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Abstract

In mammals, females are born with finite numbers of oocytes stockpiled as primordial folli-
cles. Oocytes are “reawakened” via an ovarian-intrinsic process that initiates their growth.
The forkhead transcription factor Foxo3 controls reawakening downstream of PI3K-AKT
signaling. However, the identity of the presumptive upstream cell surface receptor control-
ling the PIBK-AKT-Foxo3 axis has been questioned. Here we show that the receptor tyro-
sine kinase Kit controls reawakening. Oocyte-specific expression of a novel constitutively-
active Kit?®'® allele resulted in female sterility and ovarian failure due to global oocyte
reawakening. To confirm this result, we engineered a novel loss-of-function allele, Kit". Kit
inactivation within oocytes also led to premature ovarian failure, albeit via a contrasting phe-
notype. Despite normal initial complements of primordial follicles, oocytes remained dor-
mant with arrested oocyte maturation. Foxo3 protein localization in the nucleus versus
cytoplasm explained both mutant phenotypes. These genetic studies provide formal genetic
proof that Kit controls oocyte reawakening, focusing future investigations into the causes of
primary ovarian insufficiency and ovarian aging.

Author Summary

In mammals, oocyte reawakening controls female fertility, the onset of the menopause,
and thus, overall aging. We demonstrate here through complementary genetic experi-
ments that Kit is the upstream receptor regulating oocyte reawakening. Although other
cell surface receptors have been proposed as candidates, the data have remained contradic-
tory, and definitive genetic evidence in support of any one receptor has been lacking. We
engineered two novel Kit alleles in mice, one an activating (gain-of-function) mutation,
the other an inactivating (loss-of-function) mutation. These alleles permitted us to con-
duct elegant genetic experiments whereby Kit was activated or inactivated in the oocytes
of newborn mice. The results were complementary and striking. Oocyte-specific Kit acti-
vation resulted in female sterility due to reawakening of all oocytes, leading to premature
ovarian failure. In contrast, Kit inactivation also led to female sterility and ovarian failure,
but through a contrasting and opposite phenotype: a complete failure of primordial follicle
reawakening. Additional studies demonstrated that Foxo3, a known regulator of reawak-
ening, was the mediator of both phenotypes, linking our findings to prior discoveries.
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These complementary genetic experiments thus definitively incriminate Kit as the
upstream receptor regulating reawakening.

Introduction

Primordial follicles are the reserve precursor pool for maturing follicles throughout reproductive
life [1]. Primordial follicles are reawakened via an ovarian-intrinsic (gonadotropin independent)
process whereby they are selected from the quiescent reserve into the growing follicle pool [2, 3].
The morphologic hallmark of reawakening is oocyte growth, and this is followed by a transition
of the surrounding granulosa cells from a flattened to a cuboidal shape [4]. Reawakening is irre-
versible, in that follicles that have initiated growth undergo atresia if not selected for subsequent
stages of maturation. Primordial follicle numbers decrease with advancing age due to oocyte
reawakening or apoptosis; following follicle depletion, ovulation ceases and reproductive senes-
cence ensues. Reawakening must therefore be metered throughout reproductive life to ensure
that some growing follicles are available during each estrus cycle, but at the same time, limit the
number of growing follicles to forestall depletion of primordial follicles (see Fig 1 for summary
schematic of follicle maturation). Characterization of the molecular mechanisms underlying
reawakening remains an important challenge in reproductive biology [5-8].

The forkhead transcription factor Foxo3 functions as a switch that controls (suppresses)
reawakening. In nullizygous or oocyte-conditional Foxo3 knockout mice, primordial follicles
are assembled normally [9], but undergo global reawakening at birth. This leads to a character-
istic sequential syndrome of ovarian hyperplasia, follicle depletion, and hypergonadotropic
ovarian failure [10]. In the adult ovary, Foxo3 protein localizes to the primordial oocyte
nucleus, where it restrains reawakening in a PI3K (phosphoinositide-3-kinase)-AKT depen-
dent manner. PI3K catalyzes the formation of a lipid second messenger, phosphatidylinositol
3,4,5-trisphosphate (PIP3), from phosphatidylinositol 4,5-bisphosphate (PIP2). PIP3 in turn
leads to the phosphorylation and activation of AKT. Pten, a lipid phosphatase that converts
PIP3 back to PIP2, potently suppresses AKT activation [11]. Oocyte-specific deletion of Pten
hyperactivates AKT, resulting in Foxo3 nuclear export and global reawakening [12, 13]. Foxo3
normally undergoes nuclear export during the primordial to primary follicle transition (fol-
lowed by its degradation within the cytoplasm via unknown mechanisms), suggesting that Pten
inactivation mimics a naturally-occurring PI3K-dependent signal that regulates Foxo3 localiza-
tion and hence reawakening [13]. Other studies have confirmed Foxo3’s role as the molecular
switch controlling reawakening in a PI3K-AKT dependent manner, and the utility of Foxo3
nuclear vs. cytoplasmic localization as a marker of oocyte maturation [14-18]. Oocyte-specific
inactivation of the mTOR inhibitors TscI and Tsc2 also results in oocyte reawakening, estab-
lishing an important but incompletely understood role of mTOR signaling in this process [19].

As vital effectors of PI3K-AKT signaling, the Foxos serve fundamental biological roles in
aging, cancer, and stem cell maintenance [20-22]. The three canonical Foxos—Foxo1, Foxo3,
and Foxo4—are coexpressed and exhibit genetic and functional redundancy in most cell types
[20, 21, 23]. In contrast, in the mouse germline, Foxol and Foxo3 have diverged to serve com-
plementary roles in the maintenance of the male and female germline, respectively. Whereas
Foxo3 is the principal Foxo protein in the oocyte, Foxol is the principal Foxo within undiffer-
entiated spermatogonia, and is the only Foxo required for the maintenance of spermatogonial
stem cells [20, 24]. In both the female and male germline, genetic experiments have shown that
Foxo activity is regulated by its subcellular (nuclear vs. cytoplasmic) localization via its AKT-
dependent phosphorylation. When phosphorylated, Foxo proteins are functionally inhibited
by their retention in the cytoplasm via interactions with 14-3-3 proteins [25].
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In many physiological processes, the upstream activators of class I PI3Ks are transmem-
brane receptor tyrosine kinases (RTKs) such as Igflr, insulin receptor, Ret, Pdgfr, or Kit [11].
Ligand binding activates PI3K by phosphotyrosine-mediated binding through an SH2 domain
on the p85 subunit of PI3K. G protein-coupled receptors (GPCRs) can also activate PI3K
through the p110y catalytic subunit isoform. However, p110y™~’~ mice are viable and fertile
(but display various GPCR-mediated immunological defects), suggesting that GPCRs may not
play essential roles in the regulation of the PI3K pathway during oocyte reawakening [26]. The
identification of a presumptive oocyte surface RTK that acts through PI3K-AKT-Foxo3 to reg-
ulate reawakening has remained an outstanding question in reproductive biology [27]. Several
candidates including Kit have been proposed, but definitive evidence about which is the bona
fide receptor has been lacking [3, 8, 28-30]. The unique biological features of primordial follicle
reawakening, some of which are not readily modeled in vitro, prompted us to apply genetic
approaches to identify and validate this factor [3].

Results

Generation and validation of the conditional dominant gain-of-function
allele Kit?e78V

Kit is an RTK that acts via PI3K-AKT, and is expressed within primordial oocytes [31, 32]. To
study the role of Kit in the reawakening of primordial follicles, we generated a novel murine

atresia atresia atresia

/‘

primordial primary secondary egg

PFA ovulation
P g g —
y A .
- 4 % v
reawakening e S
17 um 28 um 70 um
N J N J
Y Y
stable, long-lived transient, short lived
(years, decades) (days to months)

Y Y

intra-ovarian pituitary-ovarian axis
control via Foxo3 control via gonadotropins
(gonadotropin-independent) and their receptors

Fig 1. Stages of follicular maturation. Mouse follicles are depicted (not to scale: approximate follicle sizes including granulosa cells are shown
below each follicle). Follicle growth is normally asynchronous, such that the adult ovary contains follicles at all stages of development. However, the
vast majority of follicles at any time are primordial, with only a very small percentage of follicles actively growing. Follicle reawakening, sometimes
called initiation or activation, is the regular, metered process by which individual primordial follicles are continually selected to begin the elaborate
program of follicle maturation that culminates in ovulation. The earliest morphologic hallmark of reawakening is increased oocyte size followed by a
change in granulosa cells from a flattened to a cuboidal shape, and then by granulosa cell proliferation. Whereas primordial follicles are long-lived,
growing follicles are transient and short-lived, because growing follicles that do not progress to the next stage undergo atresia. Primary follicles are
defined as follicles that have initiated oocyte growth and undergone a transition from flattened to cuboidal granulosa cells but have only one layer of
granulosa cells. Secondary follicles have two layers of granulosa cells, and antral follicles are large follicles with a chamber (antrum) in preparation
for ovulation.

doi:10.1371/journal.pgen.1006215.g001
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conditional allele, Kit”5*V® through homologous recombination in murine embryonic stem

cells. The Kit D818V (Asp—Val) amino acid substitution leads to constitutive Kit activity in
the absence of ligand (KL), and exerts potent dominant gain-of-function effects [31, 33]. Fur-
thermore, it corresponds to the most common known Kit gain-of-function mutation in human
germ cell tumors (Kit”*'°"), demonstrating that this mutant protein is active in germ cells [33-
35]. The conditional (floxed) Kit”%!8V® allele was designed to provide Kit function through a
3" cDNA cassette encoding exons 17-21. Cre-mediated recombination excises this cDNA cas-
sette, permitting normal splicing of an exon 17 harboring the mutation, and thus expression of
mutant D818V protein (S1A Fig). With respect to nomenclature for the four new Kit alleles
described in this manuscript, 1) genotypes signify somatic genotypes (per tail DNA genotyp-
ing) and 2) the floxed (i.e., latent) alleles end in “(L)”. Whereas hemizygous Kit (a.k.a. Domi-
nant white spotting) loss-of-function mutations produce abnormal coat pigmentation [36] (see
also below), mice harboring the Kit”**V") allele were externally normal with coat pigmenta-
tion similar to sibling controls, confirming that the floxed allele indeed provided Kit function
(S1B Fig). The Kit?*"#V® allele could be homozygosed, and such animals were also externally
indistinguishable from littermate controls (S1C Fig).

