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Abstract

Folliculogenesis is a progressive and highly regulated process, which is essential to provide

ova for later reproductive life, requires the bidirectional communication between the oocyte

and granulosa cells. This physical connection-mediated communication conveys not only

the signals from the oocyte to granulosa cells that regulate their proliferation but also metab-

olites from the granulosa cells to the oocyte for biosynthesis. However, the underlying mech-

anism of establishing this communication is largely unknown. Here, we report that oocyte

geranylgeranyl diphosphate (GGPP), a metabolic intermediate involved in protein geranyl-

geranylation, is required to establish the oocyte-granulosa cell communication. GGPP and

geranylgeranyl diphosphate synthase (Ggpps) levels in oocytes increased during early

follicular development. The selective depletion of GGPP in mouse oocytes impaired the

proliferation of granulosa cells, primary-secondary follicle transition and female fertility.

Mechanistically, GGPP depletion inhibited Rho GTPase geranylgeranylation and its

GTPase activity, which was responsible for the accumulation of cell junction proteins in

the oocyte cytoplasm and the failure to maintain physical connection between oocyte and

granulosa cells. GGPP ablation also blocked Rab27a geranylgeranylation, which might

account for the impaired secretion of oocyte materials such as Gdf9. Moreover, GGPP

administration restored the defects in oocyte-granulosa cell contact, granulosa cell prolifera-

tion and primary-secondary follicle transition in Ggpps depletion mice. Our study provides

the evidence that GGPP-mediated protein geranylgeranylation contributes to the establish-

ment of oocyte-granulosa cell communication and then regulates the primary-secondary fol-

licle transition, a key phase of folliculogenesis essential for female reproductive function.
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Author Summary

Folliculogenesis is a progressive and highly regulated process that requires the tight coor-

dination of metabolism and bidirectional communication between the oocyte and granu-

losa cells. How this communication is established remains unclear. Here, we find that

GGPP-mediated protein geranylgeranylation, a post-translational modification, is essen-

tial for the oocyte-granulosa cell communication. GGPP depletion in oocytes inhibits Rho

GTPase geranylgeranylation-regulated cell adhesion and impairs Rab GTPase geranylger-

anylation-directed cell secretion, which are responsible for the failure to maintain oocyte-

granulosa cell communication. This communication defect is probably not able to support

the proliferation of granulosa cells from one layer to multiple layers and ultimately results

in the failure of the primary-secondary follicle transition and female subfertility. Our find-

ings provide the evidence of GGPP-mediated protein geranylgeranylation involving in

regulating primary-secondary follicle transition and establish a novel link between follicu-

logenesis and GGPP-regulated membrane dynamics.

Introduction

Folliculogenesis is orchestrated by a complex series of cellular and molecular interactions that

are evoked by the autocrine, paracrine and endocrine functions of ovarian growth factors, che-

mokines and steroids[1,2]. The smaller primordial and primary follicles are abundant in the

ovarian cortex, where the hypoxic environment keeps them at a low metabolic rate due to

insufficient vascularization and nutrition supplementation. Compared with primordial and

primary follicles, the secondary follicles are found in the region closer to the ovarian medulla,

where the higher O2 levels facilitate rapid growth and high metabolic rates[3,4]. The primary-

secondary follicle transition, which is independent of the hypothalamic-pituitary-ovarian axis,

is characterized by the proliferation of granulosa cells from single monolayer to multiple layers

and the rapid expansion in oocyte size[5]. Indeed, this process and the subsequent oocyte

development process are dependent on their bidirectional signal and material communication

between the oocyte and granulosa cells[6–9].

The bidirectional communication between the oocyte and granulosa cells conveys signals

from the oocyte to granulosa cells that regulate granulosa cell proliferation, including growth

differentiation factor-9 (Gdf9) and bone morphogenetic protein-15 (Bmp15)[10,11]. In addi-

tion, this communication involves the transport of metabolites for biosynthesis, such as amino

acids and pyruvate, from the granulosa cells to the oocyte[12]. During early follicular develop-

ment, oocytes begin to express abundant cell-cell communication proteins and receptors as

well as G-protein coupled receptors[13,14]. The junctional proteins expressed during follicular

development include connexin 37 (gap junction protein alpha 4, Gja4), connexin 43 (gap junc-

tion protein alpha 1, Gja1), N-cadherin (cadherin 2, Cdh2), E-cadherin(cadherin 1, Cdh1),

which are required to establish the bidirectional communication between oocytes and granu-

losa cells[15,16]. Connexin 37 localizes to the cell surface of the oocyte and provides the

structural basis for the gap junctions between the oocyte and granulosa cells[17]. The loss of

connexin 37 blocks oocyte growth and arrests folliculogenesis at the early antral stage[18].

Therefore, establishing communication between oocyte and granulosa cells is critical for early

folliculogenesis, but the underlying mechanism remains unclear.

We found that the levels of geranylgeranyl diphosphate (GGPP), the substrate of protein

geranylgeranylation, and geranylgeranyl diphosphate synthase (Ggpps) increase in oocytes
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during early follicular development. GGPP, a metabolic intermediate of the mevalonate path-

way, is synthesized from farnesyl diphosphate (FPP) by Ggpps[19]. Both FPP and GGPP are

used for the prenylation (farnesylation or geranylgeranylation) of proteins, a post-translational

modification that is required for the membrane localization and activation of small GTPases

such as Ras and Rho[20,21]. The activation of Rho-family GTPases is critical for the regulation

of cell junctions[22]. We recently reported that Ggpps depletion in Sertoli cells enhanced Ras

farnesylation and blocked spermatogenesis[23]. Thus, we speculated that GGPP and protein

geranylgeranylation in the oocyte might also be essential for events that occur during early fol-

liculogenesis, such as the primary-secondary follicle transition, due to its role in prenylating

proteins associated with the regulation of cell junctions.

