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ABSTRACT

Alternative Splicing
of Yes-associated protein

and its roles during implantation

Ji su Chae
Department of
Biology
Graduate School

Sungshin University

Decidualization is a vital process in early pregnancy, during which
endometrial stromal cells undergo differentiation to support embryo

implantation and facilitate developmental signaling.



The Hippo signaling pathway, a serine/threonine kinase cascade that
regulates cell proliferation, survival, and apoptosis, is recognized as a critical
factor in both normal development and pathological progression.

In this study, we examined the role of YAP1, the primary effector of the
Hippo signaling pathway, in regulating decidualization during early pregnancy.

Western blot analysis of YAP1, its target gene CTGF, and the TEAD family
transcription factors that interact with YAP1 demonstrated an increase in the
expression of YAP1, CTGF, and TEAD1 as decidualization progressed.

Immunohistochemical analysis was performed from day 1 to day 7 of
pregnancy to observe dynamic changes in YAP1 localization, which
corresponded to physiological status.

Western blot analysis identified four distinct bands corresponding to
alternative splicing isoforms of YAP1, with a significant increase observed on
day 7 of pregnancy, which correlated with an increase in uterine size and
weight.

In addition, higher expression of YAP1 was observed at the implantation

site compared to the inter-implantation site. Subsequent analysis of post-



translational modifications (PTMs) revealed that the 60 kDa band
corresponded to the glycosylated form of YAP1.

Further investigation using the O-GIcNAcAtlas 3.0 program confirmed that
O-GlcNAcylation of mouse YAP1 occurs at serine 94, consistent with its
human counterpart.

This suggests that O-GlcNAcylation may play a regulatory role in YAP1's
function as a transcriptional co-activator. Furthermore, Western blot analysis
of O-GIcNAcylated proteins in the uterus of early pregnant mice revealed a
gradual increase in O-GIcNAcylation levels from day 1 to day 7 of pregnancy.

Co-immunoprecipitation (Co-IP) analysis confirmed that YAP1, represented
by the 52 kDa and 28 kDa bands, interacts with O-GIcNAc. Collectively, these
findings demonstrate that YAP1 plays a critical role in cell proliferation and
differentiation in the early pregnant uterus and may regulate its physiological

functions.
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INTRODUCTION

Decidualization is a process during early pregnancy in which endometrial
stromal cells at the implantation site undergo cellular morphological changes
and functional differentiation to support embryo attachment and invasion,
ultimately developing into the placenta that provides essential nutrients to the
embryo. In mice, decidualization is initiated when the blastocyst enters the
uterus on the fourth day post-fertilization (Paria et al., 1993; Wang & Dey, 2006).
The blastocyst initiates the differentiation of stromal cells located beneath the
attached uterine epithelium into decidual cells, characterized by increased cell
size and altered secretory properties, forming the primary decidual zone (PDZ)
by day five of pregnancy. By day eight of pregnancy, the decidual area expands
to create the secondary decidual zone (SDZ), while the PDZ undergoes
apoptosis and disappears. At this point, the number of decidual cells reaches
its peak, after which regression of the decidua begins (He et al., 2021). This
process is essential for successful pregnancy and involves a complex interplay
of various hormones, transcription factors, cytokines, and signaling pathways.

The Hippo signaling pathway, first identified in Drosophila, regulates organ
growth by controlling cell proliferation, survival, and apoptosis. This pathway is
a serine/threonine kinase signaling cascade that is activated or inhibited by
various hormones, growth factors, and mechanical stress. When the Hippo
pathway receives signals from outside the cell, its key components Mammalian
Ste20-like protein (MST) 1/2 kinase and Large tumor suppressor (LATS) 1/2
kinase are sequentially phosphorylated. LATS1/2 then phosphorylates the



transcription co-activator and main effector of the Hippo pathway, Yes-
associated protein (YAP) 1 (Meng et al.,, 2016).

When YAP1 is phosphorylated, it binds to 14-3-3 proteins, leading to its
retention in the cytoplasm or degradation, thereby becoming inactive. In
contrast, when the Hippo pathway is turned off, LATS1/2 kinase remains inactive
and is unable to phosphorylate YAP1. Consequently, the unphosphorylated YAP
translocates to the nucleus, where it associates with transcription factors to
activate the transcription of target genes (Meng et al., 2016).

