. Scale bar: 100 µm.

Fig. 2). Despite these apparently normal features, after crossing
with WT males, adult Pgrcre/+; Foxl2ﬂox/ﬂox females never got pregnant (Table 1). Interestingly, the probability of generating a litter
after mating, was strongly reduced (50%) for Pgrcre/+; Foxl2ﬂox/+

females when compared to Pgr+/+; Foxl2ﬂox/ﬂox littermates. At 5.5
days post coitum, no implantation sites were present in Pgrcre/+;
Foxl2ﬂox/ﬂox uteri, histological analysis conﬁrmed the absence of
implanted embryos in mutants.
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(arrowheads) are LacZ-positive in B and D, therefore they derive from Foxl2-positive precursors. VSMCs and deep IML cells are not LacZ-positive in A and C suggesting
a transient expression of Foxl2. In adult Foxl2Cre/+; R26RLacZ/+ mice, groups of LacZ-positive cells are also present in the LE (small arrow), suggesting that they derive
from Foxl2-positive precursors. Abbreviations as in Figure 1. Scale bar: A and B: 50 µm, C and D: 100 µm.

Conditional inactivation of Foxl2 in the uterus results
in abnormal tissue architecture
At all ages analysed (PN6, PN15, PN25 and adult) the IML of Pgrcre/+;
Foxl2ﬂox/ﬂox mice was hypertrophic and disorganized compared to
age-matched controls and the border between the stroma and
IML was not as sharply deﬁned as in control uteri (Fig. 4). The LE
and the external myometrial layer (EML) were apparently normal
and the total uterine thickness was unchanged (Fig. 5A).
At PN6, in Pgrcre/+; Foxl2ﬂox/ﬂox mice, the SMA-positive cells of
the IML occupied a large part of the uterine surface while the
SMA-negative stromal layer, well-recognizable in control animals, was signiﬁcantly reduced (Figs 4 and 5B). The stroma/IML
border could not be clearly identiﬁed in mutant animals due to
the presence of dispersed SMA-positive cells.
As PN15, the stromal layer was strongly reduced and the
expanded SMA-positive IML layer occupied most of the uterine
surface. Interestingly, in Pgrcre/+; Foxl2ﬂox/ﬂox mice, smooth muscle
ﬁbres of the deep IML were disorganized and did not follow the
circular orientation of the IML.
At PN25, Foxl2-deleted uteri presented a clearly detectable
stromal layer; however, the limit between the stroma and the
IML was disorganized and not as clearly deﬁned as in control animals. In the stroma of control animals SMA-positive cells were
invariably associated to blood vessels while, in mutant animals,
SMA-positive cells were associated to arteries only in a restricted
region close to the stroma/IML border and most of them were
dispersed throughout the stroma with no evident association to
blood vessels.
In Pgrcre/+; Foxl2ﬂox/ﬂox adult animals, the IML remained
disorganized, and was characterized by the presence of a supplementary, longitudinally oriented, muscular layer separating it

from the stroma (sml in Fig. 4). In Pgrcre/+; Foxl2ﬂox/ﬂox adults, no
SMA-positive cells were present in the stroma while, in control
adult animals, stromal blood vessels were invariably surrounded
by SMA-positive cells.
In the uterus of PN15, PN25 and adult Pgrcre/+; Foxl2ﬂox/ﬂox animals, the SMAα-positive component was signiﬁcantly larger
than controls (Figs 4 and 5B). At PN15, the average thickness of
the IML of mutant uteri was almost doubled while the average
thickness of the stroma was reduced by more than 50% (Fig. 5B,
P15). These signiﬁcant uterine dysmorphologies persisted at
PN25, after uterine maturation, and in the adult: the IML of mutant uteri was 2.4 times larger than controls at PN25 and 1.9
times in the adult; the thickness of the stroma was reduced for
about 25% at both ages (Fig. 5B).

