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ABSTRACT

The effects of the interaction of alternatively spliced -
catenin with prion protein in embryo development

during early pregnancy

Ye rim Jang
Department of Biology
Graduate School of

Sungshin University

Embryo implantation is a process of interaction between the differentiating
uterine stromal cells and gastrulating embryo. Even though [-catenin is
known as an factor for implantation its molecular works are not much
unmasked. In this study, we explored the interaction of B-catenin, a key
effector of the Wnt signaling pathway of decidualization with cellular prion

protein (PrP¢), a multifunctional protein, during pregnancy. While B-catenin



maintained stable expression in epithelial regions from Days 1 to 5, PrP¢
exhibited lower but showed parallel expression patterns. On Days 6 and 7, 3-
catenin expression decreased toward deeper uterine zones, whereas PrP¢
showed increasing expression in deep zones. [-catenin and PrP< exhibited
distinct spatiotemporal expression patterns during early pregnancy. f-catenin
showed stable expression in luminal and glandular epithelium from Days 1-
5, decreasing across decidual zones on Days 6-7. PrP¢ increased toward
deeper decidual zones. Both proteins were prominent in stromal cells, with
B-catenin favoring undifferentiated stromal cells and PrP¢ strongly expressed
in decidualized cells. These findings suggest [(-catenin and PrPc act as
transcriptional co-activators critical for stromal cell differentiation during
decidualization. Co-immunoprecipitation experiments revealed that PrP¢ co-
precipitates with B-catenin, confirming their interaction. This suggests that
the B-catenin—PrPc complex may play a crucial role in uterine development
and implantation during early pregnancy. Single cell RNA sequencing
identified two major B-catenin isoforms: the canonical form and the intron
retention form. The canonical form exhibited decidualization-dependent
expression, while the intron retention form was estrogen-dependent. Using

the Prnp?™3/2% knockout mouse model, we confirmed that PrP¢ interacts

i



specifically with the canonical B-catenin isoform. PrP<-null mice exhibited
impaired decidualization and altered [-catenin isoform expression,
highlighting the importance of this interaction.

These results reveal a critical interplay between B-catenin and PrP¢ during
implantation, and suggests distinct roles for B-catenin isoforms in uterine

stromal differentiation and embryo development.
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INTRODUCTION

The B-catenin protein (CTNNB1) (Figure 1), a crucial molecule of the canonical
Wnt pathway, plays an important role in cell adhesion, development,
transcription, and tumorigenesis. In the absence of the Wnt signal, B-catenin is
captured by the GSK3[B (glycogen synthase kinase 3f) destruction complex
which bound to axin (a bridging molecule). And when the S33 and S37 sites of
B-catenin are phosphorylated by GSK3p, it is rapidly ubiquitinated from the N-
terminus by an E3 ligase containing an F-box protein called B-transducing
repeat containing (BTRC) protein, and degraded by the proteosome. (Kitagawa
et al., 1999) On the contrary, in the presence of the Wnt signal, the function of
the destruction complex is inhibited, and B-catenin is not phosphorylated. Free
B-catenin undergoes cytoplasmic accumulation and translocation to the nucleus,
where it binds to transcription factors called TCF/Lef, activates the transcription
of Wnt target genes, and promotes physiological processes such as cellular
proliferation and apoptosis. Therefore, 3-catenin with dephosphorylated S33
and S37 sites is called "active B-catenin.” (Gottardi & Gumbiner, 2004)
(Grigoryan et al., 2008)

The cellular prion protein (PrP) is a key protein of many neurological diseases
usually secreted as a glycosylphosphatidyl inositol-anchored glycoprotein
associated with lipid raft microdomains of the plasma membrane. (Vey et al.,
1996). Although there has been a relatively large amount of research on
diseases caused by PrP¢ isoform and related to stem cell, the biological role of
PrP¢ has not yet been elucidated. Normally, PrP< is expressed in various cell

types, where it is also contributed to regulating cell proliferation, differentiation,



survival, adhesion, and signaling. (Mouillet-Richard et al., 2000)

Previously, it is suggested that there is the cooperation between Wnt and
PrP¢in some tissue such as intestinal tissue and colorectal cancer (CRC). Besides,
PrP¢ can increase the transcriptional activity of the B-catenin/tcf712 complex in
intestinal epithelial cells and act as a modulator of Wnt signaling. (Besnier et al.,
2015) Wnt-B-catenin signaling is a regulator of prnp expression in colorectal
cancer (CRC), and these two act by forming a positive feedback loop. (Mouillet-
Richard et al., 2024). Although the interaction between the canonical Wnt
pathway and PrP¢ has been revealed in various tissues, it has not yet been
revealed in the pregnant uterus.

