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Ggps1 deficiency in the uterus results in dystocia
by disrupting uterine contraction
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Dystocia is a serious problem for pregnant women, and it increases the cesarean section rate. Although uterine dysfunction has
an unknown etiology, it is responsible for cesarean delivery and clinical dystocia, resulting in neonatal morbidity and mortality;
thus, there is an urgent need for novel therapeutic agents. Previous studies indicated that statins, which inhibit the mevalonate
(MVA) pathway of cholesterol synthesis, can reduce the incidence of preterm birth, but the safety of statins for pregnant women
has not been thoroughly evaluated. Therefore, to unambiguously examine the function of the MVA pathway in pregnancy and de-
livery, we employed a genetic approach by using myometrial cell-specific deletion of geranylgeranyl pyrophosphate synthase
(Ggps1) mice. We found that Ggps1 deficiency in myometrial cells caused impaired uterine contractions, resulting in disrupted
embryonic placing and dystocia. Studies of the underlying mechanism suggested that Ggps1 is required for uterine contractions
to ensure successful parturition by regulating RhoA prenylation to activate the RhoA/Rock2/p-MLC pathway. Our work indicates
that perturbing the MVA pathway might result in problems during delivery for pregnant females, but modifying protein
prenylation with supplementary farnesyl pyrophosphate or geranylgeranyl pyrophosphate might be a strategy to avoid side

effects.
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Introduction

Myometrial or uterine smooth muscle (USM) contraction and
relaxation are fundamental behaviors of the uterus essential
for normal reproduction in humans. In the nonpregnant state,
USM generates peristalsis to facilitate the expulsion of menses
(Kunz and Leyendecker, 2002; Bulletti etal., 2004). This peri-
stalsis is also required for embryo implantation and pregnancy
establishment. During pregnancy, USM contractile activity sub-
sides to maintain pregnancy (Garfield and Maner, 2007;
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Aguilar and Mitchell, 2010). As pregnancy approaches full
term, USM generates synchronized and coordinated contrac-
tions, leading to fetal delivery (Smith etal., 2015). Dysfunction
in uterine contractility is a major cause of various obstetrical
and gynecological disorders, such as dysmenorrhea, adeno-
myosis, miscarriage, preterm labor (PTL), and postpartum
bleeding.

The mevalonate (MVA) pathway plays key roles in diverse
physiological and pathological processes. Statins are inhibitors
of 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) in the
MVA pathway (Moghadasian, 1999). Statins have been exten-
sively used in the clinic as an effective treatment for hypercho-
lesterolemia, but the strategies for applying these drugs
appropriately in the clinic require more comprehensive re-
search. Considering the incidence of hyperlipidemia and in-
creased cholesterol levels during pregnancy, statins are a
potential but controversial therapeutic option for pregnant
women (Nasioudis etal., 2019). Additionally, previous studies
have suggested that statins can exert anticontractile effects on
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vascular smooth muscle cells and endometriotic stromal cells,
as well as on mouse and human myometrial tissue (Mraiche
etal.,, 2005; Perezguerrero etal., 2005; Nasu et al., 2009;
Gonzalez et al., 2014), suggesting statins as potential thera-
peutics for the prevention of spontaneous PTL. In contrast, the
use of statins increases the risk of female dystocia because of
the anticontractile effects and disrupts fetal development, e.g.
leading to limb defects (Mraiche etal., 2005; Ofori etal.,
2007). Due to the side effects of statins, which have not been
evaluated properly and comprehensively in vivo, it is controver-
sial whether these drugs should be investigated in clinical tri-
als to ameliorate plasma lipids or prevent human preterm birth
(PTB).