In this study, we generated oocyte-specific Ggpps knockout mice by crossing Ggppsfl/fl mice

with Ddx4-Cre transgenic mice and identified a novel function of GGPP-mediated protein

geranylgeranylation in the oocyte during the primary-secondary follicle transition. Oocyte

GGPP is required for Rho GTPase-regulated physical connection between oocyte and granu-

losa cells and Rab GTPase-directed secretion of oocyte materials such as Gdf9 and thereby has

a profound impact on both the oocyte-granulosa cell communication and ovarian primary-

secondary follicle transition.

Results

Ggpps is primarily expressed in the oocyte and associated with early

follicular development

Immunohistochemistry assays demonstrated that Ggpps was primarily expressed in the cyto-

plasm of the oocyte at all of the follicular developmental stages, including the primordial folli-

cle, primary follicle, preantral follicle, and antral follicle stages (Fig 1A). Based on the process

of follicular development, we evaluated ovaries at postnatal day 2 (PD 2), PD 6, and PD 12

because these time points correspond to the development of the primordial, primary and sec-

ondary follicles, respectively[14]. Western blotting indicated that the Ggpps protein level was

elevated with follicular development and that more Ggpps was found in the PD 12 ovaries (Fig

1B). To measure the Ggpps protein level in oocytes, we isolated and separated oocytes into two

groups that were larger or smaller than 25 μm from the PD 12–14 ovaries. We found the pro-

tein level of Ggpps significantly increased in the oocytes that were larger than 25 μm (Fig 1C).

These results suggest that GGPP-mediated protein geranylgeranylation might participate in

the events that occur during early follicular development, such as primordial activation or the

primary-secondary follicle transition.

Oocyte-specific GGPP depletion impairs follicular development and

female fertility

To examine the function of GGPP-mediated protein geranylgeranylation in vivo, we gener-

ated oocyte-specific Ggpps knockout mice. Ggppsfl/fl mice were crossed with Ddx4-Cre

transgenic mice to generate offsprings in which Ggpps was deleted during the embryonic

stage. The knockout efficiency was confirmed by measuring the mRNA and protein levels

of Ggpps, which showed that Ggpps had been efficiently deleted in oocytes (S1 Fig). To

assess the fertility of these mice, we crossed female Ggppsfl/fl, Ddx4-Cre mice and control

mice with C57BL/6J males between 6 and 42 weeks of age. Among 7 female Ggppsfl/fl,

Ddx4-Cre mice, 4 mice revealed complete female infertility. The rest of Ggppsfl/fl, Ddx4-Cre

females showed a delayed first litter (day 78.7 ± 3.9 vs. 104.7 ± 8.7), reduced litter numbers

(8.3 ± 0.4 vs. 2.3 ± 0.7) and the reduced litter size (6.6 ± 0.4 vs. 3.8 ± 0.6), and they eventually
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became infertile after 28 weeks (Fig 2A). The dissection of 6-week-old mice indicated that

both the size and weight of the ovaries in Ggppsfl/fl, Ddx4-Cre mice were significantly de-

creased (Fig 2B and 2C). Histological analysis of the ovaries from 6-week-old mice revealed

that nearly all of the follicles had disappeared in Ggppsfl/fl, Ddx4-Cre mice (Fig 2D). These

results demonstrate that oocyte-specific GGPP depletion results in loss of ovarian follicles

and female subfertility.

GGPP depletion in oocytes inhibits ovarian primary-secondary follicle

transition

To determine when the follicular development was blocked, we examined the ovary weight and

size of Ggppsfl/fl, Ddx4-Cre and control mice at PD 5, 8, 10, 13, and 23. We found that there

were significant differences in ovarian weight and size as early as PD 10 between Ggppsfl/fl,

Fig 1. Ggpps is primarily expressed in the oocyte and associated with early follicular development. (A) Immunohistochemistry assays of

Ggpps expression in ovary sections from PD 4 (primordial and primary follicle) and PD 23 (preantral and antral follicle) mice. Negative control

involved exception of the primary antibody stage. Arrowheads indicated different stages of follicles. Scale bar, 100 μm. (B) Western blot analysis of

ovaries from PD 2 (indicating primordial follicles), PD 6 (indicating primary follicles) and PD 12 (indicating secondary follicles) mice. Actin and

GAPDH were used as internal loading controls. (C) Western blot analysis of Ggpps protein levels in the oocytes that were larger or smaller than

25 μm, respectively. Actin was used as internal loading controls. Data were presented as the mean ± SEM. * p<0.05, **p<0.01.

doi:10.1371/journal.pgen.1006535.g001
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Ddx4-Cre mice and control mice (Fig 3A and 3B). Because the expression of Ddx4-Cre starts at

embryonic day E15-18[24], we first analyzed the primordial follicle abundance after GGPP

depletion by using germ cell marker MVH immunostaining. The results showed that Ggppsfl/fl,

Ddx4-Cre ovaries contained similar numbers of primordial follicles to those of controls both

before primordial follicle activation (at PD 3) and after several rounds of activation (at PD 23)

(Fig 3C and 3D), which indicates that GGPP depletion did not affect the formation or activation

of primordial follicles.

