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fungi establish an intracellular life style and
turned these rhizobia from free-living bacteria
into nitrogen-fixing endosymbionts. However, al-
though the endomycorrhizal symbiosis is wide-
spread in the plant kingdom only very few plant
lineages, namely legumes and Parasponia, have
recruited this mechanism for the rhizobial nod-
ule symbiosis. Studies on the constraints un-
derlying this evolutionary event in Parasponia
can provide insight into whether and how this
nitrogen-fixing symbiosis can be transferred to
other nonlegumes.
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The Antiproliferative Action of
Progesterone in Uterine Epithelium
Is Mediated by Hand2

Quanxi Li,* Athilakshmi Kannan,* Francesco ]. DeMayo,? John P. Lydon,? Paul S. Cooke,*
Hiroyuki Yamagishi,® Deepak Srivastava,® Milan K. Bagchi,** Indrani C. Bagchi*

During pregnancy, progesterone inhibits the growth-promoting actions of estrogen in the uterus.
However, the mechanism for this is not clear. The attenuation of estrogen-mediated proliferation
of the uterine epithelium by progesterone is a prerequisite for successful implantation. Our
study reveals that progesterone-induced expression of the basic helix-loop-helix transcription
factor Hand2 in the uterine stroma suppresses the production of several fibroblast growth
factors (FGFs) that act as paracrine mediators of mitogenic effects of estrogen on the epithelium.
In mouse uteri lacking Hand2, continued induction of these FGFs in the stroma maintains
epithelial proliferation and stimulates estrogen-induced pathways, resulting in impaired
implantation. Thus, Hand2 is a critical regulator of the uterine stromal-epithelial communication
that directs proper steroid regulation conducive for the establishment of pregnancy.

sequential and timely interplay of the
A steroid hormones 17f-estradiol (E) and

progesterone (P) regulates critical uter-
ine functions during the reproductive cycle and
pregnancy (I-3). Whereas E drives uterine epi-
thelial proliferation in cycling females, P counter-
acts E-induced endometrial hyperplasia. In mice,
preovulatory ovarian E stimulates uterine epithe-
lial growth and proliferation on days 1 and 2 of
pregnancy (/). However, starting on day 3, P pro-
duced by the corpora lutea terminates E-mediated
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epithelial proliferation. In response to P, epithe-
lial cells exit from the cell cycle and enter a
differentiation pathway to acquire the receptive
state that supports embryo implantation on day 4
of pregnancy (4-6). To identify the P-regulated
pathways that underlie the implantation process,
we had previously examined alterations in mouse
uterine mRNA expression profiles in the peri-
implantation period in response to RU-486
(mifepristone), a well-characterized progesterone
receptor (PR) antagonist (7). Our results identi-
fied Hand?2, a critical regulator of morphogenesis
in a variety of tissues (8, 9), as a potential PR-
regulated gene. Real-time polymerase chain re-
action (PCR) confirmed that the expression of
Hand2 mRNA was greatly reduced in the uteri of
RU-486-treated mice (/0) (fig. S1A). The expres-
sion of Hand2 protein, localized exclusively in the
uterine stroma, was also abolished after RU-486
treatment (fig. S1B), which indicated that PR
controls Hand2 expression in the mouse uterus
during early pregnancy.
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To further confirm P regulation of Hand2,
ovaries were removed from nonpregnant mice,
and then these animals were injected with either
vehicle or P. We observed intense nuclear ex-
pression of Hand2 protein in uterine stromal cells
after P treatment. Similar treatment of PR-null
females showed no induction of Hand2 protein
(Fig. 1A). These results established that P in-
duces Hand2 expression in the uterine stroma.
Consistent with its regulation by P, Hand2 expres-
sion was observed in the stromal cells underlying
the luminal epithelium on days 3 and 4 of preg-
nancy (Fig. 1B).

To investigate the function of Hand?2 in the
uterus, we created a conditional knockout of this
gene in the adult uterine tissue. Crossing of mice
harboring the “floxed” Hand2 gene (Hand2”")
with PR-Cre mice (in which Cre recombinase
was inserted into the PR gene) generated Hand2
mice in which the Hand2 gene is deleted selec-
tively in cells expressing PR. As shown in fig. S2,
Hand?2 expression was successfully abrogated in
uteri of Hand2? mice. A breeding study dem-
onstrated that Hand2?? females are infertile (table
S1). An analysis of the ovulation and fertiliza-
tion in Hand2” and Hand2"* females revealed no
significant difference in either the number or the
morphology of the embryos recovered from their
uteri (fig. S3, A and B). The serum levels of P
and E were comparable in Hand2?"” and Hand2"*
females on day 4 of pregnancy, which indicated
normal ovarian function (fig. S3, C and D).