MVA is converted to sterol and nonsterol isoprenoid, of
which farnesyl pyrophosphate (FPP) and geranylgeranyl pyro-
phosphate (GGPP) are two major intermediates. Geranylgeranyl
pyrophosphate synthase (Ggps1) is an important enzyme that
catalyzes the synthesis of GGPP from FPP (Goldstein and
Brown, 1990). Both FPP and GGPP contribute to protein preny-
lation by farnesyl transferase and geranylgeranyl transferase,
respectively, by conjugating lipid anchors to target proteins,
which are essential for their association with and activation at
the plasma membrane (Schafer and Rine, 1992). Isoprenylation
of GGPP is crucial for the activation of small GTPases, such as
Rho, Rac, and Cdc42, which are associated with various cellular
functions, including gene expression and actin cytoskeleton
remodeling. The cross-bridging of the myofilaments actin and
myosin is essential for contraction of the myometrium, which is
facilitated by the phosphorylation of myosin light chain (MLC)
(Word etal., 1993). The above-mentioned evidence supports
the investigation of the role of the Ggpsl-involved MVA path-
way in physiological uterine contractions.

In the present study, we constructed a genetic mouse model
in which Ggps1 is knocked out in the myometrium though anti-
Miillerian hormone type 2 receptor (Amhr2)-specific Cre recom-
binase; these mice were named Ggps1 conditional knockout
(Ggps1 cKO) mice and are unable to produce GGPP for interme-
diate synthesis and geranylgeranylation. Amhr2-Cre also has
high expression in granulosa cells and can be used to generate
a granulosa cell-specific knockout mouse model (Arango etal.,
2008). Unexpectedly, in this study, we found that the expres-
sion of Ggps1 in granulosa cells was not essential for ovarian
function. However, we found that Ggps1 deficiency in myome-
trial cells caused impaired uterine contractions, resulting in
disrupted embryonic placing and dystocia.

Results
Ggps1 is expressed in oocytes and granulosa cells of the ovary
and uterus

We checked the expression of Ggps1 in the female reproduc-
tive system with an immunohistochemical (IHC) staining
method. We found that Ggps1 was expressed in oocytes and
granulosa cells at different developmental stages (Figure 1A).
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Furthermore, Ggps1 was abundantly expressed in the uterus,
mainly in the endothelium and smooth muscle layers
(Figure 1D). Our previous work revealed that Ggps1 is critical in
oocytes for primary—secondary follicle transition through its
effects on oocyte—granulosa cell communication (Jiang etal.,
2017). Herein, we aimed to ascertain the role of Ggps1 in gran-
ulosa cells by deleting Ggpsi. To accomplish this, Ggpsi-
floxed mice (Ggps1™M were crossed with Amhr2-Cre mice, in
which Amhr2-Cre is expressed in Millerian duct-derived cells
(e.g. granulosa cells and smooth muscle cells of the uterus and
oviduct); thus, this cross would delete Ggps1 conditionally in
these cells. The analyses of mRNA and protein levels suggested
that Ggps1 expression was largely lost in the ovary (Figure 1B
and C; Supplementary Figure S1A) and uterus (Figure 1E and F;
Supplementary Figure S1B). IHC staining also showed that
Ggps1 was successfully knocked out in granulosa cells of fol-
licles (Figure 1A) and the myometrium (Figure 1D). Thus, we had
created a model for exploring the function of Ggps1 in control-
ling protein prenylation during female reproduction.

Mice with Ggps1 deletion in granulosa cells and the
myometrium show normal follicle and uterus development

Although Amhr2-Cre is expressed in granulosa cells and
smooth muscle cells of the uterus, to our surprise, no issues
with follicle or uterus development were found in Ggps1 cKO
mice. There were no changes in body weight or in the weight or
morphology of the uterus (Supplementary Figure S2A; Figure 2A
and B) or ovary (Figure 2C and D). We counted the number of
follicles at different stages and found that the numbers of
primordial, primary, and secondary follicles (Figure 2E-G) in
6-week-old mice were not different between Ggps1 cKO and
control mice. The number of fertilized eggs collected from the
oviducts was also not different between Ggps1 cKO and control
mice (Figure 2H). All the data indicated that Ggps1 deficiency
in granulosa cells of follicles and the myometrium did not affect
follicle or uterus development.