However, H&E staining showed that few secondary (type 4) follicles with two layers of

granulosa cells were present in Ggppsfl/fl Ddx4-Cre ovaries, whereas the number of primary fol-

licles (with a single layer of granulosa cells) was similar in PD 8 (Fig 3E), PD 10 (Fig 3F) and

PD 13 (Fig 3G) ovaries. In contrast to the follicles that had developed into type 5 follicles (with

3–5 layers of granulosa cells) in control ovaries at PD 10 (Fig 3F) and PD 13 (Fig 3G), the folli-

cles in knockout ovaries rarely passed the primary-secondary transition, and the majority of

the activated follicles were primary follicles with a single layer of granulosa cells. To investigate

the fate of those “arrested” primary follicles, we first examined apoptosis via TUNEL staining

(S2 Fig). However, there were no significant differences between control and Ggppsfl/fl

Ddx4-Cre mice. Notably, the accumulation of LC3-positive puncta sharply increased in the

cytoplasm of oocyte at primary follicles in Ggppsfl/fl Ddx4-Cre mice (S3 Fig). These results indi-

cate that GGPP depletion in oocytes blocks the primary-secondary follicle transition and those

“arrested” oocytes in primary follicles undergo autophagy.

Fig 2. Oocyte-specific GGPP depletion impairs follicular development and female fertility. (A) A

comparison of the cumulative number of pups generated by female Ggppsfl/fl Ddx4-Cre and CTL mice. (B and

C) The morphology, size and weight of 6-week-old ovaries in Ggppsfl/fl Ddx4-Cre and CTL mice. Scale bar,

250 μm. (D) H&E staining of 6-week-old ovaries. Scale bar, 250 μm. Data were presented as the mean ± SEM.

**p<0.01.

doi:10.1371/journal.pgen.1006535.g002
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GGPP depletion in oocytes arrests granulosa cell proliferation by

impairing secretion of oocyte factors

The striking characteristics of the primary-secondary follicle transition are the proliferation of

granulosa cells from one layer to multiple layers and the rapid oocyte growth. The PI3K-Akt

signaling pathway in oocytes, which is generally known to regulate oocyte growth and early

follicular development[25,26], was unaffected in GGPP-deleted oocytes (S4 Fig). However,

we found that the defective follicles were only surrounded by one layer of granulosa cells in

Fig 3. GGPP depletion in oocytes inhibits ovarian primary-secondary follicle transition. (A) Ovary weight at the

indicated time points (n = 3–6). (B) The images of the ovaries at different time points were captured using a light microscope.

(C and D) MVH immunofluorescence and primordial follicle numbers (n = 4) in PD 3 and PD 23 ovaries from Ggppsfl/fl

Ddx4-Cre and CTL mice. DAPI (blue) indicates the cell nuclei. (E-G) H&E staining of ovaries at the indicated time points and

quantification of the different types of follicles observed in ovaries from PD 8, PD 10, and PD 13 mice, including primordial

(Pri), primary (Pr), type 4 (T4), and type 5 (T5) follicles. The number of follicles per ovary was quantified as described in

Materials and Methods (n = 4). Arrowheads indicate abnormal contact between the oocyte and granulosa cells. Data were

presented as the mean ± SEM. * p<0.05, **p<0.01. Scale bar, 200 μm.

doi:10.1371/journal.pgen.1006535.g003
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Ggppsfl/fl, Ddx4-Cre ovaries. To characterize the granulosa cells in the retarded primary folli-

cles, we first examined proliferation by detecting Ki67 and PCNA expression. Notably, there

were few Ki67-positive (Fig 4A and 4B) and PCNA-positive (Fig 4C and 4D) granulosa cells in

the primary follicles of Ggppsfl/fl, Ddx4-Cre mice compared with controls. Smad signaling

Fig 4. GGPP depletion in oocytes arrests granulosa cell proliferation by impairing secretion of oocyte factors. (A

and B) Ki67 immunofluorescence assays and the quantification of Ki67-positive granulosa cells in the ovaries of PD 13

Ggppsfl/fl, Ddx4-Cre and CTL mice. Scale bar, 25 μm. (C and D) PCNA immunohistochemistry and the quantification of

PCNA-positive granulosa cells in PD 13 ovaries. Scale bar, 25 μm. The number of Ki67-positive and PCNA-positive

granulosa cells per primary follicle was quantified as described in Materials and Methods (n = 4). (E) Western blot analysis

of activated Smad2 in isolated granulosa cells from PD 12–14 ovaries. (F) Quantitative PCR (qPCR) analysis of Gdf9 and

Bmp15 expression in PD 8 ovaries. (G) Western blot analysis of Gdf9 protein in PD 8 ovaries. Actin was used as internal

loading controls. The control growing oocytes were co-cultured with PD 12–14 Ggppsfl/fl, Ddx4-Cre granulosa cells. After

24 h in culture, p-Smad2 and Smad2 levels in the granulosa cell lysates were evaluated using western blot (H), Ki67

immunofluorescence was measured in isolated granulosa cells (I). Scale bar, 50 μm. (J) The prenylation of Rab27a in PD

