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Abstract
Purpose To provide a commentary on our understanding of the role that the Hippo signaling pathway may play in patients with
polycystic ovarian syndrome (PCOS) and how this understanding may impact the diagnosis of PCOS.
Methods We assessed publications discussing the role of the Hippo signaling pathway in the ovary. In particular, we discuss how
Hippo signaling disruption after ovarian fragmentation, combined with treating ovarian fragments with phosphatase and tensin
homolog (PTEN) inhibitors and phosphoinositide-3-kinase stimulators to augment AKTsignaling, has been used in treatment of
patients with primary ovarian insufficiency. Furthermore, we discuss our own data on variations in Hippo signaling pathway gene
expression in cumulus cells isolated from women undergoing IVF with a previous diagnosis of PCOS.
Results and conclusions Aberrant Hippo signaling in PCOS patients is likely a contributing mechanism to the multifactorial
etiology of the disease. Given the challenge of discerning the underlying etiology of oligo-ovulation in some patients, especially
those with normal body mass indices, and the need for customized stimulation protocols for PCOS patients who have an
increased risk of over-response and higher percentage of immature oocyte yield, it is important to identify these patients prior
to treatment. Hippo gene expression fingerprints could potentially be used to more accurately define patients with PCOS.
Additionally, targeting this pathway with pharmacologic agents could lead to non-surgical therapeutic options for PCOS.
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Introduction

The regulation of organ growth during development is essen-
tial for optimal function in later life. In particular, organs that
are composed of different cell types must have appropriate
proportions, or relative numbers, of the different cell types

that make up the organ as well as the correct number of total
cells. The Hippo pathway [1, 2] has been identified as one key
modality organs use to regulate growth. It is a kinase pathway
with WWTR1 and YAP as downstream effectors. The Hippo
pathway is a highly conserved pathway that controls organ
size by strictly regulating cell growth and apoptosis [1, 2]. It
is known that control of cell proliferation, apoptosis, and dif-
ferentiation are required for homeostasis and reproduction.
Dysregulation within the Hippo pathway has been shown to
lead to cellular overgrowth, dysfunction, and tumorigenesis
[3]. It has been implicated in disease states ranging from ju-
venile polycystic kidney disease [4] to arrhythmogenic right
ventricular cardiomyopathy tomalignancies of the lung, brain,
skin, breast, colon, kidney, pancreas, and liver to name a few
[2]. As such, this pathway is an area of interest for diseases
involving tissue and/or organ overgrowth and dysfunction.

The Hippo pathway and the ovary

The ovary is composed of stromal, surface epithelial, and
germ cells whose differential growth is under tight control
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[5], not only during development but also in the mature organ
throughout reproductive life. The continuous turnover and
development of follicles from the primordial to mature state
is of particular interest. During this development, the ovarian
stroma is invariably subjected to differing mechanical forces
due to follicular growth and rupture. These forces have not
been characterized but are likely to include tension, spring,
and frictional forces [6–8].

In Drosophila, the Hippo pathway is involved intimately in
germline differentiation. Huang et al. [9] recently showed that
Hedgehog (Hh) signaling induces the Hippo pathway effector
Yorkie (Yki) to promote proliferation and maintenance of so-
matic follicle stem cells, but Hh also signals to escort cells,
which are quiescent. They also showed that in escort cells,
both Hh and Yki limit production of BMP ligands to allow
germline differentiation. Escort cells promote differentiation
of the germline stem cells in Drosophila and provide signals
for the follicle stem cells and derive directly from follicle stem
cells in adult Drosophila. In addition, Polesello and Tapon
[10] have also demonstrated that Salvador-Warts-Hippo sig-
naling is important in follicular maturation and oogenesis in
Drosophila.

In humans, the role of the Hippo pathway is less under-
stood, however, it has been shown that the Hippo signaling
pathway may be implicated in the process of follicular matu-
ration [reviewed by [11]]. By manipulating expression of key
genes in the Hippo pathway in patients with primary ovarian
insufficiency, Kawamura et al. [12] successfully promoted
follicle growth, retrieved mature oocytes, and performed in
vitro fertilization on the resultant oocytes. The translation of
our understanding of the Hippo pathway to a clinical applica-
tion has led us to explore other roles that the Hippo pathway
may play in ovarian function and disease.

