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Ovulation, the timely release of a good quality, devel-
opmentally competent oocyte from the ovary is

tightly regulated by hormones and environmental condi-
tions to precisely synchronize reproductive events for fer-
tilization and the generation of new life. Remarkably, we
do not know the critical cellular regulators of this process,
even though anovulation is the commonest form of female
infertility, whereas conversely, millions more women seek
to stop it using hormonal contraception.

The midcycle LH surge is the trigger of the ovulatory
program in all mammalian species, through binding the
cognate LH receptor in granulosa and theca cells in the
ovary. Mice have provided a highly tractable model to
inform much of our mechanistic understanding of ovula-
tion. We know that induction of the progesterone receptor
(PGR) (also PR) in granulosa cells is an essential intrafol-
licular mediator of ovulation (1), and these findings in
mice have been supported by testing PGR antagonists in
monkeys (2) and humans (3). PGR-responsive genes in-
clude the induction of proteolytic cascades, including Ad-
amts1 and cathepsin L, which along with other induced
proteases are presumed to degrade the follicle wall making
way for oocyte release. Parallel induction of epidermal
growth factor-like ligands in granulosa cells in response to
the LH surge triggers cumulus oocyte complex expansion,
the rapid and dramatic production of extracellular matrix
proteins by the cumulus cells, which is also somehow re-
quired for ovulation (4). Other requisite characteristics of
mammalian ovulation are vasodilation, inflammation,
and production of prostaglandins and muscle contraction,
yet how these are coordinated with each other and poten-
tially synergize to trigger the expulsion of the expanded
cumulus-oocyte complex from the follicle into the oviduct
is not entirely clear. In this issue of Endocrinology, Mur-

phy et al (5) present evidence that leukemia inhibitory
factor (LIF) is a new, previously unappreciated, mediator
of ovulation.

A New Player in the Ovulation Cascade

LIF is a cytokine of the IL-6 family, which also includes
IL-6, oncostatin M, and ciliary neurotrophic factor. These
bind their receptor complexes, including a common re-
ceptor subunit gp130/IL-6ST, which leads to activation of
JAK kinases and subsequent phosphorylation of STAT3
transcription factor. Although known for its critical role in
implantation (reviewed in Ref. 6), LIF has never been
linked to ovulation, in part because it does not appear
necessary in a mouse model. Homozygous LIF null mutant
females lacking functional LIF gave rise to normal num-
bers of healthy blastocysts (7), although ovulation was not
systematically analyzed. LIF receptor (LIFR) null mice die
perinatally, and so fertility has not been examined (8).
Thus, our accepted dogma that LIF is not important for
ovulation is based almost solely on a single study in mice.

Focusing on a strong induction of LIF in the periovu-
latory rhesus macaque granulosa cells, observed through
a detailed transcriptomic analysis of gene expression in
follicles leading up to and during rupture (9), Murphy et
al (5) bravely pursued examining the role of LIF in ovu-
lation, even though the evidence in mouse suggested it was
not involved in ovulation. They firstly demonstrated that
key signaling components, LIF, LIFR, IL-6ST, and JAK1,
are present in the rhesus follicle. LIF mRNA and protein
are transiently induced specifically at 12 hours after LH
agonist, human chorionic gonadotropin (hCG), and again
at 36 hours in ruptured follicles concurrent with ovula-
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tion, which occurs at 36–42 hours in this species. IL-6ST
and STAT3 exhibited an identical pattern of gene expres-
sion as LIF, with an induction at 12 hours after hCG that
is diminished to pre-hCG levels by 24 hours. This dynamic
transient pattern of expression is a common characteristic
of ovulatory genes (such as Pgr, Ptgs2, Adamts1, and oth-
ers), but how this gene signature is so coordinately regu-
lated at the molecular level and the significance of this
characteristic transient gene expression for ovulation is
not understood.

The most compelling observation of the study is that
soluble LIF receptor (sLIFR), a well-characterized LIF an-
tagonist, administered as an intrafollicular injection into
female animals concurrent with systemic hCG adminis-
tration, a powerful model developed by these investiga-
tors, blocked ovulation in each of 4 animals, with en-
trapped oocytes demonstrated and none of the treated
animals producing ovulatory stigmata. These were di-
rectly visualized laparoscopically at 72 hours after hCG
but also evaluated histologically in ovaries from another 3
females at 56 hours after hCG. In the sLIFR antagonist-
treated animals, cumulus expansion had occurred, indi-
cating that this key aspect of ovulation is not dependent on
LIF activity, and entrapped oocytes were observed to have
initiated but not completed meiosis. This indication of an
additional role for LIF in promoting oocyte maturation is

consistent with reports in mouse, pig, and cow that LIF
treatment during oocyte in vitro maturation improves nu-
clear maturation and embryo development (10–12). Clin-
ical studies have also suggested a role for LIF in oocyte
maturation or developmental potential. LIF is detected in
human follicular fluid specifically after induction of ovu-
lation and oocyte maturation (13), promotes greater ex-
pansion of human cumulus oocyte complexes in vitro (10),
and is positively associated with number of grade I em-
bryos (13). Cumulatively, these studies suggest that in hu-
mans LIF may be involved in ovulation and/or oocyte
quality, and this deserves additional investigation.