We next examined embryo attachment to the
uterine epithelium by using the blue dye assay,
which assesses increased vascular permeability at
implantation sites. Hand2” mice displayed dis-
tinct blue bands, indicative of implantation sites
on day 5 of pregnancy (fig. S4). In contrast, none
of the Hand2’" females showed any sign of
implantation. Implanted embryos with decidual
swellings were also absent in Hand2”? uteri on
days 6 and 7 of pregnancy. Histological analy-
sis of Hand?"” females on day 5 of pregnancy
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showed, as expected, a close contact of embry-
onic trophectoderm with uterine luminal epithe-
lium (Fig. 1C, a and b). In contrast, in Hand2"?
uteri, blastocysts remained unattached in the lu-
men (Fig. 1C, ¢ and d). These results suggested
that, in the absence of Hand2 expression in the
stroma, the luminal epithelium fails to acquire
competency for embryo implantation.

In mice, the window of uterine receptivity
coincides with the P-mediated down-regulation
of ER activity in uterine luminal epithelium
(5, 6). The levels of PR and estrogen receptor o
(ERo) proteins in the luminal epithelium or stro-
ma of Hand2% uteri were comparable to those of
Hand2" controls (fig. S5). An examination of the
phosphorylation of ERa at serine 118, indicative
of its transcriptionally active state (/7), revealed a
sharp reduction of this modification in the luminal
epithelial cells of Hand2"” uteri on days 3 and 4 of
pregnancy (fig. S6, a to d). In contrast, an increase
in ERo phosphorylation was evident on these
days in luminal epithelium of Hand2“ uteri (fig.
S6, e to h).

Consistent with this increase in ER transcrip-
tional activity, expression of mRNAs correspond-
ing to mucin 1 (Muc-1) and lactoferrin (Lf),
well-characterized E-responsive genes in uterine
epithelium (/2), was significantly elevated in
the Hand2-null uterus on day 4 of pregnancy
(Fig. 2A). In contrast, the expression of Ihh
(13), Alox15 (7), and Irgl (7), which are known
P-responsive genes in uterine epithelium, remained
unaltered in Hand2** uteri (fig. S7). In addition,
the mRNA levels of Hoxal0), a P-regulated stro-
mal factor (3), and Nr2/2, a downstream target of
Ihh in the uterine stroma (/3), were unaffected in

A wivehicle

B PR-null/P

the uteri of Hand2* mice. However, the expres-
sion of leukemia inhibitory factor (Lif), a glan-
dular factor that regulates uterine receptivity (2),
was significantly reduced in Hand2“ uteri (fig. S8).

Down-regulation of Muc-1 in the luminal epi-
thelium is indicative of a receptive uterus (/2). In
contrast, persistent Muc-1 expression impairs ac-
quisition of uterine receptivity and embryo im-
plantation. On days 4 and 5 of gestation, a marked
reduction in Muc-1 level was seen in uterine epithe-
lia of Hand2” mice, consistent with the attainment
of receptive status (fig. S9). However, Muc-
1 expression persisted in uteri of Hand2" mice at
the time of implantation. Thus, elevated epithe-
lial ER signaling led to increased expression of
Muc-1 and corresponded to disrupted uterine re-
ceptivity and implantation failure in Hand2** mice.

In normal pregnant uteri, the receptive state is
also marked by a cessation in epithelial cell pro-
liferation before implantation (Z, 2). As expected,
in Hand?2” mice, Ki-67, a cell proliferation mark-
er, was undetectable in the uterine epithelium as it
attains receptive status on day 4 of pregnancy
(Fig. 2B, a). Hand2™ uteri, on the other hand, ex-
hibited robust Ki-67 expression in the luminal epi-
thelium, which indicated sustained epithelial cell
proliferation in the absence of Hand? (Fig. 2B, b).

The persistent proliferative state of uterine
epithelium in the Hand2™ mice raised the
possibility that stromal expression of Hand2
mediates P action that opposes E-mediated epi-
thelial proliferation. Administration of E to ovari-
ectomized Hand2” and Hand2” mice led to
robust uterine epithelial proliferation (Fig. 2C, a
and b). Treatment with P alone induced prolifer-
ation exclusively in the uterine stromal cells of
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both genotypes (Fig. 2C, ¢ and d). In Hand2”

mice pretreated with P, administration of E showed
no proliferative activity in the epithelium, which
suggested a complete blockade of E-dependent
proliferation by P. Under similar treatment con-
ditions, Hand2"“ uteri exhibited a marked E-induced
epithelial proliferation, indicating an absence of
antiproliferative effects of P on the uterine epi-
thelium (Fig. 2C, e and f). These results estab-
lished Hand?2 as a critical mediator of the actions
of P in the stroma that inhibit E-dependent epi-
thelial proliferation.