PCOS and the Hippo pathway

Polycystic ovarian syndrome (PCOS) affects 4 to 12% of
women of reproductive age [13, 14]. Despite the high preva-
lence of PCOS, various professional societies have set forth
different criteria for the diagnosis of PCOS. Two of the agreed
upon findings for PCOS are hyperandrogenism/
hyperandrogenemia and ovulatory dysfunction [15, 16], both
of which can be expressed in a spectrum. The importance of
polycystic appearing ovaries by ultrasound for the diagnosis
of PCOS remains a subject of debate [17].

Why have the professional societies found it difficult to
agree upon an official set of diagnostic criteria for PCOS?
Interestingly, little is understood of the underlying molecular
and cellular mechanisms involved in PCOS and there is still
conjecture on whether it is a syndrome or disease. Schmidt et
al. [18] have shown that a number of inflammation related
genes are differentially expressed in PCOS ovaries, while

Fan et al. [19] showed that HSP10, which is involved in pro-
tein folding, had increased expression. The majority of our
knowledge is based upon a characteristic hormonal profile
seen in PCOS and some even postulate that the elevated an-
drogenic periovarian environment is the root cause of the con-
dition [20]. Several years ago, Kawamura et al. [12, 21]
highlighted a possible role for the Hippo pathway in the evo-
lution of PCOS and suggested that mechanical tension
resulting from the thickened ovarian capsule may be the un-
derlying etiology of arrested folliculogenesis. Given that one
of the characteristics of PCOS is that the ovary appears to lose
its ability to regulate cellular growth and apoptosis, in partic-
ular when examining ovarian volume [22] and cortical thick-
ness, we propose that this may be linked to aberrant expres-
sion of Hippo pathway genes.

A major characteristic of ovaries in PCOS patients is that
they are generally larger than in patients without PCOS. This is
analogous to granulosa cell tumors that are hormonally active
(estrogen producing) tumors and lead to an enlarged ovary. Fu
et al. [23] have shown that compared to age-matched normal
ovaries, those with granulosa cell tumors exhibited increased
YAP expression. Non-tumor ovarian stromal cells expressed
very low levels of YAP while YAP knockdown reduced follicle
stimulating hormone (FSH)-induced aromatase (CYP19A1)
and was postulated as a possible mechanism for
hyperandrogenemia/hyperandrogenism. The Hippo/YAP path-
way is involved in regulation of steroidogenesis in human gran-
ulosa cell tumor tissues. Although there is no direct correlation
between granulosa cell tumors and PCOS, this does demon-
strate a possible mechanism for hyperandrogenemia/
hyperandrogenism resulting fromYAP knockdown causing de-
crease in aromatase and therefore an increase in androgens.

A further relationship between the Hippo pathway and the
PCOS is that patients with PCOS are known to be at an in-
creased risk of insulin resistance and Metformin has been
utilized in isolation or in conjunction with selective estrogen
receptor modifiers (SERMs) or aromatase inhibitors (AIs) for
ovulation induction. Wang et al. [24] have shown that YAP/
TAZ regulate PI3K/Akt signaling, which is the main pathway
cascade of insulin/IGF1 signaling. Studies of siYAP/TAZ
have suggested that YAP/TAZ is a downstream target of
Metformin and might be more effective for patients with low
YAP/TAZ levels versus those with higher levels.

Hippo gene expression in cumulus cells
of PCOS patients

In our own studies, we characterized the expression of genes
in the Hippo signaling pathway in cumulus cells from patients
with PCOS and compared them to a control group composed
of non-PCOS, non-infertile patients (see supplementary
material for Methodology). We hypothesized that patients
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with PCOS may exhibit Hippo cumulus cell gene expression
profiles that are different from those of control patients. Our
specific objectives were to (1) characterize the expression of
genes in the Hippo signaling pathway in cumulus cells obtain-
ed at the time of oocyte retrieval in patients with PCOS un-
dergoing in vitro fertilization (IVF) and compare these to a
control group, (2) determine if the Hippo pathway gene ex-
pression fingerprint changes differentially in cumulus cells
cultured under mechanical stress, and (3) evaluate if an objec-
tive diagnostic test could be developed for PCOS.