Decidualization, the remolding process of the endometrium that occurs
during early pregnancy, is a crucial process for embryo implantation and
placenta formation in mice. In response to the implanting conceptus,
endometrial fibroblast-like cells in the mouse uterus differentiate into large
decidual cells. (Abrahamsohn & Zorn, 1993) This process begins with cells in
the anti-mesometrial region of the endometrium, close to the implantation site.
This region is called the primary decidual zone (PDZ), and it progresses toward
the myometrium and mesometrial region of the uterus. This region is called the
secondary decidual zone (SDZ). During decidualization, ovarian steroid
hormones, called estrogen and progesterone, are tightly regulated in a time-
dependent manner. This results in the regulation of the expression of genes
that affect the proliferation and differentiation of uterine epithelial cells and
stromal cells according to the hormonal cycle (Dey et al, 2004). Estrogen
induces endometrial proliferation, and Progesterone induces morphological and

functional changes in the endometrium occur and promote shift from the



proliferative phase to the secretory phase. Then, the uterus endometrium
becomes ready to accept the embryo. Although the exact molecular mechanism
has not yet been elucidated, it is thought that various genes play an important
role during the decidualization process.

In addition to natural pregnancy decidualization (NPD), the artificial
decidualization (AD) model is an essential model for studying the physiological
and molecular mechanisms during decidualization. NPD and AD have only a
little difference in morphology. The disappearance of the uterine glands of the
endometrium after decidualization is same, and there is no significant difference
in gene expression levels. Therefore, the artificial decidualization model is also
appropriate for exploring unknown pathogenesis or new treatments for human
reproductive diseases. (De Clercq et al., 2017; Wang et al., 2020)

Human cells have genes encoding approximately 20,000 proteins. Their
transcriptomes are much more complex, with approximately 82,141 distinct
MRNA sequences entered in the latest version of GENCODE. (Frankish et al.,
2015., Harro2 et al., 2012, Biamonti et al., 2014) In high eukaryotes especially
in human and mouse, many genes can produce multiple isoforms of protein
products through alternative splicing (AS) of their mRNAs. Alternative splicing
is a process in which a single RNA precursor produces structurally and
functionally different mRNA and protein variants. This process will add
proteome diversity and cellular complexity. (Climente-Gonzalez et al., 2017). In
addition, Alternative splicing affects the biological characteristics of proteins by
adding or deleting functional domains, and modifying its stability, controlling
its localization, and modifying its protein-protein interactions. (Lee & Abdel-

Wahab, 2016). More importantly, genome-wide studies suggest that 92-95% of



human multi-exon genes undergo Alternative splicing. (Feng et al,, 2013)
Eventhough, the alternative spliced form of [(-catenin is suggested that

specifically acts during the pregnant uterus decidualization process and to find

out how the form affects decidualization and embryo development between

prion and B-catenin using a Prnp?"*/#%3 knockout mouse model.
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Figure 1. Gene Anatomy of B-catenin (CTNNB1) gene and major
functional domain of its protein.

Uniprot information based putative [B-catenin isoforms were illustrated. If it
suspected that those information are not solely show the full sequences of each

one.



MATERIALS AND METHODS

Experimental animals

All animal experiments were performed in accordance with the Guide for the
Care and Use of Laboratory Animals published by the National Institute of
Health (NIH). Approval was granted by the Institutional Animal Care and Use
Committee (IACUC) at Sungshin Women's University (SSWIACUC-2024-006).
Female C57BL/6 homozygous ZH3d/d mice, aged 6-8 weeks, were maintained
under a controlled light cycle (lights on at 6:00 AM, lights off at 7:00 PM) in a
clean room environment. Mice were provided with a standard rodent diet and
water ad libitum, beginning at 28 days of age. To collect uterine tissue at specific
pregnancy stages, females were mated with fertile wild-type males and
designated as Pregnant Day 1 (PD1) upon observation of a vaginal plug in the

morning.

Total RNA extraction

Uterine tissues were homogenized in TRIzol® reagent (Invitrogen, Cat

#15596-026, Massachusetts, USA) at a ratio of 1 mL of reagent per 0.1 g of

_7_



tissue, and samples were left at room temperature (RT) for 10 minutes.
Chloroform (0.2 mL per 1 mL of TRIzol) was added, shaken vigorously for 15
seconds, and incubated at RT for 15 minutes. The mixture was centrifuged at
12,000 g for 15 minutes at 4°C, and the upper aqueous phase was transferred
to a new tube. To precipitate RNA, 0.5 mL of isopropanol was added per 1 mL
of TRIzol, mixed gently, and incubated at RT for 10 minutes. Samples were
centrifuged at 12,000 g for 8 minutes at 4°C. The RNA pellet was washed in 1
mL of 75% ethanol, followed by centrifugation at 7,500 g for 5 minutes at 4°C.
After removing the ethanol, the pellet was briefly air-dried for 20 seconds and

dissolved.