Foxl2 inactivation results in defects of the smooth muscle
wall of uterine arteries
Most SMAα-positive cells present in the normal uterine stroma
are VSMCs surrounding arteries and arterioles. Starting at
PN25, the stroma of Pgrcre/+; Foxl2ﬂox/ﬂox uteri presented few,
sparse, SMA-positive cells not obviously associated to blood
vessels (Fig. 4 PN25, Adult).
We immunostained uterine sections with anti-CD31 (an
endothelial cell marker of blood vessels) and anti-SMAα antibodies. In PN25 and adult control animals all stromal SMAα-positive cells are elongated and in close contact with major blood
vessels conﬁrming that they are VSMC. In contrast, in the stroma
of Pgrcre/+; Foxl2ﬂox/ﬂox uteri, the CD31 and SMAα staining patterns
are not juxtaposed indicating that SMAα-positive cells are not
associated to blood vessels (Fig. 6A).
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Figure 2. Lineage of Foxl2-positive precursors in the uterus. Uterine LacZ expression in PN21 and adult Foxl2LacZ/+ mice (A and C) compared to Foxl2Cre/+; R26RLacZ/+ mice
(B and D) counterstained with anti-SMAα antibodies. Vascular smooth muscle cells surrounding arteries (VSMCs, arrows) and smooth muscle cells of the deep IML
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was present in the uterus, but not in the ovary and in the pituitary where PGR-cre and Foxl2 are expressed. (B) qPCR shows relative expression of Foxl2 mRNA in Foxl2ﬂox/ﬂox
and Pgrcre/+; Foxl2ﬂox/ﬂox uteri at PN25. Control gene: Sdha. Foxl2 mRNA is no longer present in the cre-deleted uterus. (C) Foxl2 IHC in Foxl2ﬂox/ﬂox and in Pgrcre/+; Foxl2ﬂox/ﬂox
uteri at PN25. Foxl2 protein is not present in the stroma of the cre-deleted uterus; background staining persists in the LE and in the myometrium. Scale bar: 100 µm.

Table 1. Foxl2 inactivation in the uterus leads to infertility

Pgr+/+; Foxl2ﬂox/ﬂox
Pgrcre/+; Foxl2ﬂox/+
Pgrcre/+; Foxl2ﬂox/ﬂox

Total of females
crossed

Number
of plugs

% of plug giving
a litter

Average litter size
(standard deviation)

39
28
8

61
59
14

85.2
44.1
0

8.2 (±1.62)
7.2 (±1.22)
0

Pgrcre/+; Foxl2ﬂox/ﬂox were unable to give a litter after a successful cross with WT males. Note that the proportion of plug giving a litter of 85% in ﬂoxed mice is reduced to 44%
in heterozygous mutant; that suggest the deletion of one allele of Foxl2 in the uterus have an effect in the establishment of pregnancy. A same female was crossed 1–5
times.

3D reconstructions of confocal acquisitions show that, in mutant animals, most SMAα-positive cells are not in direct contact
with blood vessels and fail to form VSMC layers (Fig. 6B and
Supplementary Material, Fig. S3).

Effect of Foxl2 inactivation on the expression of key genes
of uterine maturation
After Foxl2 inactivation, several key genes involved in uterine PN
maturation were dysregulated (Fig. 7). In the uterus several Wnt
genes are known to orchestrate PN maturation (7). In particular
Wnt7a plays a role in myometrial formation (31) and regulates
other Wnt genes and Hoxa10 and Hoxa11 (32), which play an important role in stromal proliferation. We found that, in Pgrcre/+;
Foxl2ﬂox/ﬂox uteri at PN6, PN15, PN25 most Wnt family genes are
affected: Wnt4 and Wnt7a are up-regulated at PN15, while all
other Wnts are downregulated (Wnt11 at PN15, Wnt5a at PN15

and PN25 and Wnt16 at all ages). No variations were observed
in the expression of Hoxa10 and Hoxa11. Msx1 and Msx2 were
downregulated at PN6 and PN15. As expected, in conditionally
deleted uteri, Foxl2 expression was not detectable at any age.