To identify downstream target(s) of Hand2 in
the uterus, we performed gene expression pro-
filing of uterine stromal cells isolated from Hand2”
and Hand2™ mice on day 4 of pregnancy. This
study revealed elevated expression of mRNAs
corresponding to several members of the fibro-
blast growth factor family (FGFs)—namely,
Fgfl, Fgf2, Fgf9, and Fgf18—in uterine stroma
of Hand2" mice. Real-time PCR confirmed the
induction of Fgfl, Fgf9, Fgf2, and Fgfl8
mRNAs in uterine stromal cells of Hand2"
mice (Fig. 3A). The expression of Hbegf mRNA,
encoding the heparin-binding epidermal growth
factor (HB-EGF), was also increased in the mu-
tant uteri (fig. S10). In contrast, the expression of
mRNAs of several other growth factor genes
was either unaffected or slightly reduced in the
Hand2-null uteri (fig. S10). We also observed
that the uterine expression of Fgf2, Fgf9, and
Fgfl18 progressively declined with the rise of
Hand?2 expression as pregnancy advanced from
day 1 to day 4 (fig. S11).

FGFs exert their paracrine responses through
the cell surface FGF receptors (FGFRs) and a

Fig. 1. P-regulated expression of Hand2 in the uterus is critical for
implantation. (A) Immunohistochemistry (IHC) of Hand2 protein in the
uterine sections of ovariectomized WT mice treated with vehicle (a) or
P (b) and PR-null mice treated with P (c). (d) Sections treated with
nonimmune immunoglobulin G (IgG). (B) Uterine sections obtained from
mice on days 2 to 4 (D2 to D4) of pregnancy were subjected to IHC using
an antibody against Hand2. Magnification, 20x. (C) Hematoxylin-and-
eosin staining of uterine sections obtained from Hand2” (a and b) and

Hand2%? (c and d) mice on day 5 (n = 6) of pregnancy. (b) and (d) Magnified images of (a) and (c), respectively. Wide and narrow arrows point to embryo and
luminal epithelium. L and S represent luminal epithelium and stroma, respectively.
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. Fig. 2. Enhanced ERa activity and proliferation in the luminal epithelium of Hand2¥ uteri. (A)

| Real-time PCR was performed to monitor the expression of Mucl and Ltf in the uteri of day 4
pregnant Hand2” and Hand2® mice, *P < 0.001. (B) IHC of Ki-67 in Hand2” (a) and Hand2??
(b) uteri on day 4 of pregnancy, 20x. (¢) Uterine sections from Hand2?? mice treated with
nonimmune 1gG, 40x. (C) IHC of Ki-67 in the uterine sections of ovariectomized Hand?” and
Hand2”® mice treated with E for 1 day (a) and (b), P for 3 days (c) and (d), or 2 days of P treatment followed by P and E (e) and (f).
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Fig. 3. Enhanced FGFR signaling in the luminal epithelium of Hand2?? uteri. (A)
Relative level of mRNA expression of FGF family of growth factors in the uterine stroma
of Hand2” and Hand2% mice on day 4 of pregnancy, * P < 0.001. The levels of p-FRS2
(B) and p-ERK1/2 (C) were examined in the uterine sections (n = 3) of both genotypes
by IHC. (a and b) Uterine sections obtained from day 4 pregnant mice. (c and d) Uterine
sections from ovariectomized mice treated with 2 days of P followed by P and E.
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docking protein complex (/4). FGF-stimulation
of FGFRs induces phosphorylation of specific
tyrosine residues in a critical docking protein,
FGFR substrate2 (FRS2), which guides the as-
sembly of distinct multiprotein complexes, leading
to activation of either extracellular signal-regulated
kinase (ERK) 1 and 2 (ERK1/2) or phosphatidyl-
inositol 3-kinase/Akt (PI3K/Akt) signaling cas-
cades (/4). We determined the expression of
FGFRs 1 and 2 in uteri on days 1 and 4 of preg-
nancy and found that these receptors localized to
the epithelium (fig. S12A). The levels of mRNAs
corresponding to Fgfi I to 3 were comparable in
uteri of Hand2?"” and Hand2" mice on day 4 of
pregnancy (fig. S12B).