YAP1 does not have direct DNA-binding sites; therefore, it must associate
with DNA-binding transcription factors to activate transcription. The target
genes that YAP1 activates vary depending on the transcription factors it binds
to, which ultimately determine its function. A prominent partner of YAP1 is the
TEA domain transcription factor (TEAD) family, which includes transcription
factors such as connective tissue growth factor (CTGF) that promote cell
proliferation and regulate the cell cycle (Chen et al., 2019). Additionally, YAP1
can interact with several transcription factors, such as Runx and ErbB4, that
possess a PPxY motif, which binds to the WW domain of YAP1 (Kim et al., 2018).

Alternative splicing is an essential mechanism that increases the complexity
of gene expression by altering the composition of exons and introns in the
primary transcript, resulting in the production of proteins with diverse functions.
In humans, eight alternative splicing forms of YAP1 have been identified (Sudol,
2013), and a similar number of eight splicing forms are known in mice (Xu et

al., 2021).



As shown in Figure 1, YAP1 is composed of several domains. The N-terminal
region contains a TEAD binding domain (TBD) that allows for interaction with
the TEAD family, while the C-terminal region features a transactivation domain
that plays a crucial role in transcriptional activation, although it does not directly
bind transcription factors. Between these two regions are two WW domains that
can interact with the PPxY motif (Zhao et al., 2009). According to the currently
identified alternative splicing forms of mouse YAP1, the loss of exon 1 and part
of exon 3 is expected to result in the absence of the first WW domain, and the
deletion of part of exon 6 is anticipated to impair the transactivation domain
(Vassilev et al.,, 2001).

If alternative splicing forms occur as modifications after transcription, then
post-translational modifications (PTMs) include phosphorylation, acetylation,
and glycosylation. Phosphorylation, in particular, is a mechanism that regulates
YAP1 activity, as specific serine and threonine residues of YAP1 are
phosphorylated by LATS1/2, leading to the suppression of its transcriptional
activity. Glycosylation has also been shown to affect YAP1's transcriptional
activation, with one form, O-GIcNAcylation, being a modification where a single
O-GIcNAc is attached to the serine or threonine residues of a protein by O-
GIcNAc transferase (OGT). O-GIcNAcylation occurs more readily at higher
glucose concentrations and is a dynamic process, making it more closely
influenced by the nutritional status of the cell compared to O-glycosylation
(Mannino & Hart, 2022). In humans, YAP1 has been found to undergo O-
GlcNAcylation at S109 and T241. When YAP1 is O-GIcNAcylated, it competes
with the phosphorylation sites targeted by LATS1/2 or indirectly inhibits
phosphorylation, thereby enhancing YAP1's transcriptional activity (Meng et al,
2016; Peng et al,, 2017). In a previous study, it was observed that the level of

O-GIcNAc protein modification was higher in the secretory phase, i.e, the

-3-



receptive phase, of human endometrial tissue compared to the proliferative
phase. Moreover, when O-GIcNAc transferase (OGT) and O-GIcNAcase (OGA)
were knocked down to regulate the O-GIcNAcylation level, it was found that an
increase in O-GIcNAcylation significantly enhanced the degree of embryo
attachment, cell proliferation, and migration in an endometrial cell line.
Therefore, it is anticipated that O-GIcNAcylation plays a crucial role in regulating
protein function during embryo implantation(Han et al., 2019).

YAP1 has been found to be expressed in the mouse endometrium (Moon et
al, 2022), with higher levels observed in the decidua of pregnant women
compared to the endometrium of non-pregnant women (Chen et al, 2017).
Furthermore, experimental studies have shown that inactivation of YAP during
the process of decidualization in mice impairs the proliferation and
differentiation of stromal cells, leading to DNA damage and resulting in
abnormal decidualization (Yu et al., 2022). However, previous studies have
shown that there is no significant difference in decidual response between
AMHR-based conditional YAP1 null mice and wild-type mice when artificial
decidual induction is performed (Godin et al., 2020), suggesting that the role of
YAP1 during pregnancy remains controversial. Decidualization are confused via
various factor and YAP1 also suspected one. However, the molecular mechanism
and processes are not much uncovered.