Kit activation in primordial oocytes results in a global primordial follicle
reawakening phenotype

These mice were then bred to the germ cell-specific Cre driver, Vasa-Cre (a.k.a. Ddx4-creP/)

(abbreviated VC) to generate VG; Kit”*8V®/1 females. VC becomes active during late embryogen-
esis, and drives Cre-mediated recombination in >99% of oocytes by birth [37]. Ovaries were har-
vested at postnatal day (PD) 7 and ovarian cDNA was analyzed by RT-PCR, followed by Sanger
sequencing. As expected, ovaries from experimental females expressed mutant cDNA at levels
close to wild-type as evidenced by electrophoretogram peak intensities (S1D Fig). By PD7, VC;
Kit?S18V®)/ 4 ovaries were consistently larger than ovaries from sibling controls. By PD14, these
size differences were even more marked, but from PD28 onward (up to 16 weeks of age), ovaries
were of equal size or somewhat smaller (Fig 2A). To understand the cellular basis of this increase
in ovarian size (and subsequent decrease), tissue sections were analyzed. At PD7, there was an
obvious increase in oocyte diameters in follicles that otherwise resembled primordial follicles (i.e.,
follicles without granulosa cell growth or change to cuboidal shape) (Fig 2B). Interestingly, whereas
Kit protein is predominantly membranous in controls, Kit protein underwent a general redistribu-
tion to the cytoplasm in VC; Kit”**®V®/+ oocytes (S2A-S2C Fig) with overall Kit protein levels
comparable to Kit”*"8V®")/+ controls (S2D Fig). This is consistent with prior data demonstrating
that Kit protein normally undergoes ligand-dependent internalization, and that constitutively
active mutant variants are internalized more efficiently than the wild-type protein [38, 39].

Of note, these morphological alterations were global, occurring in all primordial follicles.
VG Kit?8"8V®)/ 4 oocytes grew in size up to PD28, resulting in aberrant follicles with dramati-
cally enlarged oocytes (Figs 2B and S4A). Some morphologically normal follicles and corpora
lutea stage were also present, indicating that some of the reawakened follicles progressed nor-
mally to more advanced states of follicle maturation. Concordantly, most markers of primor-
dial or primary follicles including periodic acid-Schiff (PAS) stain (labels the zona pellucida),
ZP1, Inhibin, Gdf9, Sohlh1, Nobox, and Sall4 retained their typical patterns of expression in
oocytes or granulosa cells, consistent with normal differentiation despite global reawakening
(S3 and S4A Figs). However, in some reawakened follicles, granulosa cells remained flattened
and were negative for a-Miillerian Hormone (AMH), which is normally induced at the pri-
mary follicle stage (S4A Fig). A similar spectrum of abnormalities has been documented in
other global reawakening mutants such as Foxo3 and Pten [10, 12, 13].
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Fig 2. Global oocyte reawakening phenotype following conditional Kit activation within oocytes. (A) VC; Kit?®"8"Y/+ ovaries were larger than
sibling controls up to PD28; scale bars = 1 mm. (B) Histological analyses (H&E-stained sections) revealed significant oocyte enlargement (white lines)
and flattened granulosa cells (arrows) in many of the activated follicles (PD7-28). Numerous preantral and early antral follicles are present at PD28. By 6
weeks there was some oocyte death, follicle atresia and empty follicles (asterisk); by 16 weeks there was a complete absence of follicles with the ovary
consisting of a luteinized stroma. These features indicate a classic global reawakening phenotype. Scale bars = 100 pm in large panels (same for control
and experimental sections); 25 um for small panels (all at the same magnification). Pictures are representative of at least three animals analyzed per
genotype/time-point.

doi:10.1371/journal.pgen.1006215.9002

By 16 weeks, however, oocyte atresia occurred, resulting in morphologically abnormal,
“empty” follicles depleted of oocytes (note also the absence of more advanced follicles and cor-
pora lutea) (Fig 2B). No teratomas or other ovarian tumors were identified. Thus, constitutive
Kit activation in the female germline resulted in a classic, global primordial follicle reawakening
phenotype identical to that described for Foxo3 and Pten [10, 12, 13]. Global reawakening
occurred in all VC; Kit?**V®™/+ primordial oocytes, which ultimately underwent atresia result-
ing in loss of all oocytes with premature ovarian failure. Serum follicle stimulating hormone

PLOS Genetics | DOI:10.1371/journal.pgen.1006215  August 8, 2016 5/20



@’PLOS | GENETICS

Kitin Oocyte Reawakening

oocyte counts

oocyte diameter (Lm)

(FSH) and luteinizing hormone (LH) levels at 5 months of age were elevated in adult mutant
females, consistent with hypergonadotropic hypogonadic premature ovarian failure (P<0.003
and P<0.02 respectively) (S4B Fig). These results strongly implicate Kit as the upstream RTK
regulating primordial oocyte reawakening.
At birth to PD7, oocyte numbers were unaltered in VC; Kit”*'®V®/+ ovaries, indicating a
normal initial endowment of oocytes [3]. Oocytes were markedly depleted by PD28, and totally
absent by 6 weeks of age (P<0.02 and P<0.0004, respectively) (Fig 3A). Measurements of
oocyte diameters confirmed that average oocyte sizes were significantly increased by PD7, and
the difference was even more marked at PD14 (P<0.0001 for both PD7 and PD14). Oocytes
continued to grow through PD28, although by this timepoint, relatively few oocytes remained
(Figs 3B, 3C and S4A). Sections from experimental and control ovaries embedded in plastic
confirmed the absence of oocytes by 6 weeks of age as well as the presence of atretic oocytes
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Fig 3. Quantitative analyses of oocyte phenotypes following conditional Kit activation within oocytes. (A)
Primordial/primary oocyte numbers of VC; Kit?®"0/+ and control ovaries (n>2 animals per genotype per timepoint;
*p<0.05; ***p<0.001, unpaired student t test, error bars = S.E.M. (B) Oocyte diameters (micrometers) of early oocytes
in VC; Kit?878Y1/4 and VC; +/+ mice; ****p<0.0001, n>6 unpaired student t test. Error bars are S.E.M. (C) Average
primordial/primary oocyte diameters in VC; Kit?®"80/1 and VC; +/+ ovaries; at least 6 oocytes were measured from two
different animals per genotype/time-point.

doi:10.1371/journal.pgen.1006215.9003
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and zona pellucida remnants (the “ghosts” of oocytes that underwent reawakening and subse-
quent atresia) in VC; KitP18V® 4 females (S4C Fig).

Kit activation results in global primordial oocyte reawakening via
AKT-Foxo3

Next, various markers were analyzed by immunohistochemistry at PD7 to further characterize
potential abnormalities in downstream effectors such as Foxo3. All oocytes were strongly
Vasa-positive, indicating preservation of germline identity following Kit activation. Kit protein
was present at high levels within oocytes, although some redistribution to the cytoplasm was
evident in the mutant as was the case by immunofluorescence (Fig 4A). Activated early oocytes
exhibited increased phosphorylated AKT (P-AKT) on their cell membranes as compared to
control primordial and primary follicles, which did not contain detectable P-AKT (Fig 4A).
This is consistent with the known role of PI3K-AKT as the key signaling pathway mediating

Foxo3

VG,
KitD818vIL)/+

Fig 4. Kit activation promotes oocyte reawakening through AKT-Foxo3 axis. (A) Immunohistochemistry for markers as shown; slides
counterstained with hematoxylin. Lower panels are higher magnifications of areas shown in black rectangles. Blue arrows, Kit localization in
experimental and control oocytes. Note membrane-bound staining in the control vs. greater cytoplasmic staining in VC; Kit?578"/+ oocytes. Black
arrows, oocyte membrane of primordial/primary follicles in control vs. mutant; only mutant oocytes were positive for P-AKT. Red dashed circles in Foxo3
panels demarcate nuclei to highlight nuclear to cytoplasmic export in the mutant. Scale bar = 25 pm, all panels at same magnification. (B) Foxo3
localization by confocal microscopy/immunofluorescence of control and experimental ovaries at PD14. Scale bar = 33 ym for both large panels. Lower
panels are higher magnifications of areas in white rectangles.

doi:10.1371/journal.pgen.1006215.9004
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oocyte reawakening [13], and argues strongly that Kit controls reawakening via this pathway.
Importantly, AKT hyperphosphorylation drove translocation of Foxo3 protein from the
nucleus to the cytoplasm in all VC; Kit”*'*V®/+ oocytes (Fig 4A). Confocal microscopy, which
allows for higher resolution than immunohistochemistry, confirmed these results; i.e. Foxo3
was predominantly nuclear in controls, but cytoplasmic in the mutant oocytes (Fig 4B).