Ggps1 deletion results in oviduct and embryo implantation
abnormalities in the uterus

As stated above, no gross morphological or histological ab-
normalities were observed in the ovary or uterus. However, an-
other Miillerian duct-derived organ, the oviduct, was found to
be abnormal in Ggps1 cKO mice. The oviducts in Ggps1 cKO
mice were smaller and shorter (Figure 3A-C), as well as ligh-
ter, than those in the control mice (Figure3D). Hematoxylin
and eosin (H&E) staining of mouse oviducts showed that the
oviduct wall of Ggps1 cKO mice was thinner than that of con-
trol mice (Figure 3E). Normally, oocytes are released from the
ovary, collected by the oviduct, and fertilized inside the am-
pulla, after which peristaltic contractions and cilia of the epi-
thelial folds move the fertilized eggs into the uterus, where
they implant in the endometrium. When we examined
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Figure 1 Mice with Ggps1 deletion in ovarian granulosa cells and myometrial cells are generated using Amhr2-Cre mice. (A) IHC staining of
Ggps1 in the ovaries of 3-week-old control and Ggps1 cKO mice. (B) Quantitative real-time PCR (gPCR) analysis of Ggps1 in ovaries of 3-week-
old control and Ggps1 cKO mice. (C) Western blot analysis of Ggps1 in ovaries of 3-week-old control and Ggps1 cKO mice. o-Tubulin served as
an internal control. (D) IHC staining of Ggps1 in the uterus of 3-week-old control and Ggps1 cKO mice. (E) gPCR analysis of Ggps1 in the uterus
of 3-week-old control and Ggps1 cKO mice. (F) Western blot analysis of Ggps1 in the uterus of 3-week-old control and Ggps1 cKO mice.
o-Tubulin served as an internal control. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, unpaired two-tailed Student’s f-test.

embryonic implantation in the uterus at 4.5 days post coitum not even in Ggps1 cKO mice (Figure 3G). Therefore, Ggps1 is
(dpc), we found that although the number of implanted em- critical for oviduct development and ordered embryonic
bryos was not affected (Figure 3F), the embryonic spacing was implantation.
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Figure 2 Mice with Ggpsi deletion in granulosa cells and the myometrium show normal follicle and uterus development.
(A) Representative photographs of H&E staining of the uterus from 6-week-old control and Ggps1 cKO mice. (B) Female mice with Ggps1
deletion in myometrial cells showed normal uterus development compared with control mice. The uterus weight in the control and Ggps1
cKO groups is shown at 3, 6, and 9 weeks. (C) Representative photographs of H&E staining of ovaries from 3-week-old control and Ggps1
cKO mice. (D) Female mice with Ggps1 deletion in ovarian granulosa cells showed normal ovary development compared with control mice.
The ovary weight in the control and Ggps1 cKO groups is shown at 3, 6, and 9 weeks. (E-G) Ggps1 deletion in granulosa cells and myome-
trial cells did not affect follicle development. Quantification of the different types of follicles, including primordial (E), primary (F), and sec-
ondary follicles (G), in ovaries from control and Ggps1 cKO mice. The number of follicles per ovary was quantified. (H) Female mice with
Ggps1 deletion in ovarian granulosa cells showed normal fertilization during natural mating. Control and Ggps1 cKO mice were mated with
fertile wild-type males. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t-test.

Ggps1 deletion results in subfertility and dystocia showed that female mice with Ggps1 deletion were subfertile

Abnormal embryonic implantation can result in pregnancy  compared with control female mice (Figure 4A). Surprisingly,
loss; thus, we examined fertility by mating female Ggps1 although parturition was invariably initiated at term (~19.5
cKO mice with fertile 8-week C57BL/6/ males. The results days), 75% of pregnant Ggpsl cKO females experienced
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Figure 3 Ggps1 deletion results in oviduct and embryo implantation abnormalities in the uterus. (A) Representative images of oviducts in
6-week-old mice were captured using a light microscope. The white arrowheads indicate oviducts. (B and C) Ggps1 cKO oviducts were
shorter than control oviducts at 6 weeks. (D) Ggps1 cKO mice had lighter oviducts than control mice at the indicated time points, including
3, 6, and 9 weeks. (E) H&E staining of oviducts indicated that Ggps1 cKO oviducts were thinner than control oviducts. (Fand G) Ggps1 cKO
mice showed normal embryo implantation but disrupted embryo spacing at 4.5 dpc. Six-week-old female mice were mated with fertile
wild-type males and then injected with Evans blue to visualize the embryo implantation sites. Data are presented as mean + SEM.