cDNA synthesis

The reaction mixture consisted of 34 ul total RNA, 10 yl of MMLV 5X buffer, 1
ul of oligo(dT) primer (0.5 pg/ul), 1 pl of random primer (0.1 pg/pl), and 2 pl of
dNTP mix (100 mM). The mixture was first incubated at 65°C for 5 minutes,
allowed to cool to room temperature for 5 minutes, and supplemented with 4.5
pl of DTT (100 mM), 2 pl of M-MLV Reverse Transcriptase (Promega, Cat#:
M170B, Wisconsin, USA), and 1 pl of an RNase inhibitor (40 U/ml). The
completed reaction was incubated at 42°C for 1 hour, followed by heating at

70°C for 15 minutes to terminate cDNA synthesis. The cDNA was then stored at

_8_



-20°C until further use.

RT-PCR and Sequencing

Reverse Transcription PCR (RT-PCR) was performed using specific primers listed
in Table 2 and cycling conditions outlined in Table 1. The PCR products were
cloned using the Original TA-cloning kit (Bioneer, South Korea) and sequenced
by Cosmogentech. The resulting sequences were matched with database entries

using the BLAST GenBank search to confirm identity.

Real-time PCR analysis

To measure gene expression levels, target transcripts were amplified using
reverse transcription (RT)-PCR with the specific primers listed in Table 2.
Quantitative real-time RT-PCR was carried out using SYBR Premix Ex Tag™
(TaKaRa, #RR420) on the AriaMx Real-Time PCR System (Agilent, #G8830A, US).
The thermal cycling parameters are provided in Table 1.

Each reaction was performed in triplicate, utilizing 1 pl of cDNA per reaction.
To confirm the specificity of amplification, dissociation curves were analyzed to
verify the presence of a single product with the expected melting temperature.
Gene expression changes were calculated using the AACt method, with

ribosomal protein 36B4 used as the internal control for normalization.
— 9 —



Protein extraction and Western blotting analysis

Uterine tissues were homogenized in cold homogenization buffer containing
50 mM Tris-Cl, 150 mM NaCl, 10 mM B-mercaptoethanol, 2 mM CaClz, 0.1 mM
PMSF, 1 uM Leupeptin, 1 uM Pepstatin, 0.5 mM EDTA, 15% Glycerol, and 0.1%
NP-40. The homogenate was centrifuged to remove insoluble debris. Protein
concentrations were measured using the BCA assay kit (Thermo Fisher Scientific,
#23225, US).

Protein samples (20 ug/ml) were mixed with SDS/B-mercaptoethanol sample
buffer, boiled, and resolved on a 10% SDS-PAGE gel. After electrophoresis,
proteins were transferred onto polyvinylidene difluoride (PVDF) membranes
(Bio-Rad, #1620177) using transfer buffer (25 mM Tris base, 192 mM Glycine,
0.1% SDS, and 20% Methanol). The membranes were blocked for 1 hour at
room temperature with 10% skimmed milk in TBST buffer (10 mM Tris-HCI, 150
mM NaCl, and 0.05% Tween-20), followed by three washes with TBST.

Membranes were incubated overnight at 4°C with primary antibodies (as
detailed in Table 3). Afterward, the membranes were washed three times and
incubated for 1 hour at room temperature with horseradish peroxidase (HRP)-
conjugated secondary antibodies: goat anti-rabbit IgG (1:2000 dilution) or goat

anti-mouse IgG (1:2000 dilution). Protein bands were visualized using ECL

_10_



detection solution (Bio-Rad, #1705060, US) and imaged using the ChemiDoc
MP Imaging System (Bio-Rad, #17001402, US). Band intensities were normalized

to total protein levels and analyzed using Image) software.

Co-immunoprecipitation

Protein samples (500 pg) were incubated overnight with 5 pg of rabbit
monoclonal B-catenin antibody and 500 ul of homogenization buffer (50 mM
Tris-Cl, 150 mM NaCl, 10 mM B-mercaptoethanol, 2 mM CaClz, 0.1 mM PMSF,
1 uM Leupeptin, 1 uM Pepstatin, 0.5 mM EDTA, 15% Glycerol, and 0.1% NP-40)
while rotating. After incubation, 50 ul of Protein A/G-Agarose (Santa Cruz
Biotechnology, SC-2003) was added, and the sample was rotated at 4°C for 2
hours.

