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Abstract

The epithelial-mesenchymal transition (EMT) is a biological process whereby epithelial cells are transformed into cells
with a mesenchymal phenotype. The transcription factor, X-box binding protein 1 splicing variant (XBP15s) is a key
regulator of the endoplasmic reticulum stress response (ERS); but the function of XBP1s in the endometritis-induced
EMT process remains unclear. Here we found that uterine tissues from goats with endometritis exhibited an EMT
phenotype, with a significant decrease in the epithelial cell polarity marker E-cadherin and a significant increase

in the mesenchymal markers N-cadherin and vimentin. We also found that sustained LPS treatment induced EMT

in goat endometrial epithelial cells (QEECs), along with ERS and XBP1s overexpression. XBP1s KO significantly inhibited
LPS-induced EMT and migration in gEECs, while XBP1s overexpression showed the opposite result. CUT & Tag experi-
ments performed on XBP1s revealed that MAP3K2 was a downstream target gene for XBP1s regulation. We also found
that expression of MAP3K2 was positively correlated with XBP1s expression in uterine tissues of goats with endome-
tritis and in gEECs. Assays for dual luciferase reporter and molecular docking indicated that XBP1s protein regulated
the transcription of MAP3K2 by modulating promoter activity. The knockdown of MAP3K2 expression significantly
inhibited the migration and EMT of gEECs. XBP1s and MAP3K2 significantly promoted phosphorylation of p38

and ERK; activating the MAPK/ERK pathway. Treatment with the MAPK/ERK inhibitor, PD98059, reversed the effects

of XBP1s and MAP3K2 overexpression on LPS-induced EMT. The MAPK/ERK activator, DHC, reversed the effects of XBPTs
KO and MAP3K2 KD on EMT.
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Introduction

Bacterial infection and tissue damage in the ruminant
uterus after parturition are the major causes of endo-
metritis, which results in huge economic losses to the
livestock industry [1, 2]. Endometrial epithelial cells
(EECs) play a major role in the immunoregulation of
the uterus, mainly as a physical barrier against inva-
sion by pathogenic bacteria, but also for the expression
of secreted immune-associated proteins, which play a
key role in triggering the innate immune response for
defense against inflammatory disease [3, 4]. Therefore, a
deeper understanding of the function of EECs is essen-
tial for prevention and treatment of uterine diseases in
ruminants. Most ruminant endometritis is characterized
by chronic inflammation or chronic inflammation that
develops from acute inflammation [5]. Ruminant endo-
metritis resulting from infection of the uterus by gram-
negative bacteria such as E. coli is usually mediated by
lipopolysaccharide (LPS) [6]. LPS is recognized by Toll-
like receptor 4 (TLR4) expressed on the EEC surface. This
triggers a signal transduction cascade, which induces
secretion of the inflammatory mediators, IL-6 and TNE-
a, causing endometrial inflammation [7].

The epithelial-mesenchymal transition (EMT) is the
biological process by which epithelial cells are trans-
formed by a specific program into cells with mesen-
chymal phenotype, which is one of the major ways the
body responds to inflammation [8]. During the EMT,
well-polarized epithelial cells lose polarity and stable
intercellular junctions and acquire a spindle-shaped mes-
enchymal-like morphology with enhanced motility and
migratory ability [9]. Numerous studies suggest that the
EMT plays a critical role in embryonic implantation, tis-
sue repair, cancer metastasis, and fibrotic diseases [10,
11]. As one of the main means for the organism to cope
with inflammation, the EMT is involved in the develop-
ment of various conditions such as lung inflammation
and fibrosis, which is ameliorated by inhibition of the
NF-kB/NLRP3-mediated EMT [12]. The EMT was also
found to be induced in epithelial cells by LPS and block-
ing activation of the NF-kB pathway in LPS-induced
acute lung injury reversed the LPS-induced EMT [13].
However, the role and mechanism of the EMT in EECs in
ruminant endometritis remain poorly understood.

Previous studies have revealed that endoplasmic reticu-
lum stress (ERS) participates in various physiological and
pathological processes through activation of the unfolded
protein response (UPR). The three branches of the UPR
are initiated by different ERS sensors: inositol-requiring
enzyme 1 (IRE1), PKR-like ER kinase (PERK), and acti-
vating transcription factor 6 (ATF6) [14]. The best con-
served of these branches involves the interplay between
IREla and XBPls, in which ER membrane-anchored
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kinase IREla activates the transcription factor XBPls
which in turn acts as effector of the adaptive UPR. Recent
studies have demonstrated the involvement of ERS in the
EMT and have shown that inhibition of ERS improved
EMT in renal tubular epithelial cells [15]. This suggests
that ERS may also be involved in LPS-induced EMT in
gEECs, although the molecular mechanisms involved
remain unclear.