Baseline characteristics of subjects and controls are depicted in
Table 1. Twenty-six subjects with PCOS and 28 controls were
included in thestudy.Cumuluscellswere recovered fromtheeggs
ofpatientsundergoingIVFbytrimmingthecumulus-oocytecom-
plexes prior to insemination. No differences were found between
the study groups with respect to baseline serum anti-mullerian
hormone (AMH), antral follicle count, baseline FSH, baseline
estradiol, pretrigger luteinizing hormone (LH), posttrigger LH,
posttrigger progesterone, nor number andmaturity of oocytes re-
trieved.Althoughastatistically significantdifferencewasnoted in
baselineFSH, thisdifference is not clinically relevant. Factors that
werebothclinicallyrelevantandstatisticallysignificantlydifferent
include patient age, bodymass index (BMI), pretrigger progester-
one, and total ovarian volume (Table 1).

Subjects with PCOS were found to have higher levels of
expression for genes in the Hippo signaling pathway.
Statistically significant differences were noted in MOB1A
(p < 0.001), MOB1B (p < 0.001), WWTR1 (p < 0.001), and
YAP1 (p < 0.01) (Fig. 1). The greatest change in expression
levels was noted in MOB1A and WWTR1. The relative fold
change in Hippo pathway gene expression levels between the
individual control and PCOS patients is shown in Fig. 1. The

major difference was that PCOS patients showed a greater
heterogeneity in gene expression when compared to the con-
trol population (Fig. 1b). Controls represent a much tighter
group with fairly homogeneous expression levels per gene.
Conversely, PCOS patients have much more heterogenous
expression levels, some patients aligning well with the control
population and others with clear differentiation. This corre-
lates well with the heterogeneous clinical presentation of pa-
tients with PCOS. Interestingly, it did not correlate with the
degree of dysfunction based upon our current criteria for
PCOS, indicating that one or a combination of these markers
could have diagnostic potential.

When looking at expression levels of all tested genes in the
Hippo pathway and averaging them, there was a significant
difference between PCOS patients and controls (p < 0.001).
When averaging the expression levels from the genes with
statistically significant differences in expression levels
[MOB1A, MOB1B, WWTR1, and YAP1], a better discrimina-
tion could be obtained between the two groups.

In vitro induction of PCOS Hippo gene
expression

Induction of PCOS-like Hippo gene expression in cumulus
cells from eight control patients was attempted under two-
dimensional, three-dimensional, and dynamic three-
dimensional culture conditions. These conditions were intro-
duced to mimic the mechanical forces that might be experi-
enced by cells in a PCOS ovary.

Table 2 shows a comparison of gene expression levels from
static control cells to those from standard plastic culture,

Table 1 Baseline patient demographics for control and PCOS patients who had cumulus cells analyzed for Hippo gene expression

Parameter Number of Controls Control
Mean ± SD

Number of PCOS PCOS
Mean ± SD

p value

Age (years) 28 28.36 ± 4.53 26 33.15 ± 5.12 0.00

BMI 28 23.66 ± 3.74 26 27.49 ± 6.75 0.01

AMH (ng/ml) 27 3.6 ± 2.04 24 5.33 ± 4.59 0.08

Baseline FSH (mIU/ml) 11 7.94 ± 2.02 24 6.12 ± 2.32 0.03

Baseline estradiol (pg/ml) 10 34.07 ± 32.73 24 40.2 ± 20.20 0.51

Peak estradiol (pg/ml) 27 4239.15 ± 1945.86 26 3262.92 ± 2393.96 0.11

Pretrigger progesterone (ng/ml) 18 1.63 ± 0.74 21 1.10 + 0.44 0.01

Posttrigger progesterone (ng/ml) 24 11.89 ± 8.89 14 8.45 ± 5.73 0.20

Pretrigger LH (mIU/ml) 11 1.04 ± 1.24 8 1.11 ± 0.76 0.88

Posttrigger LH (mIU/ml) 24 59.74 ± 38.65 14 55.79 ± 41.26 0.77

Number of oocytes retrieved 28 23.46 ± 12.93 26 18.31 ± 9.85 0.11

Number of mature cumulus oocyte complexes 28 20.71 +/1 12.77 26 16.35 ± 8.67 0.15