The sample was then centrifuged at 12,000 g for 2 minutes at 4°C, and the
supernatant was discarded. The pellet was resuspended in 1 ml of
homogenization buffer and rotated for an additional 5 minutes. This washing
step was repeated four times with fresh homogenization buffer. After the final
wash, the supernatant was removed, and 20 pl of 2X SDS loading buffer was
added. The samples were boiled at 95°C for 5 minutes. Protein complexes were
analyzed by Western blotting using a mouse monoclonal prion antibody. The

input sample was used at 10% for comparison.

_11_



Immunofluorescence

4 um sections were mounted on glass slides and subjected to antigen
retrieval in boiling 10mM sodium citrate buffer (pH 6.0) for 12 min. Tissues were
incubated with 1% normal goat blocking serum in PBS for 2 hr. And Tissues
were incubated with 0.2% Triton X-100 in PBS for 45 min, RT. And then samples
were incubated with rabbit monoclonal B-catenin antibody (dilution 1:500) in
blocking solution for 3 hr. Tissues were washed with PBS. Then tissues were
incubated with anti-rabbit IgG conjugated Alexa Fluor 488 (dilution 1:250, Cell
signaling, #4412) for 1 hr. After washing it with PBS, tissues were incubated with
mouse monoclonal prion antibody (dilution 1:200) 3 hr. Then tissues were
incubated with anti-mouse IgG conjugated Alexa Fluor 594 (dilution 1:250, Cell
signaling #8890) for 1 hr. Tissues were washed and incubated with DAPI staining
solution (dilution 1:1000) for 30 min. Lastly, tissues were washed and mounted
with Fluoremount Aqueous mounting medium (Sigma, #F4680). Fluorescence

signal was imaged on LSM700 confocal microscope (Carl Zeiss).

Artificially induced decidualization

Ovariectomized (OVX) mice underwent hormonal treatments to induce

decidualization. Each mouse received subcutaneous injections of 100 ng of

_12_



estradiol-17 (E2) daily for three consecutive days (three mice per genotype).
After a 2-day rest period, mice were administered three daily subcutaneous
injections of 1 mg progesterone (P4) combined with 6.7 ng E2.

Six hours after the final hormone injection, mechanical trauma was induced
by scratching the antimesometrial uterine lumen with a needle. Mice then
received daily subcutaneous injections of 1 mg P4 and 6.7 ng E2 for an
additional five days. The uterine response to decidualization stimuli was

monitored to assess the induction of a decidual reaction.

Statistics

All experiments were repeated at least three times to ensure reproducibility.
Statistical significance between the control and experimental groups was
assessed using the Student’s #test. Data were expressed as the mean + standard
error of the mean (SEM). Differences with a P-value of less than 0.05 were
considered statistically significant. All statistical analyses were performed using

IBM SPSS Statistics software.

_18_



Table 1. Real-time RT-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

_14_



Table 2. Primer sequences for RT-PCR

. Amplified
Gene Symbol NCBI gene reference Primer sequence (5'-3')
length (bp)
. S CACCGCTGCGTGGACAAT
catenin beta 1 Ctnnb1 NC_000075.7 2458
AS CCATTCCCACCCTACCAAGTCT
. Ctnnb1- S GTCCCACATGCCTAGTGAGTGTT
catenin beta 1 NC_000075.7
intron - AS CATCCCCTTGAGAACTTCCCTC
o . Rpipo S CGACCTGGAAGTCCAACTACTTCCT
60S acidic ribosomal protein PO (3684) NM_007475 AS GCACCTTATTGGCCAACAGCAT 303

-15 -



Table 3. Antibody information

Antibody Description Cat # Company
Beta-catenin Rabbit monoclonal Ab32572 Abcam
Prion Mouse monoclonal MA1-750 Invitrogen

-16 -



RESULTS

Co-Localization of B-catenin and PrP¢ in pregnant uterus

B-catenin exhibited comparable expression levels in the luminal epithelium
(LE) and glandular epithelium (GE) from Day 1 to Day 5. In contrast, PrP¢
demonstrated lower overall expression levels compared to [-catenin but
maintained a similar expression profile relative to its Day 1 levels (Figure 2, Table
5). On Days 6 and 7, B-catenin expression decreased progressively from the
primary-decidual zone (PDZ) to the secondary-decidual zone (SDZ) and deep
zone, whereas PrP< showed an increasing expression gradient toward the deeper
zones (Figures 3—4, Table 5).

During Days 1 to 4, B-catenin was consistently expressed in both the nucleus
and membrane, while PrPc exhibited a gradual increase in nuclear expression
(Figure 2A-D, Table 6). Notably, on Day 5, both [-catenin and PrP< were strongly
expressed in stromal cells compared to decidualized stromal cells. On Days 6
and 7, B-catenin was predominantly expressed in stromal cells, whereas PrP¢
showed high expression in both stromal and decidualized stromal cells (Table
6).