12–14 ovaries. (K) Subcellular fractionation of Rab27a in PD 12–14 ovaries was conducted using the Triton X-114 partition

method. The aqueous upper phase (up) contained the water-soluble small GTPases, and the lower organic phase (down)

contained the lipid-soluble small GTPases. The data were presented as the mean ± SEM. **p<0.01.

doi:10.1371/journal.pgen.1006535.g004
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plays a well-characterized role in the regulation of proliferation of granulosa cells[11]. As

expected, the activation of Smad2 and Smad1/5 was significantly inhibited in GGPP-depleted

mouse ovaries (Fig 4E and S5 Fig). The activation of the Smad pathway in granulosa cells

requires the stimulation by members of the transforming growth factor-β (TGF-β) superfam-

ily, including Gdf9 and Bmp15, that are secreted from oocytes[11]. The expression of Gdf9 and

Bmp15 mRNA were unaffected in the ovaries of Ggppsfl/fl, Ddx4-Cre mice at PD 8 (Fig 4F).

Interestingly, the protein level of the mature isoform of Gdf9 (17.5 kDa) decreased dramati-

cally in the ovaries of Ggppsfl/fl, Ddx4-Cre mice compared to the control group, whereas the

level of propeptide of Gdf9 (57 kDa) was unaffected (Fig 4G). In general, Gdf9 is synthesized

as pro-proteins, which are cleaved into a biologically active mature form at secretion[27]. We

then co-cultured granulosa cells from Ggppsfl/fl, Ddx4-Cre ovaries with denuded granulosa-

free control oocytes. After 24 h, the decrease in phosphorylated Smad2 and Ki67-positive gran-

ulosa cells of GGPP-deficient ovaries were rescued by the normal oocytes (Fig 4H and 4I).

These data suggest that GGPP depletion in oocytes inhibits the proliferation of the surround-

ing granulosa cells probably by disrupting the secretion of factors such as Gdf9, from the

oocyte, thereby inducing the arrest of the primary-secondary follicle transition.

Rab GTPase-directed endocytic trafficking pathway is well known to regulate cell secretion

[28]. These Rab proteins undergo geranylgeranylation via the attachment of GGPP to the C-

terminus, which is required for their membrane anchoring and activation[29,30]. We have

previously reported that GGPP depletion in β-cells impaired insulin secretion by inhibiting

the geranylgeranylation of Rab27a[31]. It was also reported that Rab27a was highly expressed

in the oocyte and Rab27a knockout mice exhibited a reduced average litter size compared with

the control[32]. Here, we measured the geranylgeranylation of Rab27a in Ggppsfl/fl, Ddx4-Cre

mice. As expected, the geranylgeranylation and the hydrophobic properties of Rab27a were

significantly decreased in the ovaries of Ggppsfl/fl, Ddx4-Cre mice (Fig 4J and 4K). Taken

together, these results indicate that GGPP depletion in oocytes inhibits geranylgeranylation of

specific Rabs, such as Rab27a, which is probably responsible for oocyte material secretion, thus

blocking the Smad signaling and proliferation of granulosa cells.

GGPP depletion in oocytes inhibits the physical connection between

oocyte and granulosa cells

It is well known that ovarian follicular development requires bidirectional communication

between the oocyte and its surrounding granulosa cells[5]. Here, we found that the contact

between oocyte and the granulosa cells was defective in the primary follicles of Ggppsfl/fl,

Ddx4-Cre mice (Fig 3G, arrowheads). Transmission electron microscopy observation also

revealed that the primary follicles showed the defective contact between oocyte and granulosa

cells, as the zona pellucida (ZP, red arrowheads) and gap junction (black arrowheads) were

eliminated in the primary follicles of Ggppsfl/fl, Ddx4-Cre mice (Fig 5A). Higher magnification

of the images showed the ultrastructural abnormalities, such as mitophagy in the oocyte cyto-

plasm of primary follicle of Ggppsfl/fl, Ddx4-Cre mice (Fig 5A). In accordance with the accu-

mulation of LC3-positive puncta in the oocyte of primary follicles in Ggppsfl/fl, Ddx4-Cre mice

(S3 Fig), these results further confirmed the fate of those “arrested” primary follicles.

The protein levels of Gap junction proteins (connexin 37 and connexin 43), which are essen-

tial for oocyte-granulosa cell communication, were largely decreased in knockout ovaries as

early as PD 8 (Fig 5B). Furthermore, the protein levels of E- and N- cadherin, which are essential

for cell-cell adhesion, were increased in the ovaries of Ggppsfl/fl, Ddx4-Cre mice at PD 8 (Fig 5B).

Further examination revealed that N-cadherin could properly localize to the oocyte membrane

in primordial follicles in GGPP-depleted mice (Fig 5C and 5D). By contrast, N-cadherin and

Geranylgeranylation Regulates Oocyte-Granulosa Cell Communication

PLOS Genetics | DOI:10.1371/journal.pgen.1006535 January 10, 2017 8 / 19



β-catenin (a component of adherens junctions binding to cadherins) accumulated in the oocyte

cytoplasm but did not localize at the oocyte membrane in retarded primary follicles in Ggppsfl/fl,

Ddx4-Cre mice (Fig 5D and 5E). Consistent with these data, E-cadherin, which was expressed

exclusively in the oocyte membrane during follicular development, was observed in the oocyte

membrane of primordial follicles but accumulated in the oocyte cytoplasm of primary follicles

in knockout mice(S6 Fig). These results suggest that GGPP depletion in oocytes inhibits oocyte-

granulosa cell contact in primary follicles by disturbing the E- and N- cadherin cell membrane

distribution, thereby probably blocking the primary-secondary follicle transition.