So, in this study, we investigate the role of YAP1 in pregnancy along with

splicing of YAP1, and the impact of YAP1 glycosylation.
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MATERIALS AND METHODS

Experimental animals

All animal experiments were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals published by the National Institutes of
Health (NIH). The studies were approved by the Institutional Animal Care and
Use Committee (IACUC) at Sungshin Women's University (SSWIACUC-2024-006).
6-8-week-old ICR mice were housed under a controlled light cycle, with lights
on at 6:00 AM and off at 7:00 PM, in a clean room environment. Mice were
given access to standard rodent chow and water ad libitum starting at 28 days
of age, after weaning. To obtain uterine tissue from specific stages of pregnancy,
female mice were mated with fertile wild-type males, and the presence of a

vaginal plug was designated as Pregnant Day 1 (PD1).

Total RNA extraction

The uterus was homogenized in TRIzol® reagent (Invitrogen, Cat #: 15596-
026, Massachusetts, USA) at a ratio of 1 ml per 0.1 g of tissue and incubated
for 10 minutes at room temperature (RT). Then, 0.2 ml of chloroform per 1 ml
of TRIzol was added to the homogenized sample, which was shaken vigorously
for 15 seconds and left at RT for 15 minutes. The mixture was then centrifuged
at 12,000 g for 15 minutes at 4°C. The resulting supernatant was transferred to
a new tube, and 0.5 ml of isopropanol was added to each 1 ml of TRIzol. The

sample was mixed gently and incubated at RT for 10 minutes. Afterward, the



sample was centrifuged at 12,000 g for 8 minutes at 4°C. The supernatant was
removed, and the RNA pellet was washed by gently inverting the tube in 1 ml
of 75% ethanol, followed by centrifugation at 7,500 g for 5 minutes at 4°C. The
supernatant was discarded, the pellet was air-dried for 20 seconds at RT to
remove ethanol, and 50 ul of 0.1% DEPC-treated water was added to dissolve

the RNA.

cDNA synthesis

Briefly, the reaction mixture consisted of 26.5 pl of total RNA, 10 ul of MMLV
5X buffer, 1 pl of oligo dT primer (0.5 ug/ul), 1 yl of random primer (0.1 ug/ul),
and 4 ul of dNTP mix (100 mM). The reaction was incubated at 65°C for 5
minutes, then allowed to cool to room temperature for 10 minutes. Next, 4.5
of DTT (100 mM), 2 pl of M-MLV Reverse Transcriptase (Promega, Cat#: M1708B,
Wisconsin, USA), and 1 ul of RNase block ribonuclease inhibitor (40 U/ml) were
added. The reaction was then incubated at 42°C for 1 hour and terminated by
heating at 70°C for 10 minutes to stop cDNA synthesis. The final product was

stored at -20°C until use.

Real-time PCR analysis

To quantify gene expression, target gene transcripts were amplified by reverse
transcription (RT)-PCR using specific primers (Table 2). Quantitative real-time
RT-PCR was carried out with SYBR Premix Ex Tag™ (TaKaRa, #RR420, Japan) on
an AriaMx Real-time PCR System (Agilent, #G8830A, USA). Details of the thermal

cycling conditions are provided in Table 1. Each reaction was performed in



triplicate, with 1 pl of cDNA in each well. Dissociation curves were generated
for all reactions to confirm amplification of a single product with the correct
melting temperature. Gene expression fold change was calculated using the

AACt method, with the ribosomal protein 36B4 as the internal control.

Protein extraction and coomassie blue staining

The uterus was homogenized in cold homogenization buffer containing 50
mM Tris-Cl, 150 mM NaCl, 10 mM [B-mercaptoethanol, 2 mM CaCl2, 0.1 mM
PMSF, 1 uM Leupeptin, 1 uyM Pepstatin, 0.5 mM EDTA, 15% Glycerol, and 0.1%
NP-40. The resulting homogenate was centrifuged to remove insoluble debris.
Protein concentration was measured using a BCA assay (Thermo Fisher Scientific,
#23225, USA). A protein sample of 30 pg/ml was boiled with SDS/B-
mercaptoethanol sample buffer and loaded onto a 10% SDS-PAGE gel. Proteins
were separated by electrophoresis. After the SDS-PAGE run, the gel was stained
with Coomassie Blue solution (0.1% Coomassie Brilliant Blue R250, 50%
methanol, 10% glacial acetic acid in distilled water) for 2 hours, then incubated

in a destaining solution while shaking overnight.