Percent of mature cumulus oocyte complexes 28 87.98 ± 12.83 26 89.66 ± 10.21 0.63

Total antral follicle count 23 21.26 ± 9.81 17 25.41 ± 21.96 0.43

Total ovarian volume (cm3) 20 13.33 ± 6.19 15 22.10 ± 10.76 0.01
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Fig. 1 Relative expression levels of Hippo signaling genes when
comparing a the average fold change between control and PCOS
patients and b the relative fold change between control and PCOS
patients in individual samples. The top panel contains all tested

individuals, while the bottom panel shows sample distribution without
outliers. Statistically significant differences between control and PCOS in
fold change sample distributions are denoted by * = p < 0.05 > 0.001,
*** = p < 0.001

Table 2 The Hippo gene expression profiles of cumulus cells without
culture (static) compared to those cultured on platforms that produce
variable mechanical forces. Only those values with three arrows show a
significant change. Changes depicted with one or two arrows depict a
general change in direction of expression. The mean difference compared
to an ActinB housekeeping gene (ACTB) is provided along with the p

value in parentheses. Control static cells from eight patients were com-
pared to those plated on standard polystyrene tissue culture dishes (donor
plastic), an inert 3D biologic scaffold (donor scaffold), and the biological
scaffold on a dynamic piston device which created a convex displacement
of the scaffold (donor scaffold stretch)

Donor genes static Donor plastic Donor scaffold Donor scaffold stretch

LATS1 0.833 (0.25) ↑ 0.334 (0.64) – 0.624 (0.38) ↑

LATS2 0.916 (0.26) ↑ 0.793 (0.33) ↑ 0.626 (0.44) ↑

YAP1 1.584 (0.05) ↑↑↑ 0.416 (0.60) – 1.543 (0.05) ↑↑↑

WWTR1 1.459 (0.06) ↑↑ 0.084 (0.91) – 0.291 (0.71) –

MOB1A − 0.959 (0.29) ↓ 0.375 (0.68) – − 0.918 (0.31) ↓

MOB1B 0.291 (0.65) – − 0.207 (0.75) – 0.168 (0.80) –

ACTB
Control

− 0.209 (0.80) 0.166 (0.84) 0.041 (0.96)

↑↑ Non-significant (0.05 < P < 0.1) and ↑ (0.1 < P < 0.5) upregulation compared to static non-cultured donor controls

↓ Non-significant (01 < P < 0.5) downregulation compared to static non-cultured donor controls

↑↑↑ Statistically significant (p < 0.05) upregulation compared to static non-cultured donor controls
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biologic scaffold culture, and dynamic biologic scaffold cul-
ture. YAP1 demonstrated a significant increase in gene expres-
sion on the plastic compared to the static sample. YAP1 also
demonstrated a significant increase in gene expression on the
dynamic scaffold compared to the static sample. Both plastic
and dynamic scaffold increase the mechanical forces experi-
enced by the cumulus cells compared to the static state. In the
standard tissue culture dish and dynamic device, the cells ex-
perience different mechanical forces, whereas, in the 3D bio-
logical scaffold alone, cells have been previously shown to
maintain a more in vivo like profile [25].

Is the Hippo signaling pathway relevant
to ovarian physiology?