Fig 5. GGPP depletion in oocytes inhibits the physical connection between oocyte and granulosa cells. (A)

Transmission electron microscopy analysis of PD 13 ovaries. Zona pellucida between a granulosa cell (gc) and oocyte (o)

is indicated by red arrowheads in the primary follicles. Black arrowheads indicated the gap junctions. White arrowhead

indicated the autophagosomes. Mi, Mitochondria. (B) Western blot analysis of N-cadherin, E-cadherin, connexin 37, and

connexin 43 using lysates from PD 8 ovaries. Actin and GAPDH were used as the internal loading controls. (C-E) β-

catenin, and N-cadherin immunofluorescence and the quantification of adhesion between oocyte and granulosa cells in

the primordial and primary follicles of PD 13 ovaries. The cell adhesion was assessed as described in Materials and

Methods (n = 4). Data were presented as the mean ± SEM. *p<0.05, **p<0.01. Scale bar, 25 μm.

doi:10.1371/journal.pgen.1006535.g005
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GGPP depletion disrupts cadherin-mediated cell contact by inhibiting

Rho GTPase geranylgeranylation and GTPase activity

Rho-family GTPases play a well-characterized role in the regulation of cadherin-mediated

cell-cell adhesion[22,33–35]. The enzymatic activity of Rho GTPases relies on their ability

to localize properly at the membrane, which is dependent on protein geranylgeranylation,

through which GGPP is transferred to its C-terminus[36]. Here, we found that the activity of

Rho GTPase families, including RhoA, Rac1 and Cdc42, was sharply declined in Ggppsfl/fl,

Ddx4-Cre ovaries (Fig 6A) because their geranylgeranylation was significantly inhibited (Fig

6B), which decreased their hydrophobic properties (Fig 6C) and blocked their membrane asso-

ciation (Fig 6D). As expected, culturing ovaries from Ggppsfl/fl, Ddx4-cre mice in medium sup-

plemented with GGPP rescued Rac1 geranylgeranylation (Fig 6E). This rescue of GGPP was

further confirmed following the intraperitoneal administration of GGPP (2 mg/kg/day) in PD

8 knockout mice. After 5 days of daily injections, cell adhesion between oocytes and granulosa

cells was restored (Fig 6F). The defects in granulosa cell proliferation(Fig 6G), the number of

secondary follicles (arrowheads) (Fig 6H and 6I) and ovary weight (Fig 6J) were also rescued

by administering GGPP to Ggpps-deleted mice. Collectively, our findings indicate that GGPP-

mediated protein geranylgeranylation in oocyte is required for the activation of Rho GTPases

and that activated Rho GTPases regulate cadherin-mediated cell adhesion between the oocyte

and granulosa cells to maintain the integrity of primary follicles required for the primary-sec-

ondary follicle transition.

Taken together, we report here that oocyte GGPP, which is a metabolic intermediate

involved in protein geranylgeranylation, is required for Rho GTPase-regulated cell adhesion

and Rab GTPase-directed secretion and thereby has a profound impact on both the oocyte-

granulosa cell communication and ovarian primary-secondary follicle transition. (Fig 7).

Discussion

After primordial follicles are activated, dormant oocytes are awakened into a phase of rapid

growth, and their metabolic demands are dramatically increased[37]. During the primary-sec-

ondary follicle transition, the granulosa cells actively proliferate to form multiple layers and

thereby support rapid oocyte growth[1]. Thus, the follicle must adjust to the dramatic alter-

ations of metabolic demand that follow primordial follicle activation. In addition, gene expres-

sion profiling during early folliculogenesis showed that oocytes begun to express abundant

cell-cell communication proteins (including connexin 37 and N- and E-cadherin) and recep-

tors as well as G-protein coupled receptors[13,14]. Consistent with this, we also found that

Ggpps protein and the GGPP level were associated with early folliculogenesis. The depletion of

GGPP from oocytes inhibited Rho-mediated oocyte-granulosa cell contact and impaired Rab-

directed cell secretion, which might be responsible for the arrest of granulosa cells proliferation

and the failure of the primary-secondary follicle transition.

The bidirectional communication between oocytes and the surrounding granulosa cells

relies on the localization of junction proteins to the cell membrane[15,38]. E- and N-cadherin

localize to the oocyte membrane and establish oocyte-granulosa cell contacts[16,39]. Under

calcium-free conditions that block cadherin-mediated cell adhesion, the contacts between

oocytes and granulosa cells are maintained in primordial follicles but are lost in primary folli-

cles[16]. Consistent with this, we also found that oocyte-granulosa cell contact was maintained

in the primordial follicles of Ggppsfl/fl, Ddx4-Cre mice but was lost in primary follicles due to

the accumulation of N- and E-cadherin in the oocyte cytoplasm. In connexin 37-deficient

mice, folliculogenesis arrested at the early antral stage. Mouse ovarian follicles lacking con-

nexin 43 did not develop beyond the primary follicle stage, and oocyte growth was disrupted
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[18,40,41]. This phenotype is similar to that of GGPP-deficient mice, and the expression of

both connexin 37 and connexin 43 decreased in GGPP-deficient mice.