XBP1s is an effector of ERS. When ERS occurs, IREla
dissociates from the ER chaperone, glucose-regulated
protein 78 (GRP78), which acquires kinase and endori-
bonuclease activities through homodimerization and
autophosphorylation [16]. This endoribonuclease activ-
ity results in unconventional splicing of unspliced XBP1
mRNA into spliced XBP1 (XBP1s) RNA by removing a
26 bp introns, and the spliced mRNA is then translated
into the transcription factor, XBP1s, which matures into
an active form [17]. In pronounced contrast to PERK,
XBP1s protects neuronal cells from damage by inhibit-
ing inflammation and oxidative stress [18]. XBP1s plays
an important role in the development of renal diseases
such as nephritis and sepsis [19] and in ER expansion,
development of highly secretory cells such as plasma cells
and pancreatic and salivary gland epithelial cells, adap-
tation of tumor cells to hypoxic conditions, and glucose
deprivation [20-22]. However, the specific mechanism of
XBP1s in endometritis-induced EMT remains elusive. To
address this, we evaluated the EMT in goat endometri-
tis and explored the role of XBP1s and the mechanisms
involved. These results suggest that XBP1s could be a tar-
get for correcting the problem of poor reproduction and
high culling rates in livestock farming.

Materials and methods

Tissue collection

Adult Guanzhong dairy goats (n=11, aged 2-3 vyears,
mean weight=62.17+2.01 kg) were housed and fed at
the Laboratory Animal Center of Northwest Agricul-
ture and Forestry University in Yangling, China. Normal
uterine tissues were surgically removed from five healthy
goats and endometritic tissues from six goats with endo-
metritis. Part of the normal and endometritic tissues
were immediately frozen in liquid nitrogen, while the rest
were fixed in 4% (v/v) paraformaldehyde in phosphate-
buffered saline (PBS) without Ca**/Mg>™.

Cell culture and drug treatment

The gEECs were immortalized by transfection with
human telomerase reverse transcriptase (WTERT), which
was identified and well conserved in our laboratory [23].
HEK293T cells were obtained from the cell bank of the
Typical Culture Preservation Center of the Chinese
Academy of Sciences (Shanghai, China). The gEECs and
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HEK293T cells were cultured in DMEM/F12 (DF12)
and high glucose DMEM medium, respectively, contain-
ing 10% fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and 1% antibiotic—anti-
mycotic (AA, containing penicillin, streptomycin, and
amphotericin B; Invitrogen, Inc. Carlsbad, CA, USA)
at 37°C in a humidified incubator containing 5% CO,.
When cell confluence reached 70-80%, the medium was
replaced with fresh medium and the following treatments
were performed: (1) LPS (5 pg/mL, Sigma-Aldrich, St.
Louis, MO, USA) for 3, 6, 12, and 24 h, (2) DHC (1 uM,
MAPK/ERK activator, TargetMol, Boston, MA, USA),
and (3) PD98059 (10 uM, MAPK/ERK inhibitor, Target-
Mol). Cells were pretreated for 2 h, followed by the addi-
tion of LPS and sustained treatment at 37°C for 24 h [24].

Construction of goat XBP1s knockout (KO) cell lines

The pSpCas9(BB)-2A-GFP (PX458) vector was from
our own laboratory stock. An online tool (http://chopc
hop.cbu.uib.no/) was used to design a high-scoring

Table 1 Primer sequences used in the present study
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goat XBPIs KO site. The primer sequences are shown
in Table 1. After annealing, the primer sequences were
cloned into pSpCas9(BB)-2A-GFP(PX458) and trans-
fected into gEECs. After puromycin screening, monoclo-
nal cells were picked, sequenced, and XBP1s protein level
was measured by western blotting.