Kawamura et al. [12] demonstrated that the Hippo signaling
pathway is involved in controlling intraovarian follicular
growth and oocytematuration. This control involves a delicate
balance of permitting follicular growth at an appropriate time
of the menstrual cycle, allowing follicular and, therefore, oo-
cyte maturation, and inhibiting excessive growth. The Hippo
pathway responds to upstream regulation as well as cell to cell
contact/density, mechanical forces on the cell, stress signals,
cellular polarity and architecture, and stage of the cell cycle
[26]. In PCOS, the ovarian cellular density is greater than in a
normal ovary [27]. Additionally, the ovarian cortex is thicker
in a PCOS ovary and, therefore, the cortical cells are likely
exposed to different mechanical forces in a PCOS ovary com-
pared to a non-PCOS ovary [27–30]. Our own data reveals
that genes within the Hippo pathway are upregulated in pa-
tients with PCOS when compared to controls. This upregula-
tion likely leads to the loss of controlled orderly proliferation
as well as apoptotic dysfunction. Consequently, dysregulation
of the Hippo pathway in patients with PCOS is a potential
contributing factor for cellular overgrowth. The genes found
to have statistically significant higher expression levels
(MOB1A, MOB1B, WWTR1, YAP1) code for proteins and
transcription factors involved in control of cell growth and
proliferation (Fig. 1). In the traditional Hippo pathway, under
higher cell density scenarios, there is tight regulation of the
balance between growth and apoptotic factors trending to-
wards restriction of growth. Our results indicate that this del-
icate balance has been perturbed in patients with PCOS.

It is unclear if this is the underlying etiology of PCOS or if
it is a result of the PCOS ovarian anatomy. Interestingly, cu-
mulus cells from study controls that were exposed to mechan-
ical forces in vitro expressed higher levels of the Hippo sig-
naling genes compared to static samples from the same pa-
tient. This in vitro model may be able to induce PCOS Hippo
gene expression levels; however, additional research must be
conducted to determine if this can serve as a model for in vitro
PCOS studies.

Clues from cumulus and granulosa cells

Cumulus and granulosa cells are directly involved in oocyte
growth and maturation as well as sex hormone production. As
discussed previously, granulosa cell tumors have been shown
to be implicated in the Hippo pathway [23]. This is of partic-
ular interest in patients with PCOS who have biochemical
and/or clinical hyperandrogenism as well as failure to develop
mature follicles and ovulate mature oocytes. Cumulus cells
provide a modality to study, not only oocyte development,
but also underlying ovarian function and follicular develop-
ment [5]. Additionally, they are readily acquired from patients
undergoing in vitro fertilization or oocyte donation and pro-
vide an excellent surrogate for studying ovarian physiology
[31]. They are also well accepted as a surrogate marker of
oocyte viability [32–34]. Cumulus cells have also been previ-
ously used in studies to characterize PCOS. Adams et al. [35]
showed that intra-follicular androgens and cytokines likely
comprise a local regulatory loop that impacts granulosa cell
expression of cytokines and chemokines.

One limitation of using cumulus cells is the extrapolation of
a collection of cells to gross ovarian PCOS physiology.
Cumulus cells in a mature follicle may not be exposed to the
same forces as oocytes nor the stroma of a PCOS ovarian cor-
tex. Additionally, analysis of the postovulatory cumulus oocyte
complexes (COCs) may not appropriately reflect what oocyte
Hippo gene expression was in the embryologic gonadal and
oogonial development nor in early folliculogenesis.
Furthermore, Hippo gene expression in cumulus cells, obtained
after exogenous high dose gonadotropin stimulation of the ova-
ries, does not necessarily directly correlate with gene expression
in cumulus cells from ovaries stimulated via physiologic endog-
enous gonadotropins. However, the differences in PCOS and
control cumulus cell Hippo gene expression demonstrated in
this snapshot of time, when cellular exposures of both PCOS
and control cells to mechanical forces are likely most similar,
suggest that PCOS patients have underlying Hippo pathway
dysfunction. Although our own data examined gene expres-
sion, it does not necessarily mean that protein expression fol-
lows the same pattern. Due to the paucity of material, it was not
feasible to examine protein levels in concurrent material.