Generation and validation of conditional floxed allele Kit-

The above results provided strong genetic evidence implicating Kit as the upstream RTK con-
trolling oocyte reawakening via the PI3K-AKT-Foxo3 axis. However, phenotypes associated
with gain-of-function mutations should generally be interpreted with caution, as even a single
amino acid substitution could have multiple, distinct, and potentially unexpected effects on
protein function and thus, phenotypes. To expand upon our genetic analyses of Kit in oocyte
reawakening with a complementary genetic approach, we designed a new allele where exon 17,
which encodes the kinase domain [31], was floxed. Kit is an essential locus due to its require-
ment for hematopoiesis, necessitating conditional genetic analysis. The floxed allele Kit" could
be homozygosed as expected, and Kit"/Kit" animals were born at expected Mendelian ratios
(S5A and S5B Fig). For oocyte-specific Kit inactivation, VC; Kit"* fathers were bred to Kitt/
Kit" females. VC activity in the father’s germline converts any paternally transmitted Kit" allele
to Kit” and thus, VC fathers can transmit a wild-type (Kit") or null Kit allele but not a Kit" allele
[37]. Experimental females of the VC; Kit"" genotype (per tail DNA) thus harbor homozygous
Kit loss-of-function mutations in their germline. RT-PCR of ovaries (S5C Fig) and Sanger
sequencing of PCR-amplified cDNAs (S5D Fig) confirmed VC-dependent deletion of exon 17.
Whereas control mice harboring the floxed allele exhibited no pigmentation or other external
abnormalities, VC; Kit"”~ mice showed striking midline hypopigmentation, consistent with
hemizygous somatic loss of Kit activity (S5E Fig).

Conditional inactivation of Kit within primordial oocytes results in a
complete failure of oocyte reawakening with persistence of quiescent
primordial follicles

At PD7, VC; Kit""ovaries were minute, and their small size persisted at all mouse ages ana-
lyzed, up to 12 weeks of age (Fig 5A). Histological analyses revealed a striking and complete
failure of oocyte reawakening. Follicles remained small and no growing oocytes were present,
although granulosa cells became cuboidal. In these follicles, oocytes typically assumed an
eccentric location (Figs 5B and S6A). Electron microscopy (EM) confirmed the viability of
these oocytes and their lack of physical growth. Granulosa cells exhibited some mitotic activity
in the mutant follicles per Ki67 immunohistochemistry (whereas normal primordial follicles
are mitotically inactive) (S6D Fig), consistent with increased granulosa cell numbers in the
aberrant follicles of VC; Kit""ovaries. Interestingly, EM also revealed abundant lipid droplets
in the granulosa cells, which could contribute to their change in shape (S6B Fig). The signifi-
cance of these lipid droplets is uncertain. One interpretation is that granulosa cells “sense” the
lack of oocyte growth (due to known, if poorly understood, bidirectional oocyte/granulosa cell
communication), and respond in some manner to promote reawakening [5, 40]. Alternatively,
an abnormal hormonal milieu associated with ovarian failure could also indirectly contribute
to the observed changes in granulosa cells. In any case, ZP1, which is expressed in growing
oocytes, was not expressed in any VC; Kit"” oocytes, consistent with a constitutional inability
to reawaken/initiate growth despite the granulosa cell changes.

Oocyte numbers were unaltered in VC; Kit"ovaries at PD7, demonstrating that the minute
ovaries were due to a complete lack of oocyte growth, and not a diminished initial endowment
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Fig 5. Primordial follicle arrest phenotype following Kit inactivation in oocytes. (A) VC; Kit’~ ovaries were minute relative to VC; Kit"/+ sibling controls
at all timepoints analyzed; scale bar = 1 mm. (B) Histological analyses (H&E-stained sections) revealed abundant primordial follicles with a complete failure
of oocyte growth and absence of advanced follicles in VC; Kit-” ovaries. White lines demarcate oocyte diameters. Scale bars = 50 ym (large panels) or

10 um (small panels). Pictures are representative of >4 ovaries from >2 different animals per timepoint.

doi:10.1371/journal.pgen.1006215.9005

of primordial follicles (Fig 6A). Measurements of oocyte diameters confirmed the lack of oocyte
growth (Fig 6B and 6C). These quantitative and morphometric data thus revealed a complete
failure of oocyte reawakening in Kit-deficient oocytes. Somewhat unexpectedly given prior stud-
ies implicating Kit in germ cell and primordial oocyte survival, VC; Kit"” oocytes did not undergo
rapid apoptosis [28, 41]. To the contrary, VC; Kit"” primary/primordial oocyte counts showed
only a minor (statistically not significant) decrease even at 12 weeks of age, consistent with a
remarkably specific role for Kit in oocyte reawakening (Fig 6A). However, by 6 months of age,
the ovaries were entirely depleted of follicles and oocytes and contained only luteinized stroma
(S7A-S7C Fig), demonstrating that Kit is required for the long-term maintenance of oocytes, in
keeping with prior studies implicating Kit as an oocyte survival factor [28, 42].

At birth, oocytes are syncytial and interconnected by intercellular bridges, which are broken
down by PD3 to give rise to individualized primordial follicles. Follicle individualization (also
known as assembly) occurred normally in VC; Kit""ovaries (e.g., no follicles contained more
than one oocyte), demonstrating that Kit is not essential for individualization despite its abun-
dant expression within oocytes at PD1-3 when individualization takes place (Fig 5B). Addi-
tional marker studies at 6 weeks of age showed that all oocytes retained germline identity, with
normal expression of primordial oocyte markers such as Vasa, p63 (an oocyte survival factor),
Foxo3, Sohlhl, and Nobox (Fig 7A). Granulosa cells continued to express inhibin and AMH
(markers of female gonadal somatic cell differentiation) but did not express the Sertoli cell

PLOS Genetics | DOI:10.1371/journal.pgen.1006215  August 8, 2016 9/20
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Fig 6. Quantitative analyses of oocyte phenotypes following Kit inactivation in oocytes. (A) Relative oocyte
numbers at PD7 to 12 wks; n = 3 animals per genotype per timepoint except PD7 and 6 weeks experimental (n =2
animals, total of 4 ovaries analyzed per genotype), error bars = S.E.M. Note that there is no significant oocyte loss up to
12 weeks (p = 0.4475 at 12 weeks, unpaired student t-test). (B) Oocyte diameters (micrometers) of early (primordial/
primary) oocytes; **p<0.01, ****p<0.0001; unpaired student t test; n = 50 per genotype. (C) Average oocyte diameters,
n =50 oocytes per genotype per timepoint.

doi:10.1371/journal.pgen.1006215.g006

marker Gata-1 (Fig 7C and 7D), evidence against a sex-reversal phenotype, a possibility enter-
tained because of the morphologic resemblance of the aberrant follicles—particularly those
with eccentric oocytes—to primitive male sex cords. These results are consistent with a specific
role of Kit in oocyte reawakening. Additionally, Foxo3 was constitutively nuclear and P-AKT
was undetectable in Kit-deficient oocytes (Fig 7A and 7B) further supporting a critical role of
the Kit signaling pathway in regulating oocyte awakening via P-AKT/Foxo3.

Discussion

Primary ovarian insufficiency (POI), also known as premature ovarian failure, is a form of
hypergonadotropic hypogonadic ovarian failure that causes early menopause and infertility in
1% of women before the age of 40, in addition to other important health consequences due to
estrogen deficiency [43]. POI is associated with the accelerated depletion of primordial follicles,
arguing that abnormalities in primordial follicle maintenance are the unifying
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Fig 7. Marker studies of Kit-deficient oocytes are consistent with specific defect in oocyte reawakening via Foxo3. (A) Immunohistochemistry for
markers as shown at 6 weeks of age; slides counterstained with hematoxylin. Note absence of P-AKT (in contrast to D818V mutant) and constitutively
nuclear localization of Foxo3. Scale bars = 25 pm; all panels at same magnification. (B) Immunofluorescence detection of Foxo3 protein; slides
counterstained with DAPI. Foxo3 undergoes nuclear to cytoplasmic export in wild-type primary follicles but is constitutively nuclear in the mutant. Scale
bar =10 pym, same for all panels. (C) Analysis of granulosa cells in wild-type and VC; Kit”" ovaries. Immunohistochemistry for markers as shown at 6 wks
of age; slides counterstained with hematoxylin. Scale bars = 200 ym in large panels, or 25 pm in small panels; all small panels at same magnification.