Discussion
Foxl2 is involved in myometrial differentiation
Foxl2 plays a central role in ovarian speciﬁcation and physiology;
mutations of this gene are associated with a speciﬁc form of POI.
Here we show that Foxl2 is also expressed at other levels of the
female reproductive tract. In the uterus, Foxl2 expression begins
in the neonatal mesenchyme and persists up to adulthood in
the stroma. We demonstrate by lineage analysis that the
deep IML and VSMCs surrounding uterine arteries derive from
Foxl2-positive mesenchymal precursors. Conditional inactivation of Foxl2 in the uterus results in infertility associated with
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Figure 3. Post-natal deletion of Foxl2 in the uterus. (A) At PN25, the ﬂoxed (ﬂox) and the deleted (Δ) alleles of Foxl2 (24) were detected by PCR in different tissues after crossing
Foxl2ﬂox/ﬂox females with Pgrcre/+; Foxl2ﬂox/+ males; columns “a”: tissues derived from Foxl2ﬂox/ﬂox mice, columns “b”: tissues derived from Pgrcre/+; Foxl2ﬂox/ﬂox mice. The Δ allele
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PN6 and PN15 the border between the stroma and the IML is not clearly delimited and disorganized. In the adult, a supplementary myometrial layer with a longitudinal
orientation (red arrows) is present between the stroma and the circularly oriented iml myoﬁbres. Vascular smooth muscle cells are absent in stroma in Pgrcre/+; Foxl2ﬂox/ﬂox
uteri. eml: external myometrial layer, iml: inner myometrial layer, le: luminal epithelium, s: stroma, sml: supplementary myometrial layer, Scale bar: 100 µm.

myometrial disorganization and vascular defects. Pgrcre/+; Foxl2
ﬂox/ﬂox
mice present an enlarged and disordered myometrial
layer, suggesting a defect of myometrial differentiation. In adult
Pgrcre/+; Foxl2ﬂox/ﬂox uteri, a supplementary layer of the myometrium is present at the myometrium/stroma border and VSMCs
surrounding stromal arteries are absent. It has been shown that
early stroma mesenchymal cells are progenitors of both the
mature stroma and the myometrium (9).

Wnt patway deregulation in the absence of Foxl2
Several members of the Wnt family are deregulated in Pgrcre/+;
Foxl2ﬂox/ﬂox uteri (Fig. 7). In particular, the expression of Wnt5a,
Wnt11 and Wnt16 is signiﬁcantly reduced while Wnt4 and
Wnt7a are up-regulated during uterine maturation. Wnt genes
are key modulators of the epithelial-mesenchymal interactions
essential for pre- and PN development of the uterus (7,33).

Wnt7a and Wnt11 are expressed by the uterine epithelium;
Wnt4, Wnt5a and Wnt16 by the stroma. Wnt5a, Wnt7a, Wnt11
and their downstream partners and targets (e.g. APC, β-catenin,
Vangl-2) are involved in myometrial development and/or adenogenesis (7,34–36). Myometrial defects were also observed by employing models to induce or inhibit Wnt/βcatenine signalling in
utero. The Wnt7a−/− mice exhibit an hyperplastic myometrial
layer (31). Interestingly, the myometrial phenotype is not present in PgrCre/+; Wnt7aﬂox/ﬂox conditional mutants (31,32); this
suggests that the epithelial Wnt7a-dependent signal controlling
myogenesis precedes PGR-cre activation which begins at PN3.
The myometrial phenotype of Pgrcre/+; Foxl2ﬂox/ﬂox uteri is reminiscent of that of Wnt7a−/− mutants; however, uterine-speciﬁc
deletion of Foxl2 results in Wnt7a up regulation. These ﬁndings
suggest the existence of regulation loop between the Foxl2-positive stroma and the Wn7a-positive LE (Fig. 7): deletion of Foxl2 in
the stroma would derepress Wnt7a in the epithelium which, in
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Figure 4. Altered uterine architecture in the absence of Foxl2. SMAα-stained sections of uteri from Pgr+/+; Foxl2ﬂox/ﬂox (left) and in Pgrcre/+; Foxl2ﬂox/ﬂox (right) mice of different
ages (PN6, PN15, PN25, Adult). In Pgrcre/+; Foxl2ﬂox/ﬂox mice at PN6, PN15 and PN25 the thickness of the stroma (s) is reduced while the inner myometrial layer is increased. At
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maturation (PN6, PN15, PN25) and in the adult quantiﬁed on SMAα-stained slices. Iml, inner myometrial layer; * = P<0.05, **=P<0.005, Mann and Whitney t-test analysis.