The limitations and benefits of using cumulus cells have been
highlighted above. In trying to use them as a surrogatemarker for
ovarian tension possibly experienced in PCOS, we are hypothe-
sizing that the cumulus cells are representative. The tension ex-
perienced by these cells may however differ, firstly because they
are within a follicle and secondly they may be somewhat
protected from the overall ovarian architecture. It is however
clear that the expression of Hippo genes dramatically differs in
control versus PCOS patients. Interestingly, our in vitro
stretching model did show that Hippo gene expression was al-
tered in control cumulus cells and that the Hippo gene expression
fingerprint can change differentially in cumulus cells cultured
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under mechanical stress. This failed to reach similar levels seen
in the PCOS cumulus cells but did indicate that the cells are
susceptible to mechanical stretching and that this could be a
pathway that is influenced by the increased ovarian volumes seen
in PCOS patients. Although our model was not an ideal system
to test this theory, in vitro models are now being developed that
could allow us to better understand the interplay between gene
expression and tissue mechanics, in particular that of the ovary
[34–36]. The largest limitation is the isolated study of selective
Hippo pathway gene expression without inclusion of the end
effector, phosphorylated YAP, nor a larger panel of genes within
the Hippo pathway. It is difficult to extrapolate isolated gene
expression levels to the cellular localization of YAP and resultant
transcription effects.

Who is a PCOS patient?

Phenotypic presentation of PCOS is quite variable; even among
providers caring for patients with PCOS there is inconsistency in
proposed diagnostic criteria [15, 16, 36]. As a result, it can be
difficult to determine which patients should be categorized as
having PCOS. We demonstrated that, not only do patients with
PCOS have a heterogeneous phenotypic presentation, but the
differential Hippo gene expression is also heterogeneous. When
compared to controls, whose gene expression levels in the tested
Hippo pathway genes are relatively homogenous (Fig. 1), the

Hippo pathway gene expression varies from PCOS patient to
PCOS patient. Some patients with a clinical diagnosis of PCOS
demonstrated Hippo gene expression profiles more consistent
with control profiles. Additionally, there does not appear to be
a strict correlation between PCOS phenotypic clinical character-
istics and gene expression levels. Therefore, single PCOS pa-
tients did show some variability in Hippo gene expression levels
with some falling either outside or inside the normal range. That
said, when we plotted the receiver operating curve (ROC) curve
and calculated the corresponding area under the curve (AUC),
we found that theMOB1A, MOB1B, and WWTR1 gene expres-
sion levels had a high sensitivity for predicting PCOS (Fig. 2).
This indicates that any future validation using Hippo markers for
PCOS may involve only a subset of related markers.

Using a threshold of average gene expression could repre-
sent a highly specific, but less sensitive test for PCOS. The
need for objective criteria was highlighted in a recent review
by Jones and Goodarzi [37] who stated that the potential for
gene discovery to improve diagnosis and treatment of PCOS
is promising, though there is much to be done in the field
before the current findings can be translated to the clinic.

Clinical relevance and future directions

Testing for Hippo pathway gene expression and phosphoryla-
tion levels could be useful for both diagnostic and therapeutic

AUCGene

0.56LATS1

0.69LATS2

0.93MOB1A

0.86MOB1B

0.89WWTR1

0.69YAP1

Fig. 2 Receiver operating curves
(ROC) demonstrating the
predictive value of individual
Hippo gene expression levels for
PCOS. Area under the curve
(AUC) signifies better predictive
value when it is closer to 1

1768 J Assist Reprod Genet (2018) 35:1763–1771



purposes. Theoretically, a test could be designed to measure
expression levels of genes within the Hippo pathway along
with phosphorylation levels to determine normal reference
ranges. Ranges might be identified that are consistent with
what is currently a clinical diagnosis of PCOS [15, 16, 36].
Alternatively, gene expression and phosphorylation levels
may be combined with specific phenotypic features of
PCOS to better delineate the spectrum of this condition.
Phosphorylation studies could clarify the ultimate effects of
mechanical forces on transcription. Additional studies should
be conducted to correlate cumulus cell Hippo gene expression
with that from cells readily available in a less invasive manner
such as serum, buccal or vaginal swabs, or other sources. This
is also dependent on understanding whether the relationship
between PCOS and the Hippo pathway is due to a systemic
upregulation or a phenomenon that would be limited to the
ovaries. If it is the latter, it may be more difficult to draw an
association to non-ovarian tissue. Development of this test
may be particularly helpful for discerning PCOS patients with
a normal BMI, often labeled lean PCOS, from those with
anovulation of another etiology. This becomes important
when considering the long-term health implications of
PCOS [38]. Patients with PCOS must be counseled regarding
their increased risk of metabolic syndrome as well as undergo
appropriate screening for its components [39].