The enzymatic activity of Rho GTPases relies on geranylgeranylation via the attachment of

GGPP to the C-terminus, which is required for their membrane anchoring and activation. We

found that GGPP depletion inhibited the geranylgeranylation and activation of Rho GTPase

Fig 6. GGPP depletion disrupts cadherin-mediated cell contact by inhibiting Rho GTPase geranylgeranylation

and GTPase activity. (A) The enzymatic activity of Rac1, RhoA, and Cdc42 in PD 12–14 ovaries. (B) The prenylation of

Rac1 and RhoA in PD 12–14 ovaries. (C) Subcellular fractionation of Rac1 and RhoA in PD 12–14 ovaries was conducted

using the Triton X-114 partition method. The aqueous upper phase contained the water-soluble small GTPases, and the

lower organic phase contained the lipid-soluble small GTPases. (D) Rac1 and RhoA membrane association, as determined

using ultracentrifugation, in PD 12–14 ovaries. (E) Rac1 prenylation in organ-cultured PD 12–14 ovaries by GGPP treatment

(20 μM, 24 h). (F) β-catenin immunofluorescence in the primary follicles of PD 13 ovaries 5 days after daily intraperitoneal

injections of GGPP (2 mg/kg). (G) Ki67 immunofluorescence, H&E staining (H), quantification of the T4 follicles (I) and ovary

weight (J) in PD 13 ovaries after 5 days of daily intraperitoneal injections of GGPP (2 mg/kg). Data were presented as the

mean ±SEM. *p<0.05, **p<0.01.

doi:10.1371/journal.pgen.1006535.g006
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families, which is responsible for the accumulation of N- and E-cadherin in the oocyte cyto-

plasm and the failure to maintain oocyte-granulosa cell contact. Here, we establish a novel

link between metabolic intermediate GGPP and junction integrity through Rho GTPases. In

addition, as a metabolic intermediate of the mevalonate pathway, other groups and we have

reported that GGPP-mediated protein geranylgeranylation is essential for maintaining cellular

homeostasis [42–45]. Therefore, identifying protein geranylgeranylation-regulated small

GTPases or signaling pathways will shed a new light on the molecular mechanisms underlying

oocyte development.

Fig 7. Schematic of GGPP-mediated protein geranylgeranylation involving in the regulation of

primary-secondary follicle transition via remodeling oocyte-granulosa cell communication. Cholesterol

was biosynthesized from farnesyl diphosphate (FPP), a metabolic intermediate of the mevalonate pathway.

FPP could be catalyzed into another metabolite, geranylgeranyl diphosphate (GGPP), by geranylgeranyl

diphosphate synthase (GGPPS). GGPP then was used for the geranylgeranylation and activation of Rho

GTPase and Rab GTPase. The activated Rho GTPase was responsible for the localization of cell junction

proteins in the oocyte membrane to maintain physical connection between oocyte and granulosa cells. The

activated Rab GTPase might account for the secretion of oocyte materials such as Gdf9. The two processes

were probably important for the proliferation of granulosa cells from one layer to multiple layers and ultimately

promote the primary-secondary follicle transition. The pathway in the box might mainly occur in granulosa cells.

Dashed arrows depicted possible mechanism of GGPP-regulated small GTPase on oocyte-granulosa cell

communication.

doi:10.1371/journal.pgen.1006535.g007
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Intracellular vesicle formation and transport play an important role in secretion and pro-

tein turnover at the cell membrane [28,46]. It has been reported that the abnormal aggregation

of membrane structures including secretory vesicles in the oocyte resulted in the failure of pri-

mary-secondary follicle transition[47]. Rab GTPases mediate the trafficking of specific cargo

molecules to the cell membrane. The activity of those Rab proteins depends on GGPP-medi-

ated geranylgeranylation and membrane anchoring[29]. It was reported that Rab27a was

highly expressed in the oocyte and Rab27a knockout mice exhibited a reduced average litter

size compared with the control[32]. In this study, we found the geranylgeranylation and the

hydrophobic properties of Rab27a were significantly reduced in Ggppsfl/fl, Ddx4-Cre mice. In

addition, we recently reported loss of GGPP in β-cells disrupted insulin secretion due to its

role in Rab27a geranylgeranylation[31]. Thus, we suggested that GGPP-mediated geranylgera-

nylation might be essential for the material secretion and protein membrane localization of by

Rab-mediated endocytic trafficking pathways.

Statins are used to lower cellular cholesterol levels in patients with hypercholesterolemia by

inhibiting the rate-limiting enzyme HMG-CoA reductase of the mevalonate pathway[48,49].

Statins are also used to treat polycystic ovarian syndrome (PCOS), which is a common endo-

crine-metabolic disorder associated with dyslipidemia[50]. In addition to their cholesterol-

lowering benefits, statins also reduce the synthesis of metabolic intermediates of the mevalo-

nate pathway, including FPP and GGPP. As a result, prolonged statin treatment is associated

with significant side effects, including myopathy and liver injury[51–53]. In this study, we

found that oocyte GGPP depletion induced ovarian dysfunction and female subfertility by

inhibiting protein geranylgeranylation. It was also reported that statins could inhibit blastocyst

formation by preventing geranylgeranylation[54]. Therefore, the reduction of metabolic inter-

mediates of the mevalonate pathway by statin therapy should be considered with caution.