*P<0.05, **P < 0.01, unpaired two-tailed Student’s t-test.

arrested or prolonged parturition with embryo retention in
the uterus or birth canal or delivery of dead pups, while the
control mice did not display any dystocia (Figure 4B and C).
Since the corpora lutea derived from granulosa cells of ovu-
lated follicles and the endometrium synthesizes and secretes
progesterone to promote successful embryo implantation and
reduces progesterone release to initiate parturition, we exam-
ined the levels of progesterone in pregnant mice at 18.5

dpc. However, progesterone levels were similar between
Ggps1 cKO and control (Figure 4D). Relaxin, another hor-
mone, is secreted into circulation during pregnancy and
influences pubic symphysis relaxation and parturition, so we
checked the plasma level of relaxin. However, the levels of
relaxin were also not different (Figure 4E). Thus, there is po-
tentially a nonendocrine reason for dystocia after Ggpsi
deletion.
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Figure 4 Ggps1 deletion results in subfertility and dystocia. (A) Female mice with Ggps1 deletion showed decreased fertility. Number of
pups born to Ggps1 cKO females compared with control females (Student’s t-test). (B) Representative images of control and Ggps1 cKO
females at 20 dpc that gave birth to live pups. Circled area, uterus containing fetuses. (C) Ggps1 cKO mice showed significantly increased
dystocia. Fetuses that remained in utero were quantified at 20 dpc or 24 h after giving birth. (D and E) Serum progesterone and relaxin lev-
els were comparable in control and Ggps1 cKO pregnant mice at 18.5 dpc. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, un-

paired two-tailed Student’s t-test.

Ggps1 deficiency leads to defects in the RhoA/Rock2/p-MLC
pathway by disrupting RhoA prenylation and causes impaired
uterine contractions

Under physiological circumstances, the uterus is dormant
during pregnancy to avoid PTB but undergoes a transformation
to active contractions when expulsion of the fetus becomes
necessary. Amhr2-Cre was confirmed to be specifically
expressed in the myometrium (Supplementary Figure S3A), in-
dicating that uterine contraction might be affected by Ggps1
loss. Thus, we checked the contractile ability of the uterus after
Ggps1 knockout. We isolated uterine muscle strips from adult
nonpregnant mice and found that the spontaneous contraction
rate and amplitude in Ggps1 cKO mice were irregular and
lower, while the control mice showed regular and phasic con-
tractions (Figure 5A). Moreover, the maximal contractile force in
Ggps1 cKO mice was largely decreased according to the re-
sponse of the strips to KCl treatment (Figure 5B and C). The in-
trinsic reason for the disruption of uterine contractility was the
marked inhibition of the phosphorylation of MLCs after Ggps1
deletion in the myometrium (Figure5D). The Rho/Rho-

associated protein kinase (Rock) pathway is associated with
smooth muscle contraction. As expected, we found that the
membrane association of RhoA significantly decreased after
Ggps1 deletion in the myometrium (Figure 5E), and the expres-
sion of Rock2, the downstream target of Rho, was also de-
creased (Figure 5F). Thus, Ggps1 deletion disrupts the RhoA/
Rock2/p-MLC pathway by affecting protein prenylation and
thus appropriate RhoA membrane localization, causing uterine
contraction and parturition problems. Furthermore, we tried to
determine the specific role of Ggps1 in the myometrium by con-
structing a tamoxifen-induced Ggps1 knockout mouse model
but failed because of the negative effects of tamoxifen on uter-
ine contraction (Supplementary Figure S3B and ().