The activation of the FGFR signaling path-
way in uteri of Hand2"” and Hand2™® mice was
monitored by examining the tyrosine phospho-
rylation status of FRS2. Whereas only low levels
of phospho-FRS2 were seen in the uterine
epithelium of Hand?"” mice on day 4 of preg-
nancy (Fig. 3B, a), a marked increase in its level
was observed in the epithelium of Hand2-null
uteri, indicating that FGF signaling is activated in
the absence of Hand2 (Fig. 3B, b). Phospho-

Fig. 4. The inhibitor PD173074 (A) A
or PD184352 (B) was administered
to one uterine horn of Hand2%“ mice
on day 3 of pregnancy (n = 5). The
other horn served as vehicle-treated
control. Uterine horns were collected
on the morning of day 4, and sec-
tions were subjected to IHC to detect
p-FRS2, p-ERK1/2, and Ki-67. (C) IHC
of pERo. and Muc-1 in uterine sec-
tions of Hand2?“ mice treated with
PD173074 or PD184352.

pFRS2

Ki67
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FRS2 was undetectable in uterine epithelium of
ovariectomized Hand?” mice in which P ef-
fectively blocks E-mediated proliferation (Fig.
3B, c¢). However, the epithelial cells of Hand?2-
null uteri, which showed proliferative activity
under similar hormone treatment conditions, ex-
hibited a marked elevation in the level of phospho-
FRS2, reflecting the activation of FGFR signaling
in these cells (Fig. 3B, d). We also monitored the
activated phosphorylated states of ErbBl and
ErbB4, the primary receptors mediating the ac-
tions of Hbegf (15). The activated forms of these
receptors were undetectable in uterine epithelia of
Hand?2"” and Hand2 mice on day 4 of gestation
(fig. S13), which indicated that the increased HB-
EGF produced by the stroma of Hand2-null uteri
did not act directly on the epithelial cells.

We next investigated whether the ERK1/2
and/or PI3K/Akt signaling pathways were acti-
vated downstream of FGFR in the epithelia of
Hand?2-ablated uteri. As shown in Fig. 3C, an in-
crease in the level of phospho-ERK1/2 was seen
in uterine epithelium of Hand2-null mice on day 4
of pregnancy (Fig. 3C, b) and also in response to
E treatment in the presence of P (Fig. 3C, d). In

Vehicle

FGFR inhibitor B

Hand2 “

Ki67

FGFR inhibitor
ol 8 ". -
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contrast, the phospho-AKT levels were undetect-
able or low and remained unaltered in the uterine
epithelia of these mice (fig. S14), which suggested
that the ERK1/2 pathway, but not the PI3K/Akt
pathway, is the key downstream mediator of en-
hanced FGF signaling in Hand2-null uteri.

To examine whether the elevated mitogenic
activity in the luminal epithelium of Hand2%?
uteri is induced by FGF and ERK1/2 signaling,
we administered PD173074 [a FGFR-specific
inhibitor (/6)] or vehicle into uterine horns of
Hand2™ mice at the time of implantation. The
epithelia of vehicle-treated horn showed promi-
nent expression of p-FRS2 and p-ERK1/2 (Fig.
4A, a and c¢). However, the levels of both p-FRS2
and p-ERK1/2 were reduced in the epithelia of
PD173074-treated horn on day 4 of pregnancy
(Fig. 4A, b and d). We also observed a marked
decline in the proliferative activity of Hand2-null
uterine epithelia, as indicated by decreased Ki-67
staining (Fig. 4A, ¢ and f). In parallel experi-
ments, administration of PD184352, an inhibitor
of the ERK1/2 pathway (/7), to uterine horns of
Hand2™ mice suppressed the level of pERK1/2
(Fig. 4B, a and b), as well as luminal epithelial
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proliferation (Fig. 4B, ¢ and d). Collectively these
results are consistent with the hypothesis that
increased FGF production by the Hand2-null
uterine stroma stimulates epithelial proliferation
by activating the FGFR-ERK1/2 pathway.

The ERK1/2-dependent phosphorylation of
epithelial ERo. at Ser''® is critical for the tran-
scriptional activation of ERa (/7). Administra-
tion of either PD173074 (Fig. 4C, a to d) or
PD184352 (Fig. 4C, e to h) to Hand2-null uterine
horns blocked the phosphorylation of epithelial
ERa at Ser''® and the expression of Muc-1. This
result supported our view that elevated signaling
by FGFR-ERK /2 pathway in Hand2" uteri is
responsible for phosphorylation and activation of
ERa in epithelial cells, which promotes persistent
expression of Muc-1 and which in turn creates a
barrier that prevents embryo attachment.