In summary, we report that GGPP-mediated protein geranylgeranylation is essential for the

membrane dynamics and the remodeling of cell communication between oocytes and granu-

losa cells. These findings provide the evidence of protein geranylgeranylation involving in reg-

ulating primary-secondary follicle transition and establish a novel connection between

intermediate metabolites, ovarian follicular development and female fertility.

Materials and Methods

Ethics statement

The experimental animal facility has been accredited by the AAALAC (Association for Assess-

ment and Accreditation of Laboratory Animal Care International), and the IACUC (Institu-

tional Animal Care and Use Committee) of the Model Animal Research Institute of Nanjing

University, who approved all animal protocols (GL12) used in this study.

Animal studies

We generated oocyte-specific and developmental stage-specific Ggpps knockout mice by cross-

ing Ggppsfl/fl mice with Ddx4-Cre transgenic mice. The Ggppsloxp/loxp littermates that did not

express Cre and the Ggppsloxp/wt littermates that expressed Cre were used as control mice. The

knockout lines (strain 129) were backcrossed to the C57BL/6 background (the Ggpps-LoxP

mouse background) for a minimum of 6 generations. The offspring were genotyped using

PCR assays of DNA extracted from tails clippings. The reproductive capacity of the study

mice was investigated by mating one C57BL/6 male with one female of the appropriate experi-

mental strain. GGPP (Sigma) was intraperitoneally administered daily at a dose of 2 mg/kg

to Ggppsfl/fl, Ddx4-Cre mice from PD 8 to PD 13. The dose of GGPP was determined as

described in our previous study[23].
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Materials

GGPP was purchased from Sigma-Aldrich. The anti-E-cadherin (#3195p), anti-connexin43

(#3512p), anti-p-Smad2 (#3108p), anti-Smad2 (#5339p), anti-p-Smad1/5 (#9516p), anti-

Smad1 (#9743), anti-p-Erk (#9106), anti-Erk (#4695), anti-p-Akt (#4060s), anti-Akt (#9272),

anti-Foxo3a (#12829p), anti-p-S6 (#9206s), and anti-S6 (#2708) antibodies were purchased

from Cell Signaling Technology. The anti-MVH (ab13840), anti-Ki67 (ab15580), anti-p-

Foxo3a (ab47285), anti-Cdc42 (ab187643), anti-LC3B (ab48394), anti-Rab27a (ab55667), anti-

connexin 37 (ab181701) and anti-Gdf9 (ab93892) were purchased from Abcam. The anti-

Ggpps (sc-271679), anti-N-cadherin (sc-7939), anti-GAPDH (sc-47724), anti-Rac1 (sc-95),

anti-RhoA (sc-418), and anti-PCNA (sc-25280) antibodies were purchased from Santa Cruz

Biotechnology. Anti-β-catenin (610153) was purchased from BD Biosciences.

Quantification and assessment of ovarian follicles and cell adhesion and

quantification of Ki67-positive and PCNA-positive granulosa cells

The various types of ovarian follicles were quantified as previously described[25]. Briefly, the

ovaries were fixed in Bouin’s fixative, dehydrated, and embedded in paraffin. The paraffin-

embedded ovaries were serially sectioned into 8 μm slices and stained with hematoxylin and

eosin (H&E). Ovarian follicles at different stages of development, including primordial follicles

(with a single layer of flattened granulosa cells), primary follicles (with a single layer of cuboidal

granulosa cells), type 4 follicles (with two layers of cuboidal granulosa cells) and type 5 follicles

(with 3–5 layers of granulosa cells) were counted in every fifth section of an ovary in accordance

with the well-accepted standards established by Pedersen and Peters[55]. Given that this proce-

dure samples one-fifth of the entire ovary volume, the total number of follicles per ovary was

estimated by multiplying the cumulative counts for each ovary by a correction factor of five[56].

The Ki67-positive and PCNA-positive granulosa cells were counted in twenty primary follicles

of the same oocyte diameter per ovary. The normal cell adhesion between oocyte and granulosa

cells was assessed by the membrane localization of cell adhesion marker (N- / E-cadherin and

β-catenin). Twenty primary follicles with the same diameter of oocyte were counted. Only those

follicles containing an oocyte with a clearly visible nucleus were scored. All of the counts were

conducted by a single trained ovarian histologist in a blinded manner.

Immunohistochemistry, immunofluorescence, transmission electron

microscopy (TEM), and the TUNEL assay

For the immunohistochemistry and immunofluorescence analysis, the ovaries were fixed in

4% paraformaldehyde, embedded in paraffin, and sectioned into 5 μm slices. After antigen

retrieval, the slides were blocked with goat serum and incubated with primary antibody

[mouse anti-Ggpps (1:50), mouse anti-PCNA (1:200), rabbit anti-MVH/DDX4 (1:200), rabbit

anti-N-cadherin (1:200), rabbit anti-E-cadherin (1:200), mouse anti-β-catenin (1:200), rabbit

anti-LC3B or rabbit anti-Ki67 (1:200)] overnight at 4˚C. An Elite ABC kit and DAB substrate

was used for the immunohistochemistry analysis. Alexa Fluor 594 (Invitrogen) was used as the

secondary antibody in immunofluorescence assays. The ovaries were prepared for TEM, and

the TEM images were acquired as previously described[57]. Apoptosis was assessed using a flo-

rescent TUNEL kit (G3250; Promega).