turn, would not be able to induce a response of the Foxl2negative stroma.
During early PN maturation, expression of Wnt7a in the LE is required for the maintenance of high levels of Wnt4, Wnt5a, Hoxa10
and Hoxa11 in the mesenchyme, which, in turn induces the differentiation of the mesenchyme into endometrium or myometrium
(37). The strong deregulation of stroma-speciﬁc Wnts (Wnt4,
Wnt5a and Wnt16) observed in Pgrcre/+; Foxl2ﬂox/ﬂox uteri could
result from a Foxl2-dependent regulation in mesenchymal cells.
Wnt signalling acts either through the canonical β-catenin/
APC-complex pathway or through other non-canonical pathways.
Interestingly targeted inhibition of the canonical Wnt pathway in
the uterus result in myometrial defects conﬁrming the importance of Wnt signalling for uterine maturation. Mesenchyme-speciﬁc deletion of APC or β-catenin in Amhr2Cre/+; APCﬂox/ﬂox and
Amhr2Cre/+; β-cateninﬂox/ﬂox present a disorganized myometrium.
In Amhr2Cre/+; APCﬂox/ﬂox mice the myometrium is discontinuous,
while in Amhr2Cre/+; β-cateninﬂox/ﬂox mice the myometrium presents
nodules which are then replaced by adipocytes (34,38,39). A
phenotype reminiscent of the Wnt7a−/−myometrial hypertrophy
was seen in Vangl2−/− mice (33,36).

A possible model to explain our ﬁndings would involve a
Foxl2-dependent regulation of Wnt7a in the epithelium, which,
in turn, would affect other Wnt genes in the stroma via Vangl2.
Foxl2 seems to participate in the establishment of the mesenchymal response to Wnt7a ultimately determining the differentiation-balance between SC and the cellular muscular layer
(CML). Foxl2 inactivation in the uterus would thus result in muscular hypertrophy through the deregulation of the Wnt7a signalling pathways in favour of CML.
The reduction of Wnt5a expression in our mutants might explain their reduced fertility. Indeed, a recent study shows that
Wnt5a is important for uterine crypt formation and embryo implantation through non-canonical ROR signalling (40). Indeed,
Wnt5a seems important to position blastocysts along the antimesometrial pole and to permit attachment and implantation.

Vascular defects in Pgrcre/+; Foxl2ﬂox/ﬂox uteri
As demonstrated in Figure 6B and Supplementary Material,
Fig. S3, some Foxl2-positive stroma cells give rise to VSMCs surrounding arteries of the uterus. In the absence of Foxl2 these
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Figure 5. Quantitative analysis of uterine layers thickness. (A) Total uterine thickness (µm) in Pgrcre/+; Foxl2ﬂox/ﬂox and control mice during PN maturation (PN6, PN15 and
PN25) and in the adult. (B) Proportion of uterine thickness occupied by the stroma and by the inner myometrial layer in Pgrcre/+; Foxl2ﬂox/ﬂox and control mice during PN
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(right) at PN25 and in the adult. Arrows indicate vessels in which the CD31-positive endothelium is in close association with the SMA-positive VSMCs (see also B, left).
Arrowheads indicate CD31-positive vessels in proximity, but not in close association, with SMAα-positive cells. (B) 3D reconstruction of confocal acquisitions of a
representative vascular segments from Pgr+/+; Foxl2ﬂox/ﬂox (left) and in Pgrcre/+; Foxl2ﬂox/ﬂox (right) at PN25. Scale bar: 100 µm in PN25, 200 μm in Adult, in A; 10 µm in B.

precursors do not generate a normal vascular smooth muscular
layer around blood vessels. Foxl2 could act as a regulator of the
global organization of myogenic cells through the deregulation
of cell adhesion. Adhesion defects might also contribute to the
myometrial disorganization described above. The effect of
Foxl2 on the formation of a coherent vascular smooth muscle
layer could be much more general and not only limited to the
uterus, for example we have observed the activation of Foxl2
also in cephalic vasculature (15).