Plasmid construction

The pcDNA3.1 empty plasmid came from our labora-
tory stock [25]. The XBPIs and MAP3K2 sequences were
amplified from gEEC c¢DNA, and the primers are given
in Table 1. The amplified sequences were cloned into
pcDNA3.1 (pcDNA3.1-XBP1s and pcDNA3.1-MAP3K2)
using the ClonExpress II, one-step cloning kit (Vazyme,
Nanjing, China) according to instructions. When
gEEC confluence reached 70%, they were transfected
individually with pcDNA3.1-XBP1ls and pcDNA3.1-
MAP3K2 using TurboFect (R0531, Thermo Fisher Sci-
ence) according to manufacturer’s protocol. The empty
vector was used as the negative control. Transfectants

Target gene GenBank accession no Primer sequence 5'-3’ Product
size (bp)
Used for qPCR:
GAPDH XM_005680968.3 F: GATGGTGAAGGTCGGAGTGAAC 100
R: GTCATTGATGGCGACGATGT
GRP78 XM_005687138.3 F: TGAAACTGTGGGAGGTGTCA 171
R: TCGAAAGTTCCCAGAAGGTG
ATF6 XM_018046547.1 F: AACCAGTCCTTGCTGTTGCT 224
R: CTTCTTCTTGCGGGACTGAC
PERK XM_018049041.1 F: GGCTAAGAAAGCTGCAAAGCA 171
R: TTTTCACTGAAGCCTCCCAC
IRETa XM_018065355.1 F: ACTCCCTCAACATCGTTCACAG 209
R: CTCCTTGCAGTCTTCGCTCA
XBPIs XM_018061044.1 F: CCTGCCTGCTGGATGCTTA 125
R: GGGAAAGAGTTCACTGGCAAA
E-cadherin XM_005692180.3 F: GACGTGAACACCCACAATGC 141
R: AAAACTCTCACGGTCCAGCC
N-cadherin XM_018039719.1 F: CAGGGGACATTGGGGACTTC 189
R: GCCCCCAGTCGTTCAGATAG
Vimentin XM_018057155.1 F: TCTGAAGCTGCTAACCGCAA 147
R: CATTTCACGCATCTGGCGTT
MAP3K2 XM_018065799.1 GGCCAGTCGACCAGCATTAT 130
TGGTCTGGGGAACTGAAGGA
Used for constructing recombinant vector:
MAP3K2 XM_018065799.1 F: ATGATGGATGATCAGCAAGCTTTGAAC 1863
R: CTAGTGGCAGTGCACAAACGTGT
Used for constructing luciferase reporter vector:
MAP3K2- promoter XM_018065799.1 F: CCATGGATGGAGGAGCCTGGAGGGC 2001

R: CCCGCGCGGCCTGTCACC
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were incubated for 12 h then used in the next step of the
experiment.

CUT & Tag

CUT & Tag assays were performed using the CUT &
Tag assay kit (77,552, Cell Signaling Technology, Boston,
MA, USA) following the manufacturer’s procedure. After
XBP1s overexpression, gEECs were harvested by centrif-
ugation and cell suspensions were incubated with conca-
navalin A beads. XBP1 antibody (diluted 1: 50; ab220783,
Abcam, Cambridge, UK) was added and incubated over-
night at 4°C. Primary antibody was removed, cells were
washed, and goat anti-rabbit IgG (H+L) secondary anti-
body (1:1000, 35,401, Cell Signaling Technology) was
added and incubated for 30 min at RT. The secondary
antibody was removed, cells were washed, then the pAG-
Tn5 premix was added and incubated for 1 h at RT. The
PAG-Tn5 was removed and washed, then the Tagmen-
tation Buffer was added and incubated for 1 h at 37°C.
Tagmentation stop solution was added and samples were
incubated at 58°C for 1 h. The tagged chromatin frag-
ments were released into the solution and the samples
were centrifuged to obtain the supernatants and the CUT
& Tag DNAs. The samples were submitted to Novogene
Co., Ltd (Beijing, China) for sequencing.

MAP3K2 siRNA transfection

The siRNA targeting goat MAP3K2 gene (si-MAP3K2)
and non-targeting siRNA (si-NC) were synthesized by
GenePharma (Shanghai, China), the sequences are pre-
sented in Table 2. Cell transfection was performed as
described in Sect. " Construction of goat XBP1s knock-
out (KO) cell lines".

Protein extraction and western blotting

The treated gEECs were collected and whole cell pro-
teins were extracted using the KGP2100 kit (KeyGEN
Biotech, China) according to the protocol. Protein con-
centrations were determined using the bicinchoninic

Table 2 siRNA sequence

siRNA Name Sequences(5'-3")