Western blot

Following SDS-PAGE, proteins were transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, #1620177, USA) using transfer buffer containing
25 mM Tris base, 192 mM Glycine, 0.1% SDS, and 20% Methanol. The
membranes were blocked with 10% skimmed milk in TBST buffer (10 mM Tris-
HCI, 150 mM NaCl, and 0.05% Tween-20) for 1 hour at room temperature (RT),

then washed three times with TBST. The membranes were incubated overnight



at 4°C with the primary antibody (Table 3). After washing three times,
membranes were incubated with goat anti-mouse IgG-HRP (diluted 1:2000) for
1 hour. Bands were visualized using ECL solution (Bio-Rad, #1705060, USA) and
detected with the ChemiDoc MP Imaging System (Bio-Rad, #17001402, USA).
Band intensities were quantified and normalized to total protein levels using

Image) software.

Immunoprecipitation

Protein sample (500 pg) was rotated with mouse monoclonal YAP1 antibody
(5 pug) and homogenization buffer 500 pl (50 mM Tris-Cl, 150 mM NacCl, 10 mM
B-mercaptoethanol, 2 mM CaCl2, 0.1 mM PMSF, 1uM Leupeptin, 1 uM Pepstatin,
0.5 mM EDTA, 15% Glycerol, and 0.1% NP-40) for overnight. And after the
addition of 50 pl Protein A/G-Agarose (Santa cruz Biotechnology, SC-2003, USA),
sample was rotated at 4°C for 2 hr. Then centrifuged 12,000 g for 2 min at 4°C.
The supernatant was removed and rotated for 5 min after adding 1ml
homogenization buffer. Repeat four times from centrifuge. The supernatant was
removed and added 20 pl SDS/B-mercaptoethanol sample buffer. Sample was

boiled at 95°C for 5 min for elution.

Immunohistochemistry

4 pm tissue sections were mounted on glass slides and subjected to antigen
retrieval by incubating in boiling 10 mM sodium citrate buffer (pH 6.0) for 15
minutes. Endogenous peroxidase activity was blocked by treating the sections
with 0.3% hydrogen peroxide in water for 5 minutes. YAP immunoreactivity was
detected using the VECTASTAIN® Elite ABC-HRP kit, Peroxidase (Mouse IgG)
(Vector Laboratories, Cat #PK-6102, California, USA). In brief, the tissues were



incubated with 1% normal horse serum in 0.1% BSA in PBS for 1 hour to block
non-specific binding. Following this, the sections were incubated with mouse
monoclonal YAP antibody (diluted 1:200) in 0.1% BSA in PBS for 1 hour. After
washing with PBST and PBS, tissues were incubated with avidin-biotin complex
reagent containing horseradish peroxidase for 30 minutes. After additional
washes with PBST and PBS, color development was achieved using DAB
substrate (Vector Laboratories, Cat #SK-4100, California, USA). The sections were

then counterstained with hematoxylin.

Protein deglycosylation

Total protein from mouse uterine tissue (190 pg) was diluted to a final volume
of 40 pL using protein lysis buffer. Subsequently, 5 uL of deglycosylation mix
buffer 2 (NEB, Cat #B6045, USA) was added, and the mixture was incubated at
75°C for 10 minutes. Following this, 5 pL of protein deglycosylation mix Il (NEB,
Cat #P6044, USA) was added, and the solution was gently mixed. The reaction
was then allowed to proceed at room temperature for 30 minutes, followed by

a further incubation at room temperature for 16 hours.

Protein extraction and digestion for mass spectrometry analysis

Total proteins were extracted from the uterus of pregnant mice and separated
by SDS-PAGE. The gel was stained with Coomassie blue solution. The
corresponding bands were identified by comparing the results with YAP1
Western blot data, and the relevant sections of the gel were excised. The excised
gel pieces were cut into small fragments and placed in for destaining. The gel

pieces were then dehydrated by replacing the solution with 100% acetonitrile.