B-catenin and PrPc displayed overlapping expression patterns in the uterus,

with B-catenin localized in both the nucleus and membrane, and PrPc showing

-17 -



increased nuclear localization from Days 1-4. On Day 5, both proteins co-
localized strongly in stromal cells, and during Days 6-7, PrP¢ maintained high
expression in decidualized stromal cells where B-catenin was also present. This
suggests potential co-localization of the two proteins, supporting their role in

stromal differentiation during early pregnancy.

-18 -
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Figure 2. Localization of B-catenin and PrP< in WT mouse PD1 - PD5 uterus

Natural pregnant uterus were performed immunofluorescence staining. Every slide costained with each B-catenin
(green) and PrP< (red), and the nuclear marker, DAPI (blue). (A) Pregnant day (PD) 1 uteri, (B) PD2, (C) PD3, (D) PD4,
and (E) PD5 are wild type results. L : Luminal epithelium, G : Glandular epithelium, E : Embryo. Magnification : X100,

X630.
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Figure 3. Localization of B-catenin and PrP< in WT mouse PD6 uteri

Natural pregnant uterus were performed immunofluorescence staining. Every slide costained with each B-catenin
(green) and PrP¢ (red), and the nuclear marker, DAPI (blue). (A), (B) Mesometrial region of PD6 uteri, (C) Anti-
mesometrial region of PD6 uteri are wild type results. L : Luminal epithelium, G : Glandular epithelium, E : Embryo,
AM : Anti-Mesometrial region, M : Mesometrial region, PDZ : Primary Decidual Zone, SDZ : Secondary Decidual

Zone. Magnification : X100, X630.
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80

SDZ

Figure 4. Localization of B-catenin and PrP< in WT mouse PD7 uteri

Natural pregnant uterus were performed immunofluorescence staining. Every slide costained with each [-catenin
(green) and PrP¢ (red), and the nuclear marker, DAPI (blue). (A), (B) Mesometrial region of PD7 uteri, (C) Anti-
mesometrial region of PD7 uteri are wild type results. (D) Primary decidual zone of mesometrial region of PD7 uteri,
(E) Secondary decidual zone of mesometrial region of PD7 uteri, (F) Normalization of PDZ, SDZ immunoflurorescent
level. L : Luminal epithelium, G : Glandular epithelium, E : Embryo, AM : Anti-Mesometrial region, M : Mesometrial

region, PDZ : Primary Decidual Zone, SDZ : Secondary Decidual Zone. Magnification : X100, X630.
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Luminal Epithelium Glandular Epithelium
B-catenin PrPc p-catenin PrPc
Dayl ++ + ++ ++
Day2 +++ +H++ +++ +++
Day3 ++ ++ + ++
Dayd +H+ +H+ +++ +++
Day5 +++ + +++ ++
PDZ sDZ Deep zone
p-catenin PrPc B-catenin PrPc B-catenin PrPc
Day6 ++ ++ + +++ + +++
Day7 ++ ++ + +++ + +++

27 -




Table 4. Normalization of LE, GE, PDZ, and SDZ immunoflurorescent level

Normalization of LE, GE, PDZ, and SDZ immunoflurorescent level. (A) The fluorescence intensity was categorized
based on comparison with Day 1 values: intensities greater than 1 were marked as "+++," values between 0.8 and
1 as "++," and those less than 0.8 as "+." (B) The fluorescence intensity of PDZ was categorized by comparison with
the values for each Day: intensities greater than 1 were labeled as "+++," values between 0.8 and 1 as "++," and
those less than 0.8 as "+." LE : Luminal Epithelium, GE : Glandular Epithelium, PDZ : Primary Decidual Zone, SDZ :

Secondary Decidual Zone.
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B-catenin| nucleus | membrane PrPc nucleus | membrane
Dayl ++ ++ Dayl ++ ++
Day2 +++ ++ Day2 +++ +++
Day3 +++ + Day3 +++ +
Day4 + + Day4 ++++ ++
Day5 +H+ +++ Day5 +HH+ +
Day6 ++++ + Stromal cell Day6 ++++ +
Day7 +H++ ~+ Day7 +HH ++++

Table 5. Normalization of nucleus, membrane immunoflurorescent level in stromal cell and decidualized cell

Normalization of nucleus, membrane immunoflurorescent level in stromal cell and decidualized cell. The
fluorescence intensity was categorized based on comparison with the Day 1 values: intensities greater than 2 were
labeled as "++++," those greater than 1 but less than or equal to 2 as "+++," values between 0.8 and 1 as "++,"

and those less than 0.8 as "+."
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B-catenin and PrPc< form a complex to facilitate mouse uterus implantation