Earlier studies using tissue recombinants pre-
pared with uterine epithelium and stroma isolated
from neonatal wild-type and PR-null mice indi-
cated that the stromal PR plays an obligatory role
in mediating the inhibitory actions of P on E-induced
epithelial cell proliferation (/8). However, the
mechanism of this stromal-epithelial communi-

cation remained unknown. Our study has delineated
a pathway in which Hand2 operates downstream
of P to regulate the production of FGFs, mito-
genic paracrine signals that originate in the stro-
ma and act on the FGFR(s) in epithelium to
control its E responsiveness (fig. S15). The anti-
proliferative action of P in uterine epithelium is of
clinical significance, because the breakdown of
this action underpins E-dependent endometrial
cancer (/9). Hand2, therefore, is an important fac-
tor to be considered for hormone therapy to block
the proliferative actions of E in the endometrium.
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Pseudoautosomal Region Crucial

for Male Meiosis
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Meiosis requires that each chromosome find its homologous partner and undergo at least one
crossover. X-Y chromosome segregation hinges on efficient crossing-over in a very small region of
homology, the pseudoautosomal region (PAR). We find that mouse PAR DNA occupies unusually long
chromosome axes, potentially as shorter chromatin loops, predicted to promote double-strand
break (DSB) formation. Most PARs show delayed appearance of RAD51/DMC1 foci, which mark DSB
ends, and all PARs undergo delayed DSB-mediated homologous pairing. Analysis of Spo113
isoform—specific transgenic mice revealed that late RAD51/DMC1 foci in the PAR are genetically
distinct from both early PAR foci and global foci and that late PAR foci promote efficient X-Y

pairing, recombination, and male fertility. Our findings uncover specific mechanisms that surmount

the unique challenges of X-Y recombination.

eiotic recombination, initiated by pro-
grammed double-strand breaks (DSBs),
promotes homologous chromosome
(homolog) pairing during prophase I (). A subset
of DSBs matures into crossovers that physically
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connect homologs so that they orient properly on
the first meiotic spindle. Because sex chromo-
some recombination and pairing are restricted
to the PAR (2), at least one DSB must form within
this small region, and the homologous PAR must
be located and engaged in recombination to lead
to a crossover. Accordingly, the PAR in males ex-
hibits high crossover frequency (2, 3), but sex
chromosomes also missegregate more frequently
than autosomes (4). Nevertheless, X-Y nondisjunc-
tion is rare, which suggests that there are mecha-
nisms that ensure successful X-Y recombination.

X-Y pairing is more challenging than auto-
somal pairing, as it cannot be mediated by mul-
tiple DNA interactions along the length of the
chromosomes. We used fluorescence in situ hy-
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bridization (FISH) (5) to compare timing of mei-
otic X-Y and autosomal pairing in mice (Fig. 1).
At leptonema, when DSBs begin to form and
only short chromosome axis segments are pre-
sent, PAR and autosomal FISH probes were most-
ly unpaired. By early to mid-zygonema, when axes
elongate and homologs become juxtaposed, dis-
tal ends of chr 18 and 19 were paired in ~50% of
nuclei; by late zygonema, these regions were
paired in nearly all nuclei (Fig. 1B and fig. S1). In
contrast, the X and Y PARs were rarely paired
before pachynema (Fig. 1B); hence, X-Y pairing
is delayed compared with that of autosomes.
DSBs precede and are required for efficient
homolog pairing in mouse meiosis (6, 7). Nucleus-
wide (“global”) foci of DSB markers RADS51/
DMCT1 peak in number at early to mid-zygonema
(Fig. 2A) (8, 9). Because stable X-Y pairing oc-
curs late, we asked whether PAR DSB kinetics
is also delayed (Fig. 2B and fig. S2). More than
half of cells had no RAD51/DMCI1 focus in the
PAR before late zygonema (Fig. 2C), distinct
from global patterns. Only when global foci
were already declining did the majority of cells
(~70%) display PAR foci (Fig. 2C and fig. S2i).
We interpret the lack of PAR foci to indicate that
DSBs have not yet formed. Thus, we propose
that PAR DSB formation and/or turnover are
under distinct temporal control. We cannot ex-
clude the alternative possibility that PAR DSBs
have formed but are cytologically undetectable,
for example, because RAD51/DMCI have not
yet been loaded onto DSB ends or because foci
have already turned over. In either case, DSB dy-
namics and/or processing differs on the PAR.
Most sites marked by PAR RAD51/DMC1
foci appeared incapable of mediating stable pairing
before early pachynema (~70% of late zygotene
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