-10 -



Following dehydration, the gel pieces were incubated with 10 mM DTT in 25
mM ammonium bicarbonate at 56°C for 1 hour at 600 rpm. Afterward, the gel
pieces were transferred to a solution of 55 mM iodoacetamide in 25 mM
ammonium bicarbonate and incubated in the dark at 56°C for 1 hour at 600
rom. The gel was washed with 100% acetonitrile and then dehydrated by
replacing with 100% acetonitrile. The gel pieces were then incubated with 12.5
ng/ul trypsin in 25 mM acetonitrile at 4°C for 40 minutes, followed by washing
with 25 mM ammonium bicarbonate. Afterward, the gel pieces were incubated
with 50 mM ammonium bicarbonate at 37°C overnight with shaking. After the
incubation, the supernatant was collected by centrifugation, and the gel pieces
were incubated with 25 mM ABC in 50% acetonitrile at 37°C and 600 rpm for
15 minutes. Next, the samples were sonicated for 5 minutes at 37°C, and the
supernatant was collected again after centrifugation. The collected extraction

solution was vacuum-dried using a speed vac.

Sample clean-up and preparation for LC-MS/MS analysis
The Sep-Pak Vac C18 1cc cartridge was activated with 100% acetonitrile,

followed by equilibration with solvent A (5% acetonitrile + 0.1% formic acid in
D.W.). The sample (10% in solvent A) was loaded onto the cartridge, and solvent
A was passed through to wash the cartridge. Elution was performed with elution
buffer (70% acetonitrile in D.W.), and the eluate was collected. The samples were
then vacuum-dried using a speed vac and analyzed by LC-MS/MS (Waters, Xevo
G2-XS QTof). Data processing was carried out using the Unifi program.

-11 -



Statistics

All experiments were performed at least three times. Statistical significance
between the control and experimental groups was assessed using the Student's
t-test. Data are expressed as the mean + standard error of the mean (SEM). A
p-value of less than 0.05 was considered statistically significant. All statistical

analyses were carried out using IBM SPSS Statistics software.

-12 -



Table 1. Real-time-PCR Thermal cycler schedule

Step Temperature(°C) Time cycles

Hold 94 30 min 1
Denaturation 95 1 min

3 steps PCR Annealing 59 30 sec 45
Extension 72 1 min
Denaturation 95 15 sec

Dissociation Annealing 60 30 sec 1
Extension 95 15 sec

Hold 4 Indefinitely 1

-13 -
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RESULTS

mRNA expression profiles of genes that main components of Hippo

pathway

To investigate the involvement of the Hippo pathway in the uterus during
early pregnancy, the mRNA expression levels of YAP1, the main effector of the
Hippo pathway, TAZ (the homologue of YAP1), the main downstream gene CTGF,
and the TEAD family transcription factors (TEAD1, 2, 3, 4), which interact with
YAP1, were measured using qRT-PCR in the uteri of pregnant mice (Fig. 2).

YAP1 expression increased until day 3 of pregnancy, then decreased on day
4, before rising again on day 7. Notably, during decidualization from days 5 to
7, there was a significant increase in YAP1 expression (Fig. 2A). TAZ also showed
an increase starting on day 4, with a significant rise on days 6 and 7. Among
the TEAD family, TEAD1 exhibited a significant increase during decidualization,
suggesting that TEAD1 may play a functional role during decidualization in mice
(Fig. 2C). Although CTGF showed a significant increase on day 3, it did not reach
statistical significance (Fig. 2G).

These results suggest that YAP1 may play a role during decidualization, and
TEAD1, a transcription factor that interacts with YAP1, is likely to be involved in

this process.

-16 -
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Figure 2. mRNA expression profiles of genes that main components of
Hippo pathway.