To investigate whether B-catenin and PrP<form a functional complex during
implantation, co-localization of these proteins in the uterus was first observed.
To assess this, co-immunoprecipitation experiments were performed using
protein extracts from the Wild-Type (WT) pregnant Day 7 (PD7) uterus.
Immunoprecipitation with an anti- f-catenin antibody was followed by western
blot analysis with an anti-PrP< antibody. This analysis confirmed the presence of
PrP< in the protein fraction immunoprecipitated with the anti- [-catenin
antibody, indicating the formation of a B-catenin—PrP< complex. These findings
strongly suggest that the B-catenin—PrP¢ complex plays a critical role in

implantation during WT PD7 uterine development. (Figure 5)
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IP: anti-B-catenin

Input WT
(10%) PD7

T

PrPc

Figure 5. Co-immunoprecipitation of B-catenin and PrP¢in WT mouse PD7

uterus

Pregnant day 7 wild type mouse uterus performed co-immunoprecipitation

with B-catenin with PrP¢antibody.
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Essential role of PrPc in decidualization and associated changes in f3-
catenin expression

To investigate the role of PrP¢ and B-catenin in decidualization, we utilized
Prnp?"3/2%3 KO mice, in which exon 3 of the Prmp gene (encoding PrP¢) was
completely knocked out. Co-localization and complex formation of B-catenin
and PrP¢ had been previously confirmed in the pregnant uterus, prompting
further analysis of their functional significance during decidualization.

WT and Prnpt¥Z% KO mice were ovariectomized and treated with E2 for
three consecutive days, followed by a two-day resting period. Subsequently, a
combination of E2 and P4 was administered for seven days, with mechanical
trauma applied to the uterus at 15:00 on Day 3. Six hours after the final injection,
the uteri were collected for analysis. WT mice exhibited robust artificial
decidualization, whereas Prnp?3/2H3 KO mice showed significantly reduced
decidual responses. (Figure 6)

Decidualization markers (/gfbp1, CebpB, Pri8aZ, and GjaTl) were analyzed using
gPCR, confirming reduced expression in Prnp?/2#3 KO mice. (Figure 7) Western
blot analysis further revealed that B-catenin expression was downregulated in
Prnp?"3/2H3 KO mice. (Figure 8)

Immunofluorescence (IF) analysis supported these findings, showing distinct
differences in the morphology and fluorescent intensity of B-catenin between
WT and Prnp?#3/283 KO mice. In the WT artificially decidualized (AD) uterus, large,
rounded, multinucleated decidualized cells were prominently observed, whereas
the Prnp?"/2% KO AD uterus exhibited smaller cells with reduced abundance
(Figures 9 and 10). Additionally, the fluorescence intensity in both the luminal
and glandular epithelium was lower in the Prnp?i¥ZH3 KO AD and KO non-

decidualized uteri compared to the WT non-decidualized uterus (Figures 9 and
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10, Table 5). These findings suggest that the loss of PrP¢ impairs decidualization,
as evidenced by the altered cellular morphology and decreased fluorescence

intensity.
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Figure 6. Images and Uterine Weight of WT and Prnp?"3/ZH3 KO Mice
Following Artificially Induced Decidualization
Artificially Induced Decidualization in WT and Prnp?™3/2H3 KO Mice uterus. (A)

Representative images of uteri from WT and Prnp?™*/2H3 KO mice with artificially
induced decidualization. (B) Uterine weights of the control horn and scratched
horn were measured in both WT and Prnp?*/283 KO mice. US : Un-Stimulated
uterine horn, S : Stimulated uterine horn, * : p< 0.05 (control horn vs scratched

horn).
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Figure 7. qRT-PCR anaylsis with decidualized marker of WT and
Prnp#3/2H3 KO Mice Following Artificially Induced Decidualization
Artificially Induced Decidualization in WT and Prnp?H3/ZH3 KO Mice uterus was
analyzed by gRT-PCR with decidualized marker. AD; Artificial decidualized

uterine horn, non; non-decidualized uterine horn * : p< 0.05.
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Figure 8. Western blotting of WT and Prnp?13/2H3 KO Mice Following
Artificially Induced Decidualization

Artificially Induced Decidualization in WT and Prnp?™%3/2H3 KO Mice uterus. (A)
Western blotting of uteri from WT and Prnp?*/2H3 KO mice with artificially
induced decidualization. (B) B-catenin intensity were normalized in both WT and