SIMAP3K2-1 GUCUAUGGAUCUGCAUUAUTT
AUAAUGCAGAUCCAUAGACTT

SIMAP3K2-2 CCCACUAGUAGAGAUAGAATT
UUCUAUCUCUACUAGUGGGTT

SIMAP3K2-3 GGCUCCAUUAAGGACCAAUTT
AUUGGUCCUUAAUGGAGCCTT

SINC UUCUCCGAACGUGUCACGUTT

ACGUGACACGUUCGGAGAATT
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acid assay (KGPBCA; KeyGEN Biotech), followed by
SDS-PAGE and immunoblotting to PVDF membranes as
described previously [26]. The membranes were blocked,
then probed with the following primary antibodies:
anti-XBP1 (diluted 1:1000; ab220783, Abcam), anti-E-
cadherin (1:1000; 3195, Cell Signaling Technology), anti-
N-cadherin (1:1000; 13,116, Cell Signaling Technology),
anti-vimentin (1:1000; 5741, Cell Signaling Technology),
anti-GRP78 (1:1000; ab21685, Abcam), anti-phospho-
IRE1la (1:1000; ab124945, Abcam), and anti-Eif2a (1:1000;
ab169528, Abcam),anti- phospho-Eif2a antibody (1:1000;
ab32157, Abcam), anti-phospho-p38 (1:1000; CY5262,
Abways, Shanghai, China), anti-p38 (1:1000; CY6391,
Abways), anti-phospho-ERK1/2 (1:1000; ab169528,
Abcam), anti-ERK1/2 (1:1000; ab278538, Abcam), anti-
MAP3K2 (1:200; sc1088, Santa Cruz Biotechnology, Dal-
las TX, USA), anti-B-actin (1:2000; 66,009, Proteintech,
Wauhan, China) at 4°C overnight. After removal of pri-
mary Ab and washing, the corresponding secondary Abs
(1:5000, Zhongshan Golden Bridge Biotechnology) cou-
pled with horseradish peroxidase (HRP) were added and
the membranes were incubated at room temperature for
1 h. Afterwards, the protein bands were visualized using
a gel imaging system (Tanon Biotech, Shanghai, China)
and quantified by Quantity One software (Bio-Rad Labo-
ratory, Hercules, CA, USA).

RNA extraction and real-time quantitative PCR (RT-qPCR)
Following treatment, the gEECs were collected and total
RNA was extracted using TRIzol (TaKaRa Bio, Inc.,
Dalian, China). The RNA was converted to cDNA by
reverse transcription using a PrimeScript” RT reagent
kit with gDNA Eraser (TaKaRa Bio, Inc.). The qPCR
was conducted using ChamQ SYBR qPCR master mix
(Vazyme Biotech Co., Ltd., Nanjing, China) on a Bio-Rad
CFX96 system (Bio-Rad Laboratories, Inc., CA, USA),
and the primers are presented in Table 1. GAPDH was
utilized as invariant control, and the relative expression
of each gene was determined by the 2724 method.

Dual-luciferase reporter assay system

Previously described protocols were followed [27].
Briefly, the promoter sequence of MAP3K2 (-2001 to -1)
was amplified from the genomic DNA of gEECs with the
primers shown in Table 1. The 2001 bp fragment of the
MAP3K2 promoter was cloned into the PGL4.10 vec-
tor (MAP3K2-Luc) via seamless cloning (ClonExpress
II, one-step cloning kit). The MAP3K2-Luc and PRL-
CMYV plasmids were co-transfected with pcDNA3.1 or
pcDNA3.1-XBP1s using TurboFect, respectively. The
cells were harvested 36 h post-transfection and ana-
lyzed using the Dual-Luciferase reporter assay system
(Promega, Madison, WI, USA) and SPARK multimode
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microplate reader (Tecan, Mannedorf, Switzerland) to
determine luciferase activity. Renilla luciferase was used
as the control for normalization.

Molecular docking

We commissioned Phadcalc (Chengdu, China) to
conduct molecular docking assays of the transcrip-
tion factor XBP1s protein with the MAP3K2 promoter
sequence. The proteins and DNA sequences were mod-
eled separately using the AlphaFold3 program, followed
by docking using the HDCOK program. The molecular
docking scoring was calculated based on the ITScorePP
or ITScorePR iterative scoring function. The more nega-
tive the docking score, the greater the binding possibil-
ity and stronger the interaction for that binding model. A
confidence score was defined to indicate the binding pos-
sibility of the two molecules as follows:

Confidence score = 1.0/[1.0 + €0.02*(Docking_Score + 150)]

When the confidence score is higher than 0.7, the two
molecules are very likely to bind to each other; when
the confidence score is between 0.5 and 0.7, the two
molecules are likely to bind; when the confidence score
is lower than 0.5, the two molecules are unlikely to
bind. The results of this molecule docking are shown in
Table 3. As evidenced by the docking score and confi-
dence score in the table, the complex model obtained by
docking exhibited a high degree of confidence.

Immunohistochemistry

The prepared uterine sections were heated at 65°C for 45 min,
deparaffinized in xylene, rehydrated in descending ethanol,
antigenically repaired in sodium