Western blot analysis of mouse uterus in pregnant day 1 to 7. Genes
expression was measured by RT-qPCR. mRNA level was calculated using the
AACt method with the 36B4, as the internal control. PD: pregnant day. a:
p<0.05 (a significant difference vs PD1). b: p<0.05 (a significant difference vs
PD2). c: p<0.05 (a significant difference vs PD3).
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Tissue specific localization of YAP1 in mice uterine cell during early

pregnancy

To investigate the expression pattern of YAP1 in the uterus of mice during
decidualization, uterine tissues from pregnant mice on days 1 through 7 were
collected and analyzed by immunohistochemistry (Fig. 3). From day 1 to day 4
of pregnancy, before implantation, YAP1 was primarily localized in the luminal
epithelial and glandular epithelial cells. On day 5 of pregnancy, as
decidualization began, the primary decidual zone (PDZ), where cell proliferation
and differentiation occur, was formed, starting from the antimesometrial PDZ,
where implantation takes place. Subsequently, apoptosis in the PDZ led to the
formation of the secondary decidual zone (SDZ) in a broader area, with further
cell proliferation and differentiation.

Immunohistochemistry results also showed that on day 5, the highest
expression of YAP1 was observed in the antimesometrial primary decidual zone,
the site where decidualization begins. On day 6, YAP1 expression was highest
in the mesometrial primary decidual zone and the antimesometrial secondary
decidual zone, and on day 7, the highest expression was observed in the
mesometrial secondary decidual zone (Table 4). These findings indicate that the
localization of YAP1 follows the progression of decidualization.

Thus, these results suggest that YAP1 plays a crucial role in the formation of

the decidualization zones in the mouse uterus.
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Detection and identification of alternative splicing forms of YAP1

Western blotting was performed using an antibody that detects the 364-392
amino acid region of mYAP1 on uterine proteins from days 1 to 7 (PD1-7).

When the binding site of the antibody used in the Western blot was BLASTed,
the only protein that matched 100% was YAP1. The antibody was used to detect
the amino acid sequences present in all the isoforms shown in Figure 1 (Fig.
4A).

Four clearly visible bands were obtained using in-gel digestion, and their
sequences were compared and analyzed with the YAP1 sequence through LC-
MS/MS (Fig. 4B-E). The analysis confirmed that all four bands corresponded to
YAP1.
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Protein expression profiles of YAP1 during early pregnancy

Uterine proteins from early pregnant mice were analyzed by western blotting
using YAP1 antibody, and the intensity of the bands observed in Figure 2 was
quantified for profiling. The band detected around 70 kDa showed a significant
increase on day 7 of pregnancy compared to days 1, 2, 4, and 5 (Fig. 5A). The
band around 60 kDa showed a significant increase on days 6 and 7 compared
to day 1, and also showed a significant increase compared to all subsequent
days starting from day 2 (Fig. 5B). The band around 52 kDa showed a significant
increase on days 4 and 7 compared to day 1, and day 7 exhibited a significantly
higher intensity compared to all earlier days (Fig. 5C). The band around 28 kDa
showed a significant increase on days 3, 4, and 7 compared to day 1, with day
7 showing a significantly higher intensity compared to all other time points (Fig.
5D). The integrated intensity of all four bands showed a sharp increase on day
7, which was significantly higher than all previous time points (Fig. 5E).

The wet weight of half of the uterus extracted for protein analysis was
measured, showing a significant increase starting on day 5 of pregnancy, with
a sharp increase on day 7 (Fig. 5F).

These results indicate that there is a positive correlation between the
expression level of YAP1 and the increase in uterine size and weight during
pregnancy in mice. This suggests that YAP1 may play a role in processes such

as cell proliferation in the pregnant uterus.
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Figure 5. Protein expression profiles of YAP1 during early pregnancy.
Western blot analysis of mouse uterus in pregnant day 1 to 7. The target
protein levels were normalized to GAPDH. Intensity is measured using the
Imagel system. a: p<0.05 (a significant difference vs PD1). b: p<0.05 (a
significant difference vs PD2). c: p<0.05 (a significant difference vs PD3). d:
p<0.05 (a significant difference vs PD4). e: p<0.05 (a significant difference vs
PD5). f: p<0.05 (a significant difference vs PD6). In the notation of statistical
significance, uppercase letters represent p<0.01, and underlining denotes
p<0.001. *: p<0.05 (a significant difference vs PD1). ***: p<0.001 (a significant

difference vs PD1). Data are represented as the mean +SEM.
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Increase of the levels of YAP1 protein by implantation

Uterine tissue from pregnant mice on day 7, after the removal of the
myometrium, was collected and divided into implantation and inter-
implantation sites for protein extraction (Fig. 6A). Western blotting was
performed on the extracted proteins using YAP1 antibody. Analysis of the band
intensities for the 70 kDa, 60 kDa, 52 kDa, and 28 kDa bands showed that all
bands had significantly higher expression in the implantation site compared to

the inter-implantation site (Fig. 6B).