Implications for human pathology
In the human uterus the IML corresponds to the region also called
JZ in MRI imaging. The JZ represents the inner third of the myometrium; together with its overlying endometrium, this region
plays a critical role in placentation (41). There is no sharp anatomical demarcation between the JZ and the surrounding uterus,
however its speciﬁc functional and pathological characteristics
granted the use of this term to describe the maternal part of
the utero-placental unit.

The JZ is responsible for uterine contractions throughout the
menstrual cycle and is involved in, sperm transport, menses
clearance and trophoblast invasion during placentation (42). An
enlarged JZ has been observed in patients with recurrent miscarriage (43,44), with pelvic endometriosis (45) and adenomyosis,
characterized by a benign invasion of the myometrium by the
endometrium (46,47). Recently, MRI and vaginal sonography
have highlighted anatomical defects in the myometrium in adenomyosis and endometriosis in women. Instead of smooth muscle changes representing a response to invading endometrial
tissue, this imaging data have suggested that the primary defect
in these conditions was myometrial dysfunction (48,49). These
observations seem to indicate that disruption of the normal
inner myometrial architecture due to excessive myocyte proliferation is a cause of diffuse adenomyosis rather than a consequence of it (48). Interestingly, mice treated with either
tamoxifen present an adenomyosis-like phenotype with disorganized concentric and longitudinal smooth muscle layers (50)
similar to those obtained after Foxl2 inactivation. In human adenomyosis, β-catenin expression is higher in glandular epithelial
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Figure 6. Uterine vascular defects resulting from Foxl2 inactivation. (A) Double IHC for SMAα (green) and CD31 (red) on uteri from Pgr+/+; Foxl2ﬂox/ﬂox (left) and Pgrcre/+; Foxl2ﬂox/ﬂox
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PN25 Foxl2ﬂox/ﬂox and in Pgrcre/+; Foxl2ﬂox/ﬂox mice. Control gene: Sdha. *= P<0.05, **=P<0.01, Mann and Whitney test analysis.

cells; in the mouse, constitutive activation of the β-catenin pathway results in an adenomyosis-like phenotype (51) suggesting a
link to the canonical Wnt pathway.
It appears that the JZ constitutes one of the primary sites of
vascular pathology in pregnancies. It has been shown that a
thick JZ is associated with repeated implantation failures in in
vitro fertilization procedures, indicating that the JZ may be an important predictive factor for implantation and suggesting MRI for
patients with consecutive implantation failures (44,52).
There is no speciﬁc study on the uterine function of BPES
women, but spontaneous pregnancy leading to delivery have
been reported. BPES type II female patients are usually considered to be fertile. However, several observations indicate that
menstrual abnormalities and/or reduced fertility are associated
with BPES type II, suggesting a partial phenotypic overlap between BPES type I and type II (11,53,54). One should not forget
that in women, heterozygous loss of FOXL2 might result in a
milder uterine phenotype than that observed in homozygous
mice. In view of these observations, our ﬁnding of a disorganized
IML in Pgrcre/+; Foxl2ﬂox/ﬂox uteri could well be at the origin of abnormal uterine function and contribute to a better understanding of
human subfertility.