Discussion

Our present study involving mice with Ggps1 deletion in
ovarian granulosa cells and the uterus reveals that Ggps1 defi-
ciency has no effect on ovarian functions, including follicle de-
velopment and fertilization, which indicates that GGPP in
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Figure 5 Ggps1 deficiency impairs uterine contraction via the RhoA/Rock2/p-MLC pathway, which is responsible for dystocia. (A) Ggps1
cKO mice displayed irregular contractions of lower amplitude compared with control mice. Left: control; right: Ggps1 cKO. (B and C) The
maximal contractile force of Ggps1 cKO strips was largely decreased upon KCl treatment. Left: control; right: Ggps1 cKO. (D) The levels of
p-MLC were decreased in Ggps1 cKO mice compared with control mice, as assessed by western blotting. a-Tubulin served as an internal
control. (E) The membrane association of RhoA was reduced in the Ggps1 cKO uterus, as determined by ultracentrifugation and western
blot analysis. (F) The protein level of Rock2 was decreased in Ggps1 cKO uterus compared with control, as assessed by western blotting.
a-Tubulin served as an internal control. Data are presented as mean + SEM. *P < 0.05, **P < 0.01, unpaired two-tailed Student’s t-test.

granulosa cells is less important for ovarian function (Figure 6).
In contrast, we found that Ggps1 deficiency in the uterus
causes dystocia and subfertility due to impaired myometrial
contraction and disrupted embryo implantation (Figure 6).
Additionally, Ggps1 deletion resulted in a narrower and shorter
oviduct. Here, we propose one possible mechanism wherein
GGPP deficiency during uterine contraction underlies these
phenotypes. We showed that GGPP depletion might disrupt
uterine contraction by reducing RhoA through geranylgeranyla-
tion and inactivating the RhoA/Rock2/p-MLC pathway.
Furthermore, these findings might provide useful information
for the clinical application of statins.

The MVA biosynthesis pathway produces not only sterols but
also nonsterols termed isoprenoids, such as FPP and GGPP

(Goldstein and Brown, 1990; Casey, 1992; Supplementary
Figure S4). As inhibitors of HMGCR in the MVA pathway, statins
function within the upstream of the MVA pathway and inhibit
both cholesterol synthesis and protein prenylation by direct
inhibiting HMGCR (Leichner etal., 2011; Supplementary Figure
S4). However, Ggps1, as an important branch point enzyme of
the MVA pathway, determines the balance of protein prenyla-
tion by catalyzing the synthesis of GGPP from FPP, both of
which are used for the prenylation of proteins with specific
motifs at their C-terminal (Supplementary Figure S4). Even
though previous studies in Hela cells show that mevastatin
could induce slight induction of GGPS1 expression at mRNA
level and upregulate RhoA expression transcriptionally and
translationally, it is demonstrated that they are regulated by
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Figure 6 Ggps1 deficiency in the uterus causes dystocia and subfertility, while Ggps1 deletion in ovarian granulosa cells and the uterus

has no effect on ovarian function.

negative feedback mechanism because of lack of GGPP (Gan
etal., 2008). In inclusion, the level of GGPP but not Ggps1 can
be affected by administration of statins. To understand the
effects of statins on Ggps1 of mouse uterus and ovary in vivo,
we tried injecting the adult female mice with simvastatin (20
pg/mice, 2 days) and checked the protein level of Ggpsl.
We found no changes of Ggps1 and protein prenylation in ova-
ries (Supplementary Figure S5A and B). However, the data
showed that the protein level of Ggpsl was not affected
whereas the protein prenylation of Rap1A was significantly de-
creased by short-time simvastatin administration in uterus
(Supplementary Figure S5C and D). Therefore, protein prenyla-
tion responses to statin quickly and inhibited protein prenyla-
tion may be the critical reason for many side effects of statins.
Statin treatment and Ggps1 deletion produce similar effects in
some cases.

Statins are widely considered potential treatments for certain
features of cardiovascular disease and hepatic disorders (Yeh
et al.,, 2016; Kamal etal., 2017). In terms of pregnant females,

studies have revealed that statins can prevent fetal death in
mouse models of recurrent miscarriage and antiphospholipid
syndrome, as well as prevent abnormalities in the cortex of the
fetal brain in a mouse model of PTB (Redecha etal., 2008,
2009; Pedroni et al., 2014). Even though RhoA/Rock pathway
disruptions mediate the anticontraction effect of statin treat-
ment, accumulating data indicate that statin use carries in-
creasing risks during embryogenesis, such as deformed limbs
and heart development failure due to unexpected pleiotropic
effects (Bateman etal., 2015; Chen etal., 2018). Additionally,
our work reveals that inhibition of the MVA pathway by Ggps1
deletion causes dystocia due to disrupted uterine contraction.
Based on data from our genetic knockout model, we propose
that both the appropriate dosage and timing of statin adminis-
tration are important in terms of ameliorating abnormal
parturition.