- 26 -



Ladder

75 kDa

50 kDa

37 kDa

25 kDa
GAPDH

YAP

IS IS

—— 70 kDa
—— 60 kDa
W
% . |— 28kDa

1
08
0.6
0.4
0.2

0

D

12 ¢

1 }
08
0.6 F
04
0.2 f

0

YAP 70 kDa

*

IS

YAP 52 kDa

*

s

0.8
0.6
0.4
0.2

YAP 60 kDa

< ne

YAP 28 kDa

*

Figure 6. Increase of the levels of YAP1 protein by implantation.

Western blot analysis of implantation site and inter-implantation site of mouse

uterus removed myometrium in pregnant day 7. The target protein levels were

normalized to GAPDH. Intensity is measured using the ImageJ system. *:

p<0.05 (implantation site vs inter-implantation site). IS: implantation site. IIS:

inter-implantation site.
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Glycosylated YAP1 during pregnancy

To confirm whether the size discrepancy of the four detected bands was due
to size missing from PTM, we performed deglycosylation on proteins extracted
from the uterus of pregnant mice. The enzymes used for this process were
PNGase F, which specifically cleaves N-glycans, and a deglycosylating enzyme
mix, which cleaves both N-glycans and O-GIcNAc (Fig. 7A). Fetuin, a control
protein that undergoes both N-glycosylation and O-glycosylation, was
subjected to deglycosylation with each enzyme. After SDS-PAGE, PNGase F-
treated Fetuin showed a reduced size of approximately 15 kDa, and Fetuin
treated with the deglycosylating enzyme mix showed a reduction to
approximately 18 kDa, confirming effective deglycosylation (Fig. 7B). After
performing deglycosylation on proteins extracted from the uterus of day 7
pregnant mice, western blot analysis with a YAP1 antibody revealed the
disappearance of a band around 60 kDa (Fig. 7C), suggesting that the 60 kDa
band represents glycosylated YAP1.
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Figure 7. Glycosylated YAP1 during pregnancy.

(A) The enzymes included in the deglycosylation enzyme mix and their
mechanisms. (B) After deglycosylating fetuin and total protein from the uterus
of pregnant mice on pregnant day 7, SDS-PAGE was performed, and the gel
was stained with Coomassie Blue. The arrow heads indicate the bands
corresponding to the deglycosylating enzymes. (C) After deglycosylating total
protein from the uterus of pregnant mice on day 7, Western blotting was
performed to detect YAPT.
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O-GIcNAcylation in mouse YAP1

O-GIcNAcylation, a form of O-glycosylation, is a post-translational
modification (PTM) in which O-GIcNAc is attached to the serine or threonine
residues of proteins, and it dynamically changes depending on the cellular
energy state. Recent studies have shown that human YAP1 undergoes O-
GlcNAcylation, which competitively inhibits its phosphorylation, promotes
YAP1's translocation into the nucleus, and consequently enhances its
transcriptional coactivator activity. The site of phosphorylation in human YAP1
and the site where O-GIcNAc competes for binding is serine 109, which
corresponds to serine 94 in mouse YAP1, based on a conserved sequence. Using
the O-GIcNAcAtlas 3.0 program, the O-GlcNAcylation site in mouse YAP1 was
identified at serine 94 (Table 5). This suggests that, similar to humans, O-
GlcNAcylation at serine 94 may promote YAP1's transcriptional coactivator
function in mice, prompting further investigation into YAP1 O-GIcNAcylation in
the uterus of pregnant mice.

Western blot analysis using an O-GIcNAc antibody on proteins extracted from
the uterus of mice from day 1 to day 7 of pregnancy revealed a tendency for
increased O-GIcNAcylated protein levels as pregnancy progressed (Fig. 8A, 8B).