Materials and Methods

in speciﬁc pathogen-free and light, temperature (21°C) and humidity (50–60% relative humidity) controlled conditions. Food
and water were available ad libitum. Foxl2 expression pattern
was studied using a knockin Foxl2LacZ/+ stain (12). We also used
Foxl2Cre/+, bred with Rosa26lox-stop-lox-LacZ/+ (refered to as R26RLacZ/+)
(55) mice to study the lineage of Foxl2 expressing cells. Pgr Cre
mice were provided by John P. Lydon and Francesco De Mayo
Houston TX (26). Cre expressing strains were used to induce
cell population-speciﬁc Foxl2 invalidation when bred with a
Foxl2lox/lox mice strain (14). To obtain Foxl2 Pgrcre/+; Foxl2ﬂox/ﬂox we
crossbreed Pgrcre/+; Foxl2ﬂox/+ males with Pgr+/+; Foxl2ﬂox/ﬂox females. To obtain Foxl2LacZ/+ mice we crossbreed Foxl2LacZ/+ males
with B6D2F1N females. To obtain Foxl2cre/+; R26RLacZ/+ mice we
crossbreed R26RLacZ/LacZ males with Foxl2cre/+ females. Animals
were backcrossed with wild-type B6D2F1/N from Charles River
Laboratory (Italy).

Genotyping mice
For genotyping, DNA was extracted from mice tails and uteri
using “KAPA express” extraction kit (Kapa Biosystems). Mutant
mice were genotyped by PCR using allele-speciﬁc primers using
TAKARA Ex Taq (Takara) or KAPA2G Fast Genotyping PCR mix
(Kapa Biosystems):
–

Mice
Procedures involving animals were conducted in accordance
with the directives of the European Community (council directive
86/609) and the French Agriculture Ministry (council directive 87–
848, 19 October 1987, permissions 00782 to GL). Mice were housed

–

Foxl2-lacZ: 1. wild-type (WT) allele 1: 5′-CAGATGATGGC
CAGCTACCCCGAGC-3′ and 2. wild-type (WT) allele 2: 5′GTTGTGGCGGATGCTATTCTGCCAGCC-3′; mutant allele:
5′-GTAGATGGGCGCATCGTAACCGTGC-3′. PCR product of
500 bp shows LacZ type allele and 300 bp shows WT allele.
Foxl2-ﬂoxed-delta: 1. Exon_Foxl2.fw: 5′-GGACAGCTTCTGG
ATGCAGAGCC-3′, 2. Upstream_Foxl2.fw: 5′-GCACACTTG
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Figure 7. Effect of Foxl2 inactivation on the expression of key genes of uterine maturation. Relative mRNA expression of gene implicated in PN development of uterus from

Human Molecular Genetics, 2015, Vol. 24, No. 11

–

–

CGCAGTATCACGTGT-3′, 3. Downstream_Foxl2.rv: 5′-CA
GCGGAGGCGACAAAGCGGAGTCGCAGG-3′. PCR product
of 100 bp shows wild-type allele, 200 bp product shows
ﬂoxed allele and a 500 bp product shows the recombinant
Δ allele.
PGR-Cre and Foxl2-Cre mice: 1. Cre-L1: 5′-GCCACCAGCC
AGCTATCAACTC-3′, 2. Cre-R1: 5′-TTGCCCCTGTTTCACT
ATCCAG-3′. PCR product of 250 bp shows cre-recombinase
gene.
R26R mice: 1. Z1: 5′-GCGTTACCCAACTTAATCG-3′, 2. Z2:
5′-TGTGAGCGAGTA ACAACC-3′, a PCR product of 350 bp
shows LacZ allele.
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were detected using an alkaline-phosphatase-conjugated antiDIG antibody and BM Purple substrate (Roche).
Uterine layer measurement
Uterine layers were measured on sections after staining with
anti-SMAα antibodies. For each uterus, the thickness of each
layer was measured on ﬁve coronal sections distributed along
uteri deriving from ﬁve different animals for each genotype and
age (total n = 25 measures/genotype, age). Using the FIJI software,
radiuses were drawn from the centre of the uterus and the thickness of the different layers (LE, Stroma, IML and EML) was
measured.