How Might LIF Action Trigger Ovulation?

The well-characterized transcriptional activator down-
stream of LIF, STAT3, was also increased; but most im-
portantly, functional activation of STAT3, namely an in-
crease in phosphorylation of tyrosine Y705-STAT3 and
serine S727-STAT3, was observed 12 hours after hCG
administration. These modifications regulate entry into
the nucleus and activate transcriptional activity, and con-
sistent with this, each phosphorylated form of STAT3 was
found in the nucleus, thereby suggesting that STAT3 is the
downstream mediator of ovulation. There is no evidence

as yet, such as from mouse studies,
that STAT3 is important for ovula-
tion, and thus whether STAT3 is an-
other essential transcription factor
within the ovulatory cascade, joining
PGR, peroxisome proliferator acti-
vated receptor �, hypoxia inducible
factor, and CAAT enhancer binding
protein � remains to be determined.
But if this is the case, the big question
still is: What are the key downstream
genes that are responsible for
ovulation?

In uterine cells, STAT3 physically
interacts with PGR to mediate spe-
cific actions including being essential
for implantation in response to LIF
in mice (14). Binding of PGR to tar-
get gene promoters in the mammary
epithelial cells also requires STAT3
(15). Perhaps in granulosa cells there
is a similar mechanism by which LIF
and PGR signaling converge to both
mediate ovulation. Alternatively,
our unpublished analysis of PGR tar-
get genes in granulosa cells indicates

Figure 1. LIF is induced by the LH surge and is now demonstrated to be essential for ovulation
in rhesus macaque nonhuman primates. How LIF interfaces with other essential ovulatory
pathways, particularly PGR signaling, remains to be determined. It is suggested that LIF may
induce PGR; however, our analysis of gene expression in PRKO mice showing reduced LIF
expression indicates that the converse may be true with PGR inducing LIF expression in granulosa
cells. STAT3 is also shown to be functionally activated in rhesus granulosa cells concurrent with
ovulation, but how it may interact with other transcriptional regulators and the putative targets
that ultimately trigger ovulation remain unknown.
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that PGR may promote LIF induction. Namely, LIF ex-
pression is 1.6-fold reduced in granulosa cells from
PRKO mice compared with heterozygous littermates at 8
hours after hCG (P � .008) (Figure 1). This would suggest
that PGR remains the master regulator of ovulation and
that LIF is one of its target genes that mediate the response,
although it may still be the case that PGR and STAT3
converge on some downstream gene promoters. Alterna-
tively, perhaps the PGR regulation of LIF expression we
observe is specific to mouse, and both the hormonal reg-
ulation of LIF and its essential role in ovulation are unique
in primates.

The other key question raised by the study is: What is
the site of LIF action, is it most important in granulosa,
theca, or other cells? LIFR was expressed throughout the
rhesus ovary including in the thecal cell layer and stroma;
thus these cell types as ovulatory mediators cannot be
ruled out. Protein expression of LIFR, JAK1, and IL-6ST
were all at least as high (if not higher) in theca than in
granulosa cells, and both cell types also contained strong
nuclear pSTAT3 staining. Perhaps LIF actions on granu-
losa cells mediate luteinization, and other cells are in-
volved in follicular rupture. However, for this scenario to
be true, the intrafollicular sLIFR antagonist would be re-
quired to penetrate beyond the granulosa cell layers in
order to have its anovulatory effects. Exactly how gran-
ulosa and thecal cell functions are coordinated to trigger
ovulation requires further investigation, and similar to the
elegant 2-cell model of steroidogenesis (16), it is likely that
multiple cell types are involved in coordinating the dra-
matic tissue remodeling that triggers follicle rupture.

Identifying the fundamental cellular and molecular
mechanisms underlying the process of ovulation will af-
ford the opportunity to elucidate novel targets for new
nonhormonal contraception, as well as to identify poten-
tial new therapies for anovulatory infertility. So far, the
evidence for a key role for LIF in ovulation is only dem-
onstrated in nonhuman primates, and thus it is essential to
now investigate this in human ovulation.
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