Prnp?"3/2H3 KO mice by GAPDH. * : p< 0.05 (WT vs ZH3 KO)
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Figure 9. Localization of B-catenin and PrP¢ in WT artificial decidualized mouse uterus
WT mouse uterus were performed immunofluorescence staining. Every slide costained with each [B-catenin (green)
and PrP¢ (red), and the nuclear marker, DAPI (blue). (A) Artificially decidualized mouse uterus, (B) non-decidualized

mouse uterus are wild type results. LE : Luminal epithelium, GE : Glandular epithelium. Magnification : X100, X630.
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Figure 10. Localization of B-catenin and PrP¢ in Prnp#¥/ZH3 KO artificial decidualized mouse uterus
Prnp?"3/2%3 KO mouse uterus were performed immunofluorescence staining. Every slide costained with each (-
catenin (green) and PrP¢ (red), and the nuclear marker, DAPI (blue). (A) Artificially decidualized mouse uterus, (B)
non-decidualized mouse uterus are Prnp?"¥Z3 KO results. LE : Luminal epithelium, GE : Glandular epithelium.
Magnification : X100, X630.
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Luminal Epithelium |Glandular Epithelium

B-catenin| PrPc [B-catenin| PrPc
WT AD +++ +++ +++ +++
WT non ++ ++ ++ ++
KO AD + - + -
KO non ++ - + -

Table 6. Normalization of LE, GE immunoflurorescent level

Normalization of LE and GE immunoflurorescent level. The fluorescence intensity was categorized based on
comparison with each WT non values: intensities greater than 1 were marked as "+++," values between 0.8 and 1 as

"++" values between 0.3 and 0.8 as "+", and those less than 0.3 as"-". LE : Luminal Epithelium, GE : Glandular

Epithelium
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B-catenin| nucleus | membrane PrPc nucleus | membrane
WT non ++ ++ WT non ++ ++
KO non ++ + KO non = -
WT AD +++ +++ WT AD ++ +++
KO AD e ++ Stromal cell KO AD - -
WT AD +++ WT AD +
KO AD + Decidualized cell | KO AD -

Table 7. Normalization of nucleus, membrane immunoflurorescent level in stromal cell and decidualized cell

Normalization of nucleus, membrane immunoflurorescent level in stromal cell and decidualized cell. The
fluorescence intensity was categorized based on comparison with each WT non values : intensities greater than 1

were marked as "+++," values between 0.8 and 1 as "++,” values between 0.3 and 0.8 as "+", and those less than

0.3 as"-".
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Alternative splicing forms of B-catenin during mouse implantation

Previous experiments established the critical interaction between [-catenin and
PrP<. However, it remains unclear which alternative splicing form of B-catenin
interacts with PrPc. To address this, single-cell RNA sequencing was performed
on PD4 and PD7 uteri, identifying two predominant isoforms: the canonical form
(ENSMUST00000007130) and the intron retention alternatively spliced form
(ENSMUST00000154687). (Figure 11)

Both isoforms were primarily expressed in epithelial and stromal cells, with the
intron retention form exhibiting significantly lower expression levels compared
to the canonical form. To further investigate the regulatory factors influencing
their expression, RT-PCR was conducted using primers targeting overlapping
regions of the two isoforms on WT PD1-7 uterine cDNA. (Figure 12A) The results
demonstrated that the intron retention form showed £2-dependent fluctuations,
whereas the canonical form displayed expression changes dependent on
decidualization. (Figure 12B) These findings suggest distinct regulatory

mechanisms and functional roles for the two isoforms during pregnancy.
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Figure 11. single cell RNA sequencing analysis about alternative splicing
form of B-catenin in WT pregnant mouse uterus

single-cell RNA sequencing was performed on uteri from normal pregnant WT
mice to examine the expression patterns of 3-catenin on Day 4 and Day 7 of
pregnancy. (A) The canonical isoform of B-catenin (ENSMUST00000007130)
exhibited distinct expression patterns across different cell populations (B) An
alternatively  spliced isoform of [-catenin  (ENSMUST00000154687),
characterized by intron retention, showed a unique expression profile.

S1; superficial stromal cells, S1; proliferating superficial stromal cells, S2; deep
stromal cells, S3; stromal cell3 (estimated as decidual cells), S4; stromal cell 4,

LE; Luminal epithelial cells, GE; glandular epithelial cell
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Figure 12. Expression profiles of alternative splicing form of B-catenin in
WT pregnant mouse uterus

To investigate the factors influencing alternative splicing forms of [-catenin,
B-catenin was analyzed their expression in the uterus during pregnancy (A)
PCR detection of B-catenin splicing forms was performed on uterine samples
collected from Pregnant Day (PD) 1-7. (B) PCR results were normalized to
housekeeping genes, allowing for quantitative comparison of splicing form

expression levels during different pregnancy stages.
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DISCUSSION

Implantation, a pivotal process for successful embryo implantation and
placental formation, involves the differentiation of uterine stromal cells into
specialized decidual cells under precise hormonal regulation. This study focuses
on two key molecules, B-catenin and PrP<, whose roles in the pregnant uterus
have not been fully characterized, particularly during decidualization. B-catenin,
a central mediator of the canonical Wnt signaling pathway, is well known for its
roles in transcription, cell adhesion, and cellular differentiation. PrP<, on the
other hand, is a multifunctional protein traditionally associated with neurological
diseases, but its emerging role in cellular signaling and proliferation has sparked
interest. Although studies have revealed their interplay in other tissues, such as
intestinal tissue and colorectal cancer, the relationship between [3-catenin and
PrP¢ in the context of the pregnant uterus has remained unexplored.