Isoprenoids have been shown to play an important role in
controlling metabolism and viability in both cancer and normal
cells (Redecha et al., 2008; Moutinho etal., 2017). Other
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studies revealed that simvastatin treatment can reduce the
phosphorylation of MLC in myometrial cells, and GGPP supple-
mentation abolished the anticontractile activity of simvastatin,
suggesting that simvastatin exerts effects by inhibiting the ger-
anylgeranylation of small GTPases (Boyle etal., 2018).
Consistent with the results of a previous study, our data
showed that Ggpsl-produced GGPP is essential for the
detergent-phase localization of RhoA and phosphorylation of
MLC. This finding provides further evidence that the geranylger-
anylation of small GTPases is responsible for myometrial con-
traction and successful parturition. Although the mechanisms
responsible for the dystocia phenotype observed in our study
have not been fully elucidated, they likely involve disrupted
protein prenylation, which could be regarded as a novel thera-
peutic target. We, therefore, propose the potential use of sta-
tins to treat PTL or other complications in pregnant women,
which could be ameliorated by supplementation with MVA and
GGPP but not FPP and squalene.

Furthermore, considering the anticontractile effects in the
myometrium, some clinical trials of statins to prevent PTL in hu-
man pregnancy are being planned. Although the treatment of
PTL is likely to occur in the second or third trimester when or-
ganogenesis is mostly complete to avoid the risk of fetal limb
defects in the first trimester (Petersen et al., 2008; Bateman
etal., 2015), our previous work indicated that Ggps1-mediated
protein geranylgeranylation plays an indispensable role in ven-
tricular chamber maturation and acts as a stage-specific signal
to regulate the establishment of cardiac cytoarchitecture during
mid-gestation (Chen etal.,, 2018). In addition, our results
revealed that Ggps1 deletion has negative effects on fetal and
maternal health due to dystocia. Thus, the risks will be realized
if the treatment timing of statins during gestation is not appro-
priate, including being too late or too long.

It has been reported that Ggps1 deletion in oocytes is asso-
ciated with ovarian dysfunction. GGPP deficiency in oocytes
induced by DDX4-Cre causes arrest of the primary—secondary
follicle stage transition and premature ovarian failure (iang
etal., 2017). Moreover, GGPP deficiency in growing oocytes
causes female infertility with different phenotypes, indicating
that GGPP affects ovarian function in a stage-specific manner.
In addition to female fertility, GGPP is also important in male
fertility regardless of the cell type. Sertoli cell-specific GGPP
deficiency leads to spermatogonia loss (Wang etal., 2013) but
not a Sertoli cell defect, and germ cell-specific GGPP defi-
ciency also causes impaired spermatogenesis (Diao etal.,
2016). In contrast, our study demonstrated that the granulosa
cell-specific deletion of GGPP does not affect ovarian function,
including follicle development and fertilization, suggesting
that GGPP affects ovarian function in a cell-specific manner.

Recent studies reveal that GGPS1 mutations cause muscular
dystrophy/hearing loss/ovarian insufficiency syndrome (Foley
etal., 2020), indicating GGPS1 has a critical role in human. In
their work, a total of 11 patients in 6 families carrying five dif-
ferent biallelic mutations in specific domains of GGPS1 were
identified. All post-pubertal females had primary ovarian

insufficiency, which is consistent with our genetic work in ani-
mal model (Jiang et al., 2017; Foley etal., 2020), revealing that
Ggps1 is essential for early folliculogenesis and oocyte matura-
tion in female fertility. Primary ovarian insufficiency might
cause female infertility, that is possibly why no females with
Ggps1 mutations are found in human dystocia. Therefore, we
speculate that GGPS1 deficiency or SNP in somatic cells of
uterus is responsible for some clinical human dystocia.