Oocyte and granulosa cell isolation

The oocytes were isolated from PD12-14 ovaries as previously described[25]. Briefly, the ova-

ries were homogenized and incubated in 0.05% collagenase dissolved in Dulbecco’s modified
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Eagle’s medium-F12 (DMEM/F12) (Invitrogen) at 37˚C while being frequently agitated. After

the tissue digestion, the mixture of cells (oocytes and granulosa cells) were cultured in a 10 cm

tissue culture dish with DMEM/F12 medium for 12 h to allow the granulosa cells and other

ovarian cells to attach to the plastic. The unattached oocytes were recovered by centrifugation

at 1,000 rpm for 5 min. The oocytes were separated into two groups that were larger or smaller

than 25μm, respectively, with a cell-dispersing screen with 25μm opening (millipore). The

oocyte-granulosa cell co-culture experiment was performed as previously reported[58]. Briefly,

oocytes and granulosa cells were surgically removed from oocyte-granulosa cells complexes

of PD 12–14 ovaries after collagenase digestion. Granulosa cells were then co-cultured with

growing oocytes (4 oocytes/μl) under mineral oil in 35-mm dishes in 50–100 μl culture

medium for 24h.

Prenylation and membrane association measurements

Protein prenylation was measured as described in our previous studies[23,59]. To evaluate

Rac1 and RhoA membrane association, a subcellular fractionation of the ovaries was con-

ducted using the Triton X-114 partition method and ultracentrifugation. The ovaries were

lysed in lysis buffer containing protease inhibitors and subsequently centrifuged at 12,000 g

for 15 min. An equal volume of 4% Triton X-114 was added to the supernatant, and the

reaction was incubated at 37˚C for 5 min to solubilize and fractionate the lipid-rich cell

membranes. The aqueous upper phase contains enriched intracellular proteins, and the

organic lower phase contains highly enriched membrane-associated proteins. For ultracen-

trifugation, the ovaries were lysed and homogenized with ice-cold Dounce tissue homoge-

nizer, and the lysates were centrifuged at 100,000 x g for 30 min (4˚C). The supernatant

represents the cytosolic fraction, and the pellet represents the membrane fraction. All of the

aforementioned samples were analyzed using western blot assays with anti-Rac1 and anti-

RhoA.

mRNA and protein expression assays

Total RNA was extracted from ovaries or cells using TRIzol reagent according to the manufac-

turer’s protocol. Real-time PCR was conducted using SYBR Green and an Applied Biosystems

7300 Sequence Detection System. The relative expression level values were normalized to actin

to calculate fold-changes in expression. To analyze protein expression, the cells or ovaries were

washed in ice-cold PBS and harvested using RIPA buffer supplemented with protease inhibi-

tors. The resulting supernatant fraction was separated using SDS-PAGE, and the membranes

were blotted with the appropriate antibodies. For the immunoprecipitation assays, antibodies

against Rac1, RhoA and Rab27a were used to form immune complexes with the indicated pro-

tein in the cell lysates. The immune complexes were precipitated using protein A/G agarose

beads. After several washes, the samples were boiled and analyzed using western blot with

anti-prenyl antibody. The activity of Rac1, RhoA and Cdc42 was assessed using the appropri-

ate activation Assay Kit purchased from NewEast Biosciences.

In vitro ovary organ cultures

Ovaries were collected at PD8 and placed on 0.4 μm floating filters (Millicell-CM) in 1.1 ml of

DMEM/F12 Media (Invitrogen) with 0.1% Albumax (Invitrogen), 0.1% BSA (Invitrogen), 5X

ITS-X (Life Technologies), and 0.05 mg/ml L-ascorbic acid (Sigma) as previously described

[60]. The medium was changed every 24 h.
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Statistics

All of the data are presented as the mean ± SEM. All of the data were analyzed using a 2-tailed

Student’s t-test between 2 groups. A P value less than 0.05 was considered statistically signifi-

cant. All of the statistical analyses were performed using the GraphPad Prism 5 software.

Supporting Information

S1 Fig. Ggpps was specifically deleted in oocytes. (A) Quantitative PCR (qPCR) analysis of

Ggpps in PD12-14 Ggppsfl/fl Ddx4-Cre and CTL oocytes. (B) Western blot analysis of Ggpps in

PD12-14 oocytes. (C) Ggpps IHC in PD13 ovaries. Scale bar, 100 μm. Data were presented as

the mean ± SEM. ��p<0.01.

(TIF)

S2 Fig. Apoptosis in the ovaries was assayed using TUNEL. The green dots represent apo-

ptotic cells and DAPI (blue) indicates cell nuclei. Scale bar, 200 μm.

(TIF)

S3 Fig. LC3B immunofluorescence and the quantification of oocyte autophagy in primary

follicles of PD 13 ovaries. The Red dots represent LC3B and DAPI (blue) indicates cell nuclei.

Scale bar, 25 μm. Data were presented as the mean ± SEM. ��p<0.01.

(TIF)

S4 Fig. The oocyte PI3K-Akt signaling in isolated oocytes from PD12-14 ovaries.

(TIF)

S5 Fig. The smad1/5 activation in isolated granulosa cells from PD12-14 ovaries. Data were

presented as the mean ± SEM. ��p<0.01.

(TIF)

S6 Fig. E-cadherin and β-catenin immunofluorescence of PD 13 ovaries. The red repre-

sented β-catenin and the green indicates E-cadherin. Scale bar, 25 μm.

(TIF)

S1 Table. Primer sequences.

(PDF)
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