(D) Absence of Gata1-positive cells in aberrant follicles in VC; Kit”" ovaries. Wild-type testis is shown as a positive control (Gata1 is expressed in Sertoli
cells). Scale bar = 25 pm; both panels at same magnification.

doi:10.1371/journal.pgen.1006215.g007

pathophysiologic basis of POL. However, the identification and further study of key factors reg-
ulating primordial follicle maintenance and reawakening has proven difficult with human sub-
jects; for example, ovaries are not biopsied in the clinical workup of POI, limiting available
human ovarian tissue for direct analyses. Genome-wide studies have implicated several loci,
but further and more detailed genome-wide investigations are needed to more fully define the
genetic basis of POI [44-47]. Numerous factors have been proposed as regulators of reawaken-
ing, such as the AMH type 2 receptor (AMHR?2), a member of the transforming growth factor
B superfamily of growth and differentiation factors [48]. AMHR2 female mice are fertile with
no overt defects in follicle maturation, however, arguing against an essential role in reawaken-
ing [49]. Similarly, while o-Miillerian hormone (AMH) has also been proposed as a regulator
of oocyte utilization and reawakening, AMH-null females are fertile, suggesting that AMH
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plays at most a secondary role in regulating reawakening. Other factors must therefore partici-
pate in this process [50].

Kit has also been proposed as a candidate factor regulating reawakening. Kit and Kit ligand
(KL, also known as SCF) serve diverse functions in the germ cell lineage, particularly in primor-
dial germ cell migration/survival, primordial follicle assembly [51], and spermatogenesis. KL is
produced by granulosa cells in primordial follicles [32] and Kit is highly expressed by primor-
dial oocytes. Thus, patterns of Kit and KL expression within the ovary make them plausible
candidates as factors regulating reawakening. In vitro studies conducted with explanted ovaries
treated with KL or Kit inhibitors have also been interpreted as supportive of this hypothesis
[52, 53]. On the other hand, the observed effects have been relatively small in magnitude and
more importantly, these in vitro, non-genetic approaches suffer from significant potential limi-
tations stemming from the unique biological properties of reawakening. Reawakening nor-
mally occurs at a gradual and measured pace throughout life, such that only a very small
percentage of follicles are awakening at any time. Thus, available in vitro methods with
explanted neonatal ovaries (which can be maintained for only one to two weeks) do not pro-
vide a completely adequate timescale for definitive studies including the identification of novel
factors regulating reawakening.

Phenotypic analysis of Kit'”**" homozygous female mice have provided intriguing genetic
evidence implicating Kit in reawakening [28]. Kit activates PI3K through a direct interaction
with an SH2 domain on the p85 regulatory subunit of PI3K. This interaction is dependent on
Kit tyrosine residue 719, which undergoes autophosphorylation following ligand binding.
Mutation of this tyrosine residue prevents binding of Kit to p85, and thus abrogates Kit signal-
ing via PI3K [54]. Mice engineered with this Kit"”"* mutation (via a “knockin” approach)
have permitted genetic dissection of the contribution of PI3K signaling to diverse Kit-depen-
dent biological processes [55, 56]. Homozygous Kit"”'*"
spermatogenesis. Kit"”'*F females, however, are fertile at 16 weeks of age, suggesting that Kit
might not play an essential role in reawakening (although severe defects in early follicle matu-
ration including an arrest at the primary/secondary follicle stage were documented) [28].
Subsequent analyses of this allele have been interpreted as supportive of a role of Kit in reawak-

males are sterile with severe defects in

ening, rationalizing its use in studies to genetically dissect reawakening. For example, genetic
inactivation of Tscl within primordial follicle granulosa cells leads to global reawakening via
Foxo3 cytoplasmic relocalization, and this was found to occur through enhancement of Kit
ligand production in primordial follicle granulosa cells. Kit"”**F homozygosity suppressed this
TscI-null reawakening phenotype, arguing that the observed increase in Kit ligand was respon-
sible for reawakening [57].

Foxo3 relocalization to the cytoplasm occurs after the primordial-primary transition, and
abnormal Foxo3 relocalization has been documented in mutants undergoing global reawaken-
ing [12, 13, 16, 57]. However, for reasons that are not well understood, Foxo3 relocalization as
visualized by IHC/IF does not anticipate (precede) reawakening; i.e., early primary follicles
have nuclear Foxo3 [13]. It is possible that Foxo3 protein can be functionally inactivated in the
oocyte but that the protein remains detectable in the nucleus for some time. Thus, in practice,
the most useful, sensitive, and earliest indicators of reawakening (i.e., for scoring mutant phe-
notypes) remain morphologic. As emphasized in this study, oocyte diameter is the earliest and
most sensitive endpoint for reawakening. In diverse investigations of mutants with global
reawakening (e.g., Pten and Foxo3 mutants, also in the Kit”*'*V mutant described here), granu-
losa cells remain flattened and unilayered in many follicles with massively enlarged oocytes
that have clearly undergone reawakening; indeed, such oocytes can continue to grow unabated
for several weeks despite the persistence of “primordial follicle-like” granulosa cell morphology
[10, 13, 16, 19, 58]. Furthermore, we have here documented in VC;KitY ovaries a transition in
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granulosa cell morphology to a cuboidal shape and mitotic activity resulting in a few layers
even in follicles where oocytes were constitutionally unable (due to Kit inactivation) to grow/
reawaken. Thus, while granulosa cells normally undergo significant changes in morphology
and arrangement during reawakening, these do not always correlate with oocyte status in indi-
vidual follicles and are not as useful as morphological indicators in mutants with strong
reawakening phenotypes. Thus, we stress that abnormal oocyte diameters should be considered
the sine qua non for scoring oocyte reawakening phenotypes and that careful measurements of
oocyte diameters (e.g., in tissue sections) should represent the gold standard in such analyses
until earlier molecular markers of reawakening are identified.

That the Kit"”**" mutation did not lead to a complete oocyte dormancy phenotype, as docu-
mented in earlier studies (females were fertile up to at least 16 weeks of age) can be explained
by the hypomorphic nature of this mutation [28]. For example, residual Kit signalling via PI3K
or other surrogate signalling pathways could feed back to PI3K, resulting in some PI3K tonic
activity. Finally, some hypomorphic alleles of KL (a.k.a. Stee’*"%) also accumulate follicles
with cuboidal granulosa cells (albeit with growth-arrested oocytes), consistent with a role of KL
in reawakening, although these ovaries contain very few follicles, obscuring interpretation of phe-
notypes [28, 59]. The role of KL in reawakening should be further explored in future studies; i.e.,
through conditional genetic analysis of KL in granulosa cells. KL appears to be constitutively
expressed in granulosa cells in primordial follicles [60], and although KL is elevated in the Tscl
reawakening mutant, the nature of the signals and inter/intra-follicular communication trigger-
ing reawakening via Kit-PI3K-Foxo3 in individual primordial follicles remains uncertain. More
recently, conditional deficiency of the Lim homeodomain protein Lhx8 was found to promote
global reawakening, with a synergistic effect of Lhx8 and Pten on Foxo3 nucleocytoplasmic trans-
location. These effects were mediated by Lin28a, an RNA binding protein and regulator of the
let-7 microRNAs, a finding of particular interest given studies implicating the Lin28/let-7 axis in
the control of PI3K-mTOR signalling [16, 61]. Clearly, more work is needed to fully dissect the
interactions of the diverse members of the PI3K and mTOR pathways and how these function
together to trigger reawakening of individual primordial follicles.

One notable aspect of this study is that we have now documented global oocyte reawakening
and dormancy phenotypes with our Kit”*'*" and Kit" alleles, respectively. Such complemen-
tary and contrasting phenotypes with alleles that have opposite effects on Kit activity (i.e., gain-
vs. complete loss-of-function alleles) represent compelling genetic evidence incriminating Kit
as the critical receptor upstream of PI3K-Foxo3 in the control of reawakening. The phenotype
we describe for the oocyte conditional Kit knockout represents the first report of a pure global
dormancy mutant; i.e., where female sterility was associated with minute ovaries containing a
numerically normal complement of primordial follicles but where a complete failure of oocyte
reawakening left oocytes incapable of growth/reawakening. Conversely, Kit serves essential
roles in other aspects of follicle formation, development, and survival [3, 28, 51].

Our genetic studies do not exclude a contribution from other cell surface receptors in
reawakening, but help establish Kit as the principal upstream factor regulating reawakening,
and also demonstrate a remarkably specific role for Kit in reawakening. It is surprising that Kit
played such a modest role in oocyte survival, with normal oocyte counts up to 12 weeks of age,
a result suggesting that other factors regulate oocyte survival and prevent apoptosis [62].
Oocyte conditional ablation (Vasa-Cre) of other genes encoding cell surface receptors acting
through PI3K and known to be expressed on the oocyte, such as IgfIr, Insr, Ret, Pdgfr had no
effect on fertility or follicle maturation (unpublished data), further stressing the uniqueness of
the Kit reawakening phenotypes.