Amhr2-Cre mice are a useful tool to examine specific gene
functions in granulosa cells during the progression from ovula-
tion to luteinization and from folliculogenesis to luteinization
(Jorgez et al., 2004; Haraguchi etal., 2019). In the cumulus—oo-
cyte complex, oocytes cannot synthesize cholesterol and pyru-
vate; granulosa cells produce most of the cholesterol and
pyruvate transferred to oocytes (Sugiura et al., 2005; Su etal.,
2007). The metabolic flux of the MVA pathway involves choles-
terol and subsequent sterols from FPP (Panda and Devi, 2004;
Buhaescu and Izzedine, 2007). In addition, our previous work
found that Ggps1 deletion enhances glycolysis and pyruvate
production in the liver (Liu etal., 2018). Therefore, Ggps1 dele-
tion would theoretically lead to FPP and pyruvate accumulation
and have no effects on the synthesis of sterol hormones, which
is why Ggps1 is not essential in granulosa cells for ovarian
function, confirming the differential requirements for the MVA
pathway.

Overall, the results from genetic experimental models in the
present study suggest that Ggpsl has different roles in
Miillerian duct-derived cells, including granulosa cells, the
uterus, and oviducts. Ggps1 deficiency has no effect on granu-
losa cells but disrupts uterine contraction and results in dysto-
cia, suggesting that statins should be used carefully in pregnant
women; modifying protein prenylation with supplementary FPP
or GGPP is a potential strategy to avoid side effects.

Materials and methods
Animals

Mice were housed in groups in accordance with the regula-
tions on mouse welfare and ethics of Nanjing University under
conditions of 12-h dark-light cycles and free access to food
and water. C57BL/6J mice and the double fluorescent Cre re-
porter line (Rosa26™ ™) were purchased from GemPharmatech
(China). Pregnant female mice were sacrificed under isoflurane
inhalation followed by cervical dislocation at the indicated time
points. All mouse experiments conformed to the NIH guidelines
(Guide for the Care and Use of Laboratory Animals) and were
carried out according to the protocol approved by the Animal
Care and Use Committee of the Model Animal Research Center
of Nanjing University, Nanjing, China.

Strategy and generation of cKO mice

Mice homozygous-floxed for loxP insertion in the Ggps1 gene
(Ggps 1™ were produced by GemPharmatech. Amhr2-Cre mice
were generously donated by Dr Jia-Hao Sha (Nanjing Medical



University). We generated mice with cell-specific Ggps1 dele-
tion by crossing Amhr2-Cre transgenic mice with homozygous-
floxed Ggps1 mice to produce mice harboring Ggps1 deletion
in ovarian granulosa cells and derivatives of the Miillerian duct
(i.e. oviduct, uterus, and cervix). The knockout lines (129) were
backcrossed for a minimum of six generations to the C57BL/6
background, which was the background of the Ggpsi-LoxP
mice. The littermates were used as controls. To perform lineage
tracing of Amhr2-Cre in the uterus, mice were genotyped as
Amhr2¢®’*; Rosa™™%*/~ mice were obtained from matings of
Amhr2¢¢/* males and Rosa™ ™% */* females.

Fertility assay

To assess the fertility of these mice, 6-week-old female
Ggps1 cKO mice and control mice (wild-type or heterozygous)
were mated with adult (8-week-old) C57BL/6 males of known
fertility. Female mice were checked daily in the morning for the
presence of a seminal plug to confirm mating.

Fertilization

Adult 6-week-old Ggps1 cKO and control females were mated
with fertile C57BL/6 males. The females were sacrificed at 0.5
dpc, and oviducts were flushed with MIl solution to recover fer-
tilized eggs. The morphology of these eggs was examined, and
they were counted under a dissection microscope.