Early in pregnancy, B-catenin is present in both epithelial and stromal cells,
showing membrane and nuclear localization in the stromal cells during
decidualization. By Day 7, its expression is strongest in the plasma membranes
of decidualized stromal cells near implantation sites but diminishes as stromal
cells terminally differentiate (Zhang et al., 2012). Early in pregnancy, PrPc is
present in epithelial and stromal cells. During day 6-8, PrP¢ is strongly detected
in PDZ, SDZ (Ding et al., 2018).

In this study, we analyzed the expression and interaction of $-catenin and PrP¢
during peri-implantation. f-catenin maintained stable expression levels in the
luminal epithelium (LE) and glandular epithelium (GE) from Days 1 to 5, while
PrPc exhibited lower overall expression but a similar temporal profile relative to
B-catenin's Day 1 levels. This suggests that both proteins may contribute to
baseline epithelial functions during early pregnancy. By Days 6 and 7, p-catenin
and PrPc displayed distinct spatial and temporal expression patterns within

stromal regions. B-catenin expression progressively declined from the peri-
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decidual zone (PDZ) to the sub-decidual zone (SDZ) and deep zone, suggesting
its involvement in localized stromal processes near the decidualization front. In
contrast, PrP¢ showed an increasing gradient toward the outer uterine zones,
potentially reflecting its role in broader stromal remodeling and communication
between different uterine regions.

Subcellularly, B-catenin exhibited consistent nuclear and membrane localization
from Days 1 to 4, aligning with its dual functions in signaling and transcription.
Meanwhile, PrP¢ demonstrated a gradual increase in nuclear localization,
highlighting its emerging role in transcriptional regulation during mid-
pregnancy. Notably, both proteins were strongly expressed in stromal cells
compared to decidualized stromal cells on Day 5. However, by Days 6 and 7, j3-
catenin became predominantly restricted to stromal cells, while PrP< exhibited
high expression in both stromal and decidualized stromal cells. These
observations suggest that PrP¢ may facilitate stromal differentiation while B-
catenin maintains stromal cell activity and signaling integrity.

To further explore the molecular basis of [-catenin’s functions during
decidualization, we investigated its alternative splicing isoforms using single-cell
RNA sequencing. Two major isoforms were identified: the canonical form
(ENSMUST00000007130) and the intron retention form (ENSMUST00000154687).
Both were expressed predominantly in epithelial and stromal cells, but the intron
retention isoform was expressed at much lower levels than the canonical form.
RT-PCR analysis revealed distinct regulatory mechanisms for these isoforms: the
intron retention form exhibited £2-dependent expression changes, while the
canonical form displayed decidualization-dependent regulation. This indicates
that the canonical form likely plays a dominant role in stromal differentiation
and interacts with PrP¢ to facilitate proper decidualization.

Using the ZH3 knockout mouse model, in which PrP¢ is absent, we investigated
the functional consequences of this interaction. The absence of PrP¢ resulted in
impaired decidualization, coupled with altered B-catenin isoform expression.

Specifically, we observed downregulation of the canonical [B-catenin. This
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suggests that the canonical 85 kDa form of B-catenin is a key interacting partner
of PrP< during decidualization. The co-localization and complex formation of [3-
catenin and PrP< were further confirmed, underscoring their functional
interaction in regulating uterine stromal cell differentiation.

These findings highlight the critical interplay between B-catenin and PrP< as
transcriptional co-activators during decidualization. Their complementary spatial
and temporal expression, coupled with distinct regulatory mechanisms for B-
catenin isoforms, suggest a coordinated role in uterine remodeling and
adaptation during early pregnancy. The artificial decidualization model provided
additional insights into these molecular interactions, showing minimal
differences from natural decidualization and confirming its utility for studying
reproductive biology.

In conclusion, our study provides novel insights into the regulatory
mechanisms underlying -catenin and PrP¢ interaction during decidualization.
The distinct roles of B-catenin isoforms, particularly the canonical form, and its
interaction with PrPcunderscore their importance in stromal cell differentiation
and uterine remodeling. These findings lay the groundwork for future
investigations into downstream pathways influenced by these proteins, as well
as the broader implications for implantation, pregnancy maintenance, and

potential therapeutic interventions for reproductive disorders.
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