POl is a form of hypergonadotropic hypogonadism that causes infertility in 1% of women
before the age of 40 and has important health consequences. POI is due to accelerated
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depletion of primordial follicles [63-66], arguing that abnormalities in primordial follicle
maintenance are the unifying pathophysiologic basis of POI. However, the molecular mecha-
nisms that cause follicle depletion in POI are poorly understood. Elucidating these mechanisms
is needed to develop better treatment strategies and assays predictive of POIL Our results
should help focus further investigations on Kit and, by extension, Kit ligand, as keystone regu-
lators of primordial oocyte maintenance and hence, female reproductive aging. Pharmacologic
manipulation of this pathway may someday prove useful in fertility preservation by increasing
the pool of actively growing follicles [14]. This is further underscored by the fact that PI3K-
Foxo3 signaling regulates the egg supply throughout life [28]. For example, transient treatment
of mouse or human oocytes with either a Pten inhibitor or a PI3K activating peptide results in
activation of dormant primordial follicles. Pharmacologic control of this pathway either at the
level of PI3K-AKT or Kit-KL may thus prove useful in fertility preservation by increasing the
pool of growing follicles [14, 15, 67].

Materials and Methods
Ethics statement

All live animal experiments followed guidelines by the UTSW Animal Care and Use Commit-
tee who also approved the experiments performed (2015-101272).

Mouse strains and genotyping

Mice were housed in a pathogen-free animal facility in microisolator cages and fed ad libitum
on standard chow under standard lighting conditions. A detailed description of the targeting
strategy, assembly, primer sequences, and PCR conditions for generating the Kit”*'*V®" and
Kit" alleles are provided in S1 Text.

Mice were genotyped from tail DNA by PCR with Promega GoTagq in 1.6 mM MgCl,. Gen-
otyping primers for the KitD818V allele were as follows: (al) 5-ATTAGAGCCCCGATCCTG
TG-3’ and (b1) 5-GCAACAGCCATTCATTTCAGC-3’ (see S1 Fig for positions of al/bl
primers), under the following cycling conditions: 95° x 2 min; 94° x 30 sec, 60° x 30 sec, 72° x
30 sec (35 cycles); 72° x 7 min. The product sizes are 219 bp for the floxed allele Kit”*'5V")
and 171 bp for the wild type Kit allele. Genotyping primers for Kit" allele are as follows: (al)
5-AGTTCTGAAGAGACTGTCAAGGT-3’ and (b2) 5-ACACCCCATTTCCTTATTTTTG
CT-3’(see S3 Fig for positions of al/bl primers), under the following cycling conditions: 95° x
2 min; 94° x 30 sec, 60° x 30 sec, 72° x 30 sec (35 cycles); 72° x 7 min. The product sizes are 174
bp for the floxed Kit" allele and 126 bp for the wild type Kit allele.

RNA isolation and Sanger sequencing

Total RNA was prepared from ovaries with the Tripure isolation reagent (Roche #93876820)
per the manufacturer’s instructions. To validate the Kit?*'$V™ allele, exon 17 was amplified by
one step RT-PCR (Qiagen #210210) using the primers: 5-AGATTTGGCAGCCAGGAATA-3
(forward) and 5’-ATTTCCTTTGACCACGTAATTC-3’ (reverse). For validation experiments
of the Kit" allele, cDNA was synthesized with M-MuLV Reverse Transcriptase (New England
BioLabs #28025-013). Kit cDNA sequences, spanning exons 14 to 18 were amplified by Phu-
sion High-Fidelity DNA Polymerase (New England BioLabs #M0530S). The forward primer
(close to exon 14) was 5’-GAGAAGGAAGCGTGACTC-3’; the reverse primer (close to exon
18) was 5-AGGAGAAGAGCTCCCAGA-3’. PCR conditions were: 98°C x 3 min; 34 cycles of
98°C x 60 sec, 60°C x 60 sec, 72°C x 120 sec; then 72°C x 5 min. RT-PCR products were ana-
lyzed by gel electrophoresis and bands purified with the QIAquick gel extraction kit (Qiagen
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#28704). The Kit”*"®" mutation or exon 17 deletion were confirmed by Sanger sequencing
(UTSW sequencing core).

Tissue processing, immunohistochemistry (IHC), immunofluorescence
(IF), and tissue analyses

Ovaries were fixed in 10% formalin overnight, embedded in paraffin and serially sectioned

(5 um). Every fifth section was H&E stained and analyzed. For VC; Kit”**V®™)/+ and control ova-
ries, the middle section of the series was used for relative follicle counts and diameter measure-
ments as described in the text. For VC; Kit"" and control ovaries, all the primordial and primary
oocytes were counted in every fifth section. The longest diameter of 50 oocytes for which nuclei
were in the plane of section was determined with Image]J. For IHC, sections were rehydrated in
EtOH series after deparaffinization in xylene. Antigen retrieval was performed in parboiling 10
mM sodium citrate (pH 6.0) x 20 min, cooled at RT, followed by peroxidase blocking (3% H,0,)
and blocking in 0.5-1% BSA in PBS. Antibodies and titers for IHC were: Kit 1:750 (Cell Signaling
#3074S); Vasa 1:200 (Abcam #27591); P-AKT 1:75 (Cell Signalling #S473); Sall4 1:1000 (Abcam
#57577); Foxo3 1:50 (Santa Cruz #sc-11351); AMH 1:500 (Serotec #MCA2246); P63 1:500
(Thermo Fisher #MS-1081); Inhibin (Biorad #MCA951ST); Gata-1 (Santa Cruz #sc-265); Zpl
(Santa Cruz #sc-23708); GAf9 (Santa Cruz #sc-12244); Ki67 (Abcam #15580); Sohlh1 and
Nobox antibodies were kindly provided by Dr. Aleksandar Rajkovic (Magee-Womens Research
Institute). ImmPRESS (Vector Laboratories) was used for detection. For immunofluorescence
(IF), sections were rehydrated in an EtOH series after deparaffinization in xylene. Antigen
retrieval was performed in parboiling 10 mM sodium citrate (pH 6.0) x 20 min, cooled at RT, fol-
lowed by PBS washes, 10 minutes of autofluorescence blocking (100 nm Tris Glycine), and block-
ing in 2.5% BSA+5% goat serum (Vector Laboratories) in PBS. Antibodies and titers for IF were:
Foxo3 1:50; Kit 1:100. Fluorophore conjugated secondary mouse (Alexa Fluor 555) or rabbit
(Alexa Fluor 488) IgGs at 1:500 (Invitrogen #A21429 and #A11029) were used for detection.
Zeiss LSM 510 confocal microscopy was used for fluorescence imaging.

FSH and LH analyses

Serum FSH/LH levels were measured by the Ligand Assay Core at the University of Virginia.
Serum was diluted 1:10 prior to analysis.

Western blot

Ovaries (two/genotype) were homogenized in RIPA buffer supplemented with Complete Proteinase
inhibitor cocktail (Roche) and Phosphatase Inhibitor cocktail 2 (Sigma). Following homogenization,
extracts were centrifuged at 10000 rpm for 7 min. Supernatants were collected, mixed with 4x
Laemmli Sample Buffer (BioRad) and boiled for 10 min. Equal amounts were loaded in a 10% SDS
PAGE and run at 100V. Gel was transferred to Immobilon P membrane (Millipore). The mem-
brane was blotted with 5% dry milk in TBS-T (BB), and probed with 1:1000 dilution of Kit antibody
in BB overnight at 4°C (Cell Signaling, #3074). The membrane was stripped with Restore Stripping
Buffer (Thermo Scientific), blotted and probed with 1:5000 o-tubulin in BB for 1hr at room temper-
ature (Sigma, T9026). Blots were developed with SuperSignal West Dura Extended Duration Sub-
strate (Thermo Scientific) and digital images acquired with a ChemiDoc system (BioRad).

Toluidine blue staining and electron microscopy

Two ovaries per genotype were fixed, embedded in Embed 812 resin (Electron Microscopy Sci-
ences) and prepared for negative staining as described [9]. Images were acquired using a FEI
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Tecnai G2 Spirit electron microscope. Thin sections were also stained with Toluidine blue and
analyzed with light microscope.

Statistical analysis

P values and means +/- S.E.M. were calculated by two-tailed unpaired Student’s t test with
GraphPad Prism 6.

Supporting Information

S1 Fig. Generation of Kit?318V® allele. (A) Maps of Kit locus (exons 14-21) and targeting
construct. The modified exon 17 is shown in red and the D818V point mutation is indicated
with an asterisk. Unmodified exons are represented in blue, the 3 cDNA cassette encoding
exons 17-21 and polyA sequence in green. Genotyping primers are shown by small arrows (al
and b1). (B) Normal pigmentation in KitP®'8V®)/ 4+ mice at 4 weeks of age. (C) PCR genotyping
of wildtype, Kit"®'®V")/+ heterozygous, and Kit”*"*V™ homozygous mice from tail DNA. The
219 bp band corresponds to D818V(L), while the 171 bp product corresponds to the wild-type
allele. (D) Total RNA was isolated from PD7 wild-type and VC; KitP®8V®)/+ ovaries and ana-
lyzed by Sanger sequencing following RT-PCR. The expected two base-pair substitution result-
ing in an Asp=>Val substitution was observed.