Morphology, histology, immunohistochemistry, and
immunofluorescence

To characterize the general morphology of the Ggps1 cKO female
reproductive tract, mice were sacrificed at several developmental
ages after natural mating, and ovarian, oviductal, and uterine func-
tion and morphology were evaluated. Fresh tissues were fixed over-
night at 4°C in 4% PBS-buffered paraformaldehyde for
immunohistochemistry or Bouin’s fixative for H&E staining, dehy-
drated in ethanol, embedded in paraffin, and cut into 5 pm sections.
For histological analysis, the sections were subjected to H&E staining
according to a standard protocol. For IHC staining, paraffin sections
were deparaffinized, rehydrated, and boiled in citrate buffer (pH 6.0)
for antigen retrieval. Afterwards, paraffin sections were permeabi-
lized, blocked, and incubated with the indicated primary antibodies
at 4°C overnight. Subsequently, the sections were incubated with
secondary antibodies for 1 h at room temperature. Ggps1 antibodies
were used for immunohistochemistry (Thermo Fisher, 1:100). For im-
munofluorescence analysis, frozen sections were costained with
DAPI.

Western blot analysis

Total protein was extracted from frozen uteri and ovaries us-
ing NP40 buffer/RIPA containing a protease/phosphatase in-
hibitor cocktail. The protein concentration in each sample was
determined using the BCA Protein Assay (Bio-Rad
Laboratories). The same amount of protein (50 ug) was
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separated by 8%-12% SDS—-PAGE, and resolved proteins were
transferred to polyvinylidene fluoride membranes (Invitrogen)
by standard methods. Immunoblots were blocked with 5% milk
solution and incubated overnight at 4°C with primary antibod-
ies against Ggps1 (Thermo Fisher, 1:100), phosphorylated MLC
(CST, 1:1000), MLC (CST, 1:1000), Rock2 (Upstate, 1:1000),
RhoA (Santa Cruz, 1:200), and a-tubulin (Proteintech, 1:1000).
Goat anti-rabbit or anti-mouse secondary antibodies (1:5000)
were used. Immunodetection was carried out using an en-
hanced chemiluminescence (ECL) kit.

gPCR

The mouse uterus was carefully isolated and quickly cleaned by
removing connective tissues. Subsequently, the samples were fro-
zen and ground to homogeneity in liquid nitrogen. Total cellular
RNA was isolated by using TRIzol (Invitrogen) as described in the
manufacturer’s instructions. c¢DNA was synthesized by
PrimeScript™ RT Master Mix (TaKaRa) from 1 pg total RNA isolated
with TRIzol reagent. The resulting cDNA was diluted 1:10 in sterile
water, and 1-ul aliquots were used for gPCR. Primers for Ggps1
and 18S were synthesized by Integrated DNA Technology
(Invitrogen). The resulting material was then used for independent
gPCR, which was carried out on an Applied Biosystems HT7300
Sequence Detector. Each ¢cDNA sample was run in triplicate, and
target mRNA expression was normalized for RNA loading using
18S. The mRNA concentration in each sample was calculated rela-
tive to the vehicle control by using the 2722 analysis method.

Subcellular fractionation

To determine the membrane association of RhoA, subcellular
fractionation was performed using ultracentrifugation (Blonder
etal., 2006; Xu etal., 2015). Subcellular fractions were immuno-
precipitated using the RhoA antibody and subsequently sub-
jected to western blot analysis. Immunoprecipitation was
performed according to a standard protocol.

Analysis of smooth muscle contractility

Six-week-old female mice were sacrificed by cervical disloca-
tion. The uterine tissue was isolated and cut into 4 mm x 8 mm
strips, which were mounted in a 37°C organ bath and tied with
surgical silk to the hooks of a force transducer (MLT0202;
ADlIstruments) and length-adjusting micrometer. The force
measurements were performed as described previously (He
etal., 2008). The 8-mm-long uterine strips were placed in Ca*-
free HEPES—Tyrode (H-T) buffer (pH 7.4) to wash out the lumen
contents. The strips were transferred to the organ baths and
equilibrated in oxygenated (95% 05, 5% CO,) H-T buffer for 15
min. H-T buffer containing 87 mM KCl was used to achieve
membrane depolarization. KCl stimulation of contractions was
followed by a 10-min recovery period in H-T buffer. The force
per cross-sectional area was calculated from histologic meas-
urements of the longitudinal muscle layer.
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Statistical analysis

All data are presented as mean + SEM after analysis using a
two-tailed Student’s test to compare two groups. A P-value
<0.05 was considered to indicate statistical significance.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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