Additionally, immunoprecipitation of YAP1 using a YAP1 antibody followed by
western blotting with an O-GIcNAc antibody on proteins extracted from the
uterus of pregnant mice on days 3 and 7 showed that the 52 kDa and 28 kDa
bands of YAP1 were found to interact with O-GIcNAc, as confirmed by co-

immunoprecipitation (co-IP) analysis (Fig. 8C).
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DISCUSSION

In this study, the role of YAP1 was investigated in the uterus during early
pregnancy and how its alternative splicing forms and O-GIlcNAcylation impact
uterine decidualization. The results suggest that YAP1 plays a crucial role in the
uterus during early pregnancy. Notably, the expression of YAP1 undergoes
significant changes during the decidualization process, and it was confirmed
that alternative splicing and O-GIcNAcylation can influence this process.

First, YAP1 expression exhibited dramatic fluctuations at key points during
early pregnancy, coinciding with periods of active decidualization on days 5 and
7. This suggests that YAP1 plays a significant role during decidualization.
Additionally, the level of YAP1 expression correlated with the increase in uterine
size and weight, which implies that YAP1 is involved in important processes such
as uterine cell proliferation. This finding contrasts with a previous study where
no significant difference in decidual response was observed between normal
mice and AMHR-based conditional YAP1 null mice following artificial decidual
induction. However, the conditional YAP1 null mouse model used in that study
(Amhr2-1RES-Cre(Bhr)/+ mouse model) has a mosaic nature that leads to
widespread gene recombination or Cre activity leakage (Dickson et al., 2023)
suggesting that the observed normal decidualization in this model was
erroneous.

Second, several alternative splicing forms of YAP1 identified. These alternative
splicing forms of YAP1 could generate proteins of various sizes and functions,
offering the possibility that YAP1 is regulated diversely within the uterus during
both decidualization and pregnancy. In particular, the splicing of YAP1 may vary

depending on the characteristics of uterine cells, highlighting the need for
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further studies to understand how different YAP 1 isoforms contribute to the
decidualization process.

Third, it was observed that O-GIcNAcylation of YAP1 plays an important role
in the activation of YAP1 during early pregnancy. To determine if YAP1 is
regulated by post-translational modifications (PTMs), we tracked changes in
YAP1 through glycosylation and examined YAP1's interaction with O-GIcNAc
using co-immunoprecipitation (co-IP). Our findings confirmed that O-
GlcNAcylation significantly affects YAP1 modification and activation. Specifically,
our results align with previous studies showing that O-GIcNAcylation promotes
YAP1 nuclear activation by competing with LATS1/2-mediated phosphorylation.

Finally, it is intriguing that the expression of YAP1 and the levels of O-
GlcNAcylation are closely linked with various physiological changes during early
pregnancy. This suggests that YAP1 plays an essential role in transcriptional
activation during decidualization, with regulation related to the cell's energy
state fine-tuning YAP1's function. YAP1 appears to be a critical protein not only
for decidualization but also for proper uterine response during early pregnancy.
However, this finding contrasts with a previous study in which O-GIcNAcylated
protein levels were found to decrease over time in cultured mouse endometrial
stromal cells undergoing decidualization induction (Muter et al, 2018).
Therefore, it is necessary to experimentally verify this discrepancy through in
vitro culture experiments to determine whether the conflicting results arise due
to differences between in vitro and in vivo conditions.

Additionally, based on the results, it can propose conducting in vitro culture
experiments where YAP1 agonists and antagonists are separately applied during
the decidualization process, along with treatment of OGT (which induces O-

GlcNAcylation) and OGA (which removes O-GIcNAcylation). This will allow us to
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accurately determine the roles of YAP1 and O-GlIcNAcylated YAP1 during the
decidualization process.

In summary, our findings confirm that the alternative splicing forms and O-
GIcNAcylation of YAP1 play significant roles in YAP1 activation and
decidualization in the uterus during early pregnancy. This study provides
valuable information that can deepen our understanding of YAP1's role and
potentially lead to new therapeutic approaches for ensuring the successful

progression of pregnancy.
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