(TIF)

$2 Fig. Analysis of Kit expression in VC; Kit"*'*V™"* gvaries. (A) Kit immunohistochemis-

try at PD14. White asterisks indicate normal primordial follicles; white arrows point to growing
follicles. Scale bar = 33 um; both large panels are at same magnification. (B) Kit and Foxo3 dou-
ble-labeling at PD14. Foxo3 is nuclear and cytoplasmic in control oocytes but exclusively cyto-
plasmic in experimental oocytes. Scale bar = 33 um; all panels are at the same magnification.
(C) Kit immunohistochemistry at PD14; slides are counterstained with hematoxylin. Scale

bar = 25 um; both panels at same magnification. (D) Western analysis of PD7 ovaries.

(TTF)

S3 Fig. Reawakened oocytes differentiate normally in VC; Kit”*®V®™* ovaries (PD14). Tissue
sections stained with periodic acid-Schiff (PAS) or analyzed by immunohistochemistry and counter-
stained with hematoxylin. PAS and Zp1 staining indicate development of zona pellucida. Granulosa
cells express the differentiation marker, inhibin, and oocytes express Gdf9, Sohlh1 and Nobox. Insets
show higher magnification. Scale bars = 25 um; top and bottom panels at same magnification.

(TIF)

S4 Fig. Loss of the primordial follicle pool due to oocyte reawakening. (A) Oocyte reawak-
ening phenotype at PD7 and PD28. Immunohistochemistry for markers as shown; slides coun-
terstained with hematoxylin. White arrows indicate follicles with atretic (Sall4-negative)
oocytes; black arrows indicate AMH-negative granulosa cells. Scale bar = 25 pum; all panels at
same magnification. (B) Serum FSH and LH levels of VC; Kit?®'®V®)/+ and control females at
five months of age. *p<0.05, **p<0.01; unpaired student t test; n = 3 animals per genotype. (C)
Toluidine-blue stained sections of plastic-embedded ovaries from experimental and sibling
controls at 6 weeks of age; scale bar = 10 pum, both panels at same magnification. The follicle
shown on the right does not contain a viable oocyte.

(TIF)

S5 Fig. Generation of Kit" allele (exon 17 floxed). (A) Maps of Kit locus (exons 14-21) and
targeting construct. Genotyping primers are indicated by small arrows (al and b1). (B) PCR
genotyping of wild-type, Kit""* and Kit""* mouse tails. The 174 bp product corresponds to the
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Kit" allele; the 126 bp product corresponds to the wild-type allele. (C) cDNA expression analy-
sis of mutant allele. cDNA was synthesized from PD3 wild-type and VC; Kit"" ovaries and a
region spanning from exon 14 to exon 18 was amplified. The 417 bp (lower) product corre-
sponds to the Cre-mediated exon 17 deletion, while the 545 bp (upper) product corresponds to
the wild-type Kit allele. (D) Sanger sequencing of 417 bp cDNA product from VC; Kit"" ovaries
confirms precise exon 17 deletion. (E) Mice hemizygous for Kit at 4 weeks of age (but not mice

harboring floxed allele, left) show hypopigmentation and midline pigmentation defects.
(TIF)

$6 Fig. Ultrastructural analysis and absence of zona pellucida in VC; Kit ™" follicles. (A)
Toluidine-blue stained sections highlight presence of viable but small oocytes that were often
eccentrically located within follicles in VC; Kit ™/~ ovaries. Note lipid droplets in granulosa cells
shown by red arrows. Dashed lines demarcate oocyte diameters (30 pm for control, 21 um for
mutant). Scale bars = 10 um. (B) Transmission electron microscopy of control (top) and VC;
Kit™" ovaries. Note presence of zona pellucida (black asterisk) surrounding a large oocyte in con-
trol (left panel). Right panels show high-magnification views of single granulosa cells (indicated
by black boxes). In the mutant, note the small, eccentrically-located oocyte and complete absence
of a zona pellucida. Higher magnification views of granulosa cells confirm lipid droplets in the
mutant (red asterisk). Scale bars = 10 pm for follicle images, 2 um for granulosa cells. (C) Zp1
immunohistochemistry at 6 weeks of age; slides counterstained with hematoxylin. Red arrows
point to small follicles; Zp1 is readily detected in control oocytes. Scale bars = 25 um, same for
both panels. (D) Ki67 immunohistochemistry at 4 weeks of age; slides counterstained with hema-
toxylin. Red arrows indicate granulosa cells. Scale bars = 25 um, same for both panels.

(TIF)

$7 Fig. VC; Kit"" oocytes die by 6 months of age. (A) Gross pictures of ovaries from control
and VC; Kit" females. Scale bar = 1 mm. (B) Histological analyses (H&E-stained sections)
reveal complete absence of follicles in VC; Kit" females. Scale bars = 25 um for all panels. (C)
Loss of oocytes by 6 months of age analyzed Vasa immunohistochemistry. Scale bars = 25 pm,
same for all panels.

(TTF)

S1 Text. Supplementary Materials and Methods.
(PDF)

Acknowledgments

We thank Aleksandar Rajkovic for the generous gift of several antibodies, and David Dankort,
James Amatruda, Kent Hamra, Gina Aloisio, Mohammad Ezzati, Yuji Nakada, and Rolf Brek-
ken for helpful discussions. We also acknowledge assistance from Dr. Bob Hammer and the
UTSW Transgenic Core. We thank the University of Virginia Center for Research in Repro-
duction, Ligand Assay and Analysis Core for services provided under grant U54-HD028934.
The authors would like to acknowledge the assistance of the UT Southwestern Live Cell Imag-
ing Facility, a Shared Resource of the Harold C. Simmons Cancer Center, supported in part by
an NCI Cancer Center Support Grant, 1P30 CA142543-01.

Author Contributions

Conceived and designed the experiments: HDS IC DHC. Performed the experiments: HDS IC.
Analyzed the data: HDS IC DHC. Contributed reagents/materials/analysis tools: HDS IC
DHC. Wrote the paper: HDS IC DHC.

PLOS Genetics | DOI:10.1371/journal.pgen.1006215  August 8, 2016 17/20


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006215.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006215.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006215.s008

@’PLOS | GENETICS

Kitin Oocyte Reawakening

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Zhang H., et al., Life-long in vivo cell-lineage tracing shows that no oogenesis originates from putative
germline stem cells in adult mice. Proc Natl Acad Sci U S A, 2014. 111(50): p. 17983-8. doi: 10.1073/
pnas.1421047111 PMID: 25453063

McGee E.A. and Hsueh A.J., Initial and cyclic recruitment of ovarian follicles. Endocr Rev, 2000. 21(2):
p.200-14. PMID: 10782364

Sullivan S.D. and Castrillon D.H., Insights into Primary Ovarian Insufficiency through Genetically Engi-
neered Mouse Models. Semin Reprod Med, 2011. 29(4): p. 283-98. doi: 10.1055/s-0031-1280914
PMID: 21972066

Lintern-Moore S. and Moore G.P., The initiation of follicle and oocyte growth in the mouse ovary. Biol
Reprod, 1979. 20(4): p. 773-8. PMID: 454765

Matzuk M.M., et al., Intercellular communication in the mammalian ovary: oocytes carry the conversa-
tion. Science, 2002. 296(5576): p. 2178-80. PMID: 12077402

Adhikari D. and Liu K., Molecular mechanisms underlying the activation of mammalian primordial folli-
cles. Endocr Rev, 2009. 30(5): p. 438—64. doi: 10.1210/er.2008-0048 PMID: 19589950

Tingen C., Kim A., and Woodruff T.K., The primordial pool of follicles and nest breakdown in mamma-
lian ovaries. Mol Hum Reprod, 2009. 15(12): p. 795-803. doi: 10.1093/molehr/gap073 PMID:
19710243

Skinner M.K., Regulation of primordial follicle assembly and development. Hum Reprod Update, 2005.
11(5): p. 461-71. PMID: 16006439

John G.B,, et al., Specificity of the requirement for Foxo3 in primordial follicle activation. Reproduction,
2007. 133(5): p. 855—63. PMID: 17616716

Castrillon D.H., et al., Suppression of ovarian follicle activation in mice by the transcription factor
Foxo3a. Science, 2003. 301(5630): p. 215-8. PMID: 12855809

Vanhaesebroeck B., et al., The emerging mechanisms of isoform-specific PI3K signalling. Nat Rev Mol
Cell Biol, 2010. 11(5): p. 329—41. doi: 10.1038/nrm2882 PMID: 20379207

Reddy P., et al., Oocyte-specific deletion of Pten causes premature activation of the primordial follicle
pool. Science, 2008. 319(5863): p. 611-3. doi: 10.1126/science.1152257 PMID: 18239123

John G.B,, etal., Foxo3 is a PI3K-dependent molecular switch controlling the initiation of oocyte growth.
Dev Biol, 2008. 321(1): p. 197—204. doi: 10.1016/j.ydbio.2008.06.017 PMID: 18601916

LiJ., et al., Activation of dormant ovarian follicles to generate mature eggs. Proc Natl Acad Sci U S A,
2010. 107(22): p. 10280—4. doi: 10.1073/pnas.1001198107 PMID: 20479243

Cheng Y., et al., Promotion of ovarian follicle growth following mTOR activation: synergistic effects of
AKT stimulators. PLoS One, 2015. 10(2): p. e0117769. doi: 10.1371/journal.pone.0117769 PMID:
25710488