Additionally, appropriate diagnosis of patients with PCOS is
important when treating infertility. Recent studies have demon-
strated that patients with PCOS have improved outcomes when
undergoing ovulation inductionwith letrozole versus clomiphene
citrate [40]. Furthermore, patients with PCOS are at increased
risk of over-response when undergoing controlled ovarian hyper-
stimulation with gonadotropins [41]. This risk must be consid-
eredwhen designing the stimulation protocol, deciding to include
estrogen priming, selecting a trigger medication, and deciding to
transfer in a fresh cycle to balance the risk of over-responsewhile
maintaining the best chance at live birth.

Therapeutic treatment of PCOS could potentially be targeted
to the gene level in the setting of abnormal expression profiles.
Hippo gene-targeted therapeutics would likely not only have
significant reproductive implications but may also impact the
systemic symptoms of PCOS such as increased risk of hyperlip-
idemia, hypertension, diabetes, and hyperandrogenism [15, 16].
Treatments for the components of metabolic disorder seen in
PCOS patients that are targeted to the underlying etiology may
be more beneficial than those that provide general treatment
which may be due to a different underlying pathology.
Additionally, targeted pharmacologics could reduce the occur-
rence of surgical management via ovarian wedge resection and/
or ovarian drilling which have been used to induce ovulation and
reset the ovulatory cycle in patients with PCOS [42]. By elimi-
nating surgical management, as well as capturing patients that are
poor candidates for surgical treatments based upon surgical risk
factors and/or poor prognosis, pharmacologic approaches may

improve patient access to therapy and reduce its associated risks.
Research into directed therapies is already being conducted, and
possible pharmacologic agents have been proposed [11].

Conclusion

Our own results have demonstrated that patients with PCOS
have higher expression levels of genes found in the Hippo
signaling pathway in cumulus cells obtained after exogenous
gonadotropin stimulation. Dysregulation of the Hippo path-
way is likely one of the underlying etiologies for the clinical
findings of PCOS including: enlarged ovaries with multiple
small follicles, theca hyperplasia, and thickened ovarian cor-
tices. Li et al. [43] also concluded that a key effector in the
Hippo signaling pathway, YAP1, is differentially expressed in
PCOS patients compared to controls in the Han Chinese when
using RTqPCR and SNP analysis for GWA significance. Their
study also indicated that the alleles are associated with insulin
sensitivity and resistance and LH levels, further validating the
association with clinical PCOS. Additionally, aberrancy in
YAP1 methylation patterns among patients with PCOS has
been demonstrated by Jiang et al. [44]. Although our pilot
study did not demonstrate differential expression of LATS1
among PCOS patients and controls, Sun et al. [45] found that a
deletion in Lats 1 resulted in ovarian germ cell apoptosis and
follicular cysts. They also demonstrated that LATS1, LATS2,
and MOB1B are localized to germ and somatic cells of pri-
mordial to antral follicles. Shah et al. [46] have also recently
reviewed the complexities of the integral role that the Hippo
pathway plays in mechanical and signaling pathways in the
ovary and concluded that a tight relationship exists between
both. They also proposed that disruption of ovarian biome-
chanics may be the mechanism by which ovarian disease phe-
notypes, such as PCOS, evolve.

Despite the marked differences in study design, the abun-
dance of studies now indicate that aberrant signaling within
the Hippo pathway is correlated with PCOS or clinical find-
ings attributed to patients with PCOS. Further research is
therefore needed to clarify the genomics, proteomics, and
metabolomics underlying PCOS. Once elucidated, these can
serve as targets for diagnostic testing and therapeutic interven-
tions for patients with PCOS.
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