qPCR
Fertility test

Histological analysis
Tissue samples and treatment
Uteri were dissected in Phosphate Buffer Saline (PBS) (Sigma,
France). Pictures of whole uteri were taken, and each uterine
horn was measured for width (at two sites), length and area.
Uteri were ﬁxed in 4% paraformaldehyde for 1 day at 4°C or in
Bouin’s ﬁxative solution (75% saturated picric acid, 20% formol
40%, 5% acetic acid) for 7 days at 4°C. Fixed uteri were embedded
in parafﬁn and 8-μm-thick sections were prepared. For cryostat
sections tissues were cryoprotected in 4% paraformaldehyde
with 15% sucrose for 1 day, then in sucrose 30% for 1 day and
stored at −80°C. Cryoprotected uteri were embedded in OCT
(Leica, France) and 12-μm-thick sections were prepared. Uterine
sections were stained by Mallory Trichromic (58) (Groat’s hematoxylin, acid fuchsin, aniline blue/orange G or by hematoxylin
and eosine.
Immunohistochemistry
Immunohistochemistry was performed on deparafﬁnized sections using standard protocols of the Dako Envision kit or the
Dako ARK kit (DAKO, France). Anti-FOXL2 polyclonal rabbit primary antibody (22) was used at 1/200 dilution; the monoclonal
mouse primary antibody for anti-SMAα (Sigma, France) was
used at 1/2000 and the polyclonal rabbit primary antibody for
anti-CD31 (Abcam, France) at 1/50. All primary antibodies were
diluted in PBS with various Fetal Calf Serum (FCS) concentrations
from 1 to 10%. The optimal FCS concentration was determined in
calibration experiments.
For ﬂuorescent IHC, we used ﬂoating sections of 50 µm and
the same primary antibody concentration was applied; secondary antibodies were Alexa Fluor 488 and/or Alexa Fluor 594 goat
anti-rabbit and/or goat anti-mouse (Invitrogen, France).
In situ hybridization
Foxl2 expression was analysed by in situ hybridization on 50 µm
ﬂoating sections using digoxigenin (DIG)-UTP labelled antisense
RNA probes against Foxl2 mRNA (59). After hybridization, probes

Total RNA was isolated from uterine samples using an RNeasy
minikit (Qiagen) according to the manufacturer instructions.
On-column deoxyribonuclease (Qiagen) digestion was incorporated into an RNA isolation procedure to remove potential genomic DNA contamination. RNA concentration and the ratio of
the absorbance at 260 and 280 nm were measured using a NanoDrop 2000 spectrophotometer (Thermo Scientiﬁc). Reverse transcription was carried out using 600 or 200 ng total RNA and
Superscript III (Invitrogen) or Primscript (Ozyme) reverse transcriptase to obtain cDNA. Quantitative real-time PCR (qPCR)
was performed using 7300 Real-Time PCR (Applied Biosystem).
The PCR programme consisted of 95°C for 10 min, 40 cycles 95°
C of 15 s, 60°C for 10 min. Relative gene expression was measured
with Taqman gene expression assays (Life Technologies, France).
All primers were Taqman pre-designed primers (Life Technologies). To measure the relative amount of PCR products, the Ct of
Sdha was used as a control gene, was subtracted from the Ct of
genes of interest to derive ΔCt. The ΔCt of mutant animals was
compared with ΔCt of control animals and the difference was assigned as ΔΔCt. The fold change between two samples was then
calculated as 2−ΔΔCt.

Statistical analysis
The Mann–Whitney unpaired test was conducted using Prism
(Graphpad Software, La Jolla, CA, USA) to calculate the differences between groups. All values are expressed as means ± SEM
of combined data from replicate experiments. Values of P < 0.05
were considered statistically signiﬁcant.

Supplementary Material
Supplementary Material is available at HMG online.
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For testing fertility, a total of 75 sexually mature female mice
(2-month to 1-year-old) were bred with WT males (B6D2F1N) for
up to 6 months, and vaginal plugs were detected. The litter size
per mice during this period was recorded for each genotype.
The duration of oestrous cycles was determined in female mice
by daily analysis of the vaginal smears for a period of 4 weeks
(56). For implantation studies, mice were sacriﬁced at 5.5 dpc
and the number of implantation sites was recorded (57).
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