Ren Y., et al., Lhx8 regulates primordial follicle activation and postnatal folliculogenesis. BMC Biol,
2015. 13: p. 39. doi: 10.1186/s12915-015-0151-3 PMID: 26076587

Pelosi E., et al., Constitutively active Foxo3 in oocytes preserves ovarian reserve in mice. Nat Com-
mun, 2013. 4: p. 1843. doi: 10.1038/ncomms2861 PMID: 23673628

Zheng W., et al., Functional roles of the phosphatidylinositol 3-kinases (PI3Ks) signaling in the mamma-
lian ovary. Mol Cell Endocrinol, 2012. 356(1-2): p. 24—30. doi: 10.1016/j.mce.2011.05.027 PMID:
21684319

Adhikari D., et al., Disruption of Tsc2 in oocytes leads to overactivation of the entire pool of primordial
follicles. Mol Hum Reprod, 2009. 15(12): p. 765—70. doi: 10.1093/molehr/gap092 PMID: 19843635

Goertz M.J., et al., Foxo1 is required in mouse spermatogonial stem cells for their maintenance and the
initiation of spermatogenesis. J Clin Invest, 2011. 121(9): p. 3456—66. doi: 10.1172/JCI57984 PMID:
21865646

Paik J.H., etal., FoxOs are lineage-restricted redundant tumor suppressors and regulate endothelial
cell homeostasis. Cell, 2007. 128(2): p. 309—-23. PMID: 17254969

Martins R., Lithgow G.J., and Link W., Long live FOXO: unraveling the role of FOXO proteins in aging
and longevity. Aging Cell, 2015.

Tothova Z., et al., FoxOs are critical mediators of hematopoietic stem cell resistance to physiologic oxi-
dative stress. Cell, 2007. 128(2): p. 325-39. PMID: 17254970

Tarnawa E.D., et al., Gonadal expression of Foxo1, but not Foxo3, is conserved in diverse Mammalian
species. Biol Reprod, 2013. 88(4): p. 103. doi: 10.1095/biolreprod.112.105791 PMID: 23486915

Brunet A, et al., Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription
factor. Cell, 1999. 96(6): p. 857—-68. PMID: 10102273

PLOS Genetics | DOI:10.1371/journal.pgen.1006215  August 8, 2016 18/20


http://dx.doi.org/10.1073/pnas.1421047111
http://dx.doi.org/10.1073/pnas.1421047111
http://www.ncbi.nlm.nih.gov/pubmed/25453063
http://www.ncbi.nlm.nih.gov/pubmed/10782364
http://dx.doi.org/10.1055/s-0031-1280914
http://www.ncbi.nlm.nih.gov/pubmed/21972066
http://www.ncbi.nlm.nih.gov/pubmed/454765
http://www.ncbi.nlm.nih.gov/pubmed/12077402
http://dx.doi.org/10.1210/er.2008-0048
http://www.ncbi.nlm.nih.gov/pubmed/19589950
http://dx.doi.org/10.1093/molehr/gap073
http://www.ncbi.nlm.nih.gov/pubmed/19710243
http://www.ncbi.nlm.nih.gov/pubmed/16006439
http://www.ncbi.nlm.nih.gov/pubmed/17616716
http://www.ncbi.nlm.nih.gov/pubmed/12855809
http://dx.doi.org/10.1038/nrm2882
http://www.ncbi.nlm.nih.gov/pubmed/20379207
http://dx.doi.org/10.1126/science.1152257
http://www.ncbi.nlm.nih.gov/pubmed/18239123
http://dx.doi.org/10.1016/j.ydbio.2008.06.017
http://www.ncbi.nlm.nih.gov/pubmed/18601916
http://dx.doi.org/10.1073/pnas.1001198107
http://www.ncbi.nlm.nih.gov/pubmed/20479243
http://dx.doi.org/10.1371/journal.pone.0117769
http://www.ncbi.nlm.nih.gov/pubmed/25710488
http://dx.doi.org/10.1186/s12915-015-0151-3
http://www.ncbi.nlm.nih.gov/pubmed/26076587
http://dx.doi.org/10.1038/ncomms2861
http://www.ncbi.nlm.nih.gov/pubmed/23673628
http://dx.doi.org/10.1016/j.mce.2011.05.027
http://www.ncbi.nlm.nih.gov/pubmed/21684319
http://dx.doi.org/10.1093/molehr/gap092
http://www.ncbi.nlm.nih.gov/pubmed/19843635
http://dx.doi.org/10.1172/JCI57984
http://www.ncbi.nlm.nih.gov/pubmed/21865646
http://www.ncbi.nlm.nih.gov/pubmed/17254969
http://www.ncbi.nlm.nih.gov/pubmed/17254970
http://dx.doi.org/10.1095/biolreprod.112.105791
http://www.ncbi.nlm.nih.gov/pubmed/23486915
http://www.ncbi.nlm.nih.gov/pubmed/10102273

@’PLOS | GENETICS

Kitin Oocyte Reawakening

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hirsch E., et al., Central role for G protein-coupled phosphoinositide 3-kinase gamma in inflammation.
Science, 2000. 287(5455): p. 1049-53. PMID: 10669418

Da Silva-Buttkus P., et al., Inferring biological mechanisms from spatial analysis: prediction of a local
inhibitor in the ovary. Proc Natl Acad Sci U S A, 2009. 106(2): p. 456—61. doi: 10.1073/pnas.
0810012106 PMID: 19122142

John G.B,, et al., Kit signaling via PI3K promotes ovarian follicle maturation but is dispensable for pri-
mordial follicle activation. Dev Biol, 2009. 331(2): p. 292-9. doi: 10.1016/j.ydbio.2009.05.546 PMID:
19447101

Ezzati M.M., et al., Regulation of FOXO3 subcellular localization by Kit ligand in the neonatal mouse
ovary. J Assist Reprod Genet, 2015.

Gallardo T.D., et al., Genomewide discovery and classification of candidate ovarian fertility genes in the
mouse. Genetics, 2007. 177(1): p. 179-94. PMID: 17660561

Lennartsson J. and Ronnstrand L., Stem cell factor receptor/c-Kit: from basic science to clinical implica-
tions. Physiol Rev, 2012. 92(4): p. 1619—49. doi: 10.1152/physrev.00046.2011 PMID: 23073628

Manova K., et al., Gonadal expression of c-kit encoded at the W locus of the mouse. Development,
1990. 110(4): p. 1057-69. PMID: 1712701

Chian R., et al., Phosphatidylinositol 3 kinase contributes to the transformation of hematopoietic cells
by the D816V c-Kit mutant. Blood, 2001. 98(5): p. 1365—73. PMID: 11520784

Kemmer K., et al., KIT mutations are common in testicular seminomas. Am J Pathol, 2004. 164(1): p.
305-13. PMID: 14695343

Wang L., et al., Novel somatic and germline mutations in intracranial germ cell tumours. Nature, 2014.
511(7508): p. 241-5. doi: 10.1038/nature 13296 PMID: 24896186

Besmer P., et al., The kit-ligand (steel factor) and its receptor c-kit/W: pleiotropic roles in gametogenesis
and melanogenesis. Dev Suppl, 1993: p. 125-37. PMID: 7519481

Gallardo T., et al., Generation of a germ cell-specific mouse transgenic Cre line, Vasa-Cre. Genesis,
2007. 45(6): p. 413-7. PMID: 17551945

Jahn T., et al., Analysing c-kit internalization using a functional c-kit-EGFP chimera containing the fluo-
rochrome within the extracellular domain. Oncogene, 2002. 21(29): p. 4508—20. PMID: 12085229

Gommerman J.L., Rottapel R., and Berger S.A., Phosphatidylinositol 3-kinase and Ca2+ influx depen-
dence for ligand-stimulated internalization of the c-Kit receptor. J Biol Chem, 1997. 272(48): p. 30519—
25. PMID: 9374546

Eppig J.J., Wigglesworth K., and Pendola F.L., The mammalian oocyte orchestrates the rate of ovarian
follicular development. Proc Natl Acad Sci U S A, 2002. 99(5): p. 2890—4. PMID: 11867735

Saga Y., Mouse germ cell development during embryogenesis. Curr Opin Genet Dev, 2008. 18(4): p.
337-41. doi: 10.1016/j.gde.2008.06.003 PMID: 18625315

Carlsson I.B., et al., Kit ligand and c-Kit are expressed during early human ovarian follicular develop-
ment and their interaction is required for the survival of follicles in long-term culture. Reproduction,
2006. 131(4): p. 641-9. PMID: 16595715

Nelson L.M., Clinical practice. Primary ovarian insufficiency. N Engl J Med, 2009. 360(6): p. 606—14.
doi: 10.1056/NEJMcp0808697 PMID: 19196677

Laven J.S., Genetics of Early and Normal Menopause. Semin Reprod Med, 2015.

McGuire M.M., et al., Genomic analysis using high-resolution single-nucleotide polymorphism arrays
reveals novel microdeletions associated with premature ovarian failure. Fertil Steril, 2011. 95(5): p.
1595-600. doi: 10.1016/j.fertnstert.2010.12.052 PMID: 21256485

AlAsiri S., et al., Exome sequencing reveals MCM8 mutation underlies ovarian failure and chromo-
somal instability. J Clin Invest, 2015. 125(1): p. 258-62. doi: 10.1172/JCI178473 PMID: 25437880

Bilgin E.M. and Kovanci E., Genetics of premature ovarian failure. Curr Opin Obstet Gynecol, 2015. 27
(8): p. 167—-74. doi: 10.1097/GC0O.0000000000000177 PMID: 25919233

Braem M.G., et al., Interactions between genetic variants in AMH and AMHR2 may modify age at natu-
ral menopause. PLoS One, 2013. 8(3): p. €59819. doi: 10.1371/journal.pone.0059819 PMID:
23544102

Mishina Y., et al., Genetic analysis of the Mullerian-inhibiting substance signal transduction pathway in
mammalian sexual differentiation. Genes Dev, 1996. 10(20): p. 2577-87. PMID: 8895659

Durlinger A.L., et al., Control of primordial follicle recruitment by anti-Mullerian hormone in the mouse
ovary. Endocrinology, 1999. 140(12): p. 5789-96. PMID: 10579345

Jones R.L. and Pepling M.E., KIT signaling regulates primordial follicle formation in the neonatal mouse
ovary. Dev Biol, 2013. 382(1): p. 186—-97. doi: 10.1016/j.ydbio.2013.06.030 PMID: 23831378

PLOS Genetics | DOI:10.1371/journal.pgen.1006215  August 8, 2016 19/20


http://www.ncbi.nlm.nih.gov/pubmed/10669418
http://dx.doi.org/10.1073/pnas.0810012106
http://dx.doi.org/10.1073/pnas.0810012106
http://www.ncbi.nlm.nih.gov/pubmed/19122142
http://dx.doi.org/10.1016/j.ydbio.2009.05.546
http://www.ncbi.nlm.nih.gov/pubmed/19447101
http://www.ncbi.nlm.nih.gov/pubmed/17660561
http://dx.doi.org/10.1152/physrev.00046.2011
http://www.ncbi.nlm.nih.gov/pubmed/23073628
http://www.ncbi.nlm.nih.gov/pubmed/1712701
http://www.ncbi.nlm.nih.gov/pubmed/11520784
http://www.ncbi.nlm.nih.gov/pubmed/14695343
http://dx.doi.org/10.1038/nature13296
http://www.ncbi.nlm.nih.gov/pubmed/24896186
http://www.ncbi.nlm.nih.gov/pubmed/7519481
http://www.ncbi.nlm.nih.gov/pubmed/17551945
http://www.ncbi.nlm.nih.gov/pubmed/12085229
http://www.ncbi.nlm.nih.gov/pubmed/9374546
http://www.ncbi.nlm.nih.gov/pubmed/11867735
http://dx.doi.org/10.1016/j.gde.2008.06.003
http://www.ncbi.nlm.nih.gov/pubmed/18625315
http://www.ncbi.nlm.nih.gov/pubmed/16595715
http://dx.doi.org/10.1056/NEJMcp0808697
http://www.ncbi.nlm.nih.gov/pubmed/19196677
http://dx.doi.org/10.1016/j.fertnstert.2010.12.052
http://www.ncbi.nlm.nih.gov/pubmed/21256485
http://dx.doi.org/10.1172/JCI78473
http://www.ncbi.nlm.nih.gov/pubmed/25437880
http://dx.doi.org/10.1097/GCO.0000000000000177
http://www.ncbi.nlm.nih.gov/pubmed/25919233
http://dx.doi.org/10.1371/journal.pone.0059819
http://www.ncbi.nlm.nih.gov/pubmed/23544102
http://www.ncbi.nlm.nih.gov/pubmed/8895659
http://www.ncbi.nlm.nih.gov/pubmed/10579345
http://dx.doi.org/10.1016/j.ydbio.2013.06.030
http://www.ncbi.nlm.nih.gov/pubmed/23831378

@’PLOS | GENETICS

Kitin Oocyte Reawakening

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Thomas F.H., et al., Kit ligand 2 promotes murine oocyte growth in vitro. Biol Reprod, 2008. 78(1): p.
167-75. PMID: 17914072

Thomas F.H. and Vanderhyden B.C., Oocyte-granulosa cell interactions during mouse follicular devel-
opment: regulation of kit ligand expression and its role in oocyte growth. Reprod Biol Endocrinol, 2006.
4:p.19. PMID: 16611364

Serve H., Hsu Y.C., and Besmer P., Tyrosine residue 719 of the c-kit receptor is essential for binding of
the P85 subunit of phosphatidylinositol (Pl) 3-kinase and for c-kit-associated Pl 3-kinase activity in
COS-1 cells. J Biol Chem, 1994. 269(8): p. 6026—30. PMID: 7509796

Blume-Jensen P., et al., Kit/stem cell factor receptor-induced activation of phosphatidylinositol 3'-
kinase is essential for male fertility. Nat Genet, 2000. 24(2): p. 157-62. PMID: 10655061

Kissel H., et al., Point mutation in kit receptor tyrosine kinase reveals essential roles for kit signaling in
spermatogenesis and oogenesis without affecting other kit responses. EMBO J, 2000. 19(6): p. 1312—
26. PMID: 10716931

Zhang H., et al., Somatic cells initiate primordial follicle activation and govern the development of dor-
mant oocytes in mice. Curr Biol, 2014. 24(21): p. 2501-8. doi: 10.1016/j.cub.2014.09.023 PMID:
25438940

Adhikari D., et al., Tsc/mTORCH1 signaling in oocytes governs the quiescence and activation of primor-
dial follicles. Hum Mol Genet, 2010. 19(3): p. 397—410. doi: 10.1093/hmg/ddp483 PMID: 19843540

Bedell M.A,, et al., DNA rearrangements located over 100 kb 5' of the Steel (Sl)-coding region in Steel-
panda and Steel-contrasted mice deregulate Sl expression and cause female sterility by disrupting
ovarian follicle development. Genes Dev, 1995. 9(4): p. 455-70. PMID: 7533739

Huang E.J., et al., The murine steel panda mutation affects kit ligand expression and growth of early
ovarian follicles. Dev Biol, 1993. 157(1): p. 100-9. PMID: 7683280

Zhu H., et al., The Lin28/let-7 axis regulates glucose metabolism. Cell, 2011. 147(1): p. 81-94. doi: 10.
1016/j.cell.2011.08.033 PMID: 21962509

Reddy P., et al., PDK1 signaling in oocytes controls reproductive aging and lifespan by manipulating
the survival of primordial follicles. Hum Mol Genet, 2009. 18(15): p. 2813—-24. doi: 10.1093/hmg/
ddp217 PMID: 19423553

Board J.A., et al., Identification of differing etiologies of clinically diagnosed premature menopause. Am
J Obstet Gynecol, 1979. 134(8): p. 936—44. PMID: 463997

Russell P, et al., Premature hypergonadotropic ovarian failure: clinicopathological study of 19 cases.
Int J Gynecol Pathol, 1982. 1(2): p. 185-201. PMID: 6820952

Zarate A., et al., Premature menopause. A clinical, histologic, and cytogenetic study. Am J Obstet
Gynecol, 1970. 106(1): p. 110—-4. PMID: 5410380

Starup J. and Sele V., Premature Ovarian Failure. Acta Obstet Gynec Scand, 1973. 52: p. 259-268.
PMID: 4743781

Hsueh A.J., et al., Intraovarian control of early folliculogenesis. Endocr Rev, 2015. 36(1): p. 1-24. doi:
10.1210/er.2014-1020 PMID: 25202833

PLOS Genetics | DOI:10.1371/journal.pgen.1006215  August 8, 2016 20/20


http://www.ncbi.nlm.nih.gov/pubmed/17914072
http://www.ncbi.nlm.nih.gov/pubmed/16611364
http://www.ncbi.nlm.nih.gov/pubmed/7509796
http://www.ncbi.nlm.nih.gov/pubmed/10655061
http://www.ncbi.nlm.nih.gov/pubmed/10716931
http://dx.doi.org/10.1016/j.cub.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25438940
http://dx.doi.org/10.1093/hmg/ddp483
http://www.ncbi.nlm.nih.gov/pubmed/19843540
http://www.ncbi.nlm.nih.gov/pubmed/7533739
http://www.ncbi.nlm.nih.gov/pubmed/7683280
http://dx.doi.org/10.1016/j.cell.2011.08.033
http://dx.doi.org/10.1016/j.cell.2011.08.033
http://www.ncbi.nlm.nih.gov/pubmed/21962509
http://dx.doi.org/10.1093/hmg/ddp217
http://dx.doi.org/10.1093/hmg/ddp217
http://www.ncbi.nlm.nih.gov/pubmed/19423553
http://www.ncbi.nlm.nih.gov/pubmed/463997
http://www.ncbi.nlm.nih.gov/pubmed/6820952
http://www.ncbi.nlm.nih.gov/pubmed/5410380
http://www.ncbi.nlm.nih.gov/pubmed/4743781
http://dx.doi.org/10.1210/er.2014-1020
http://www.ncbi.nlm.nih.gov/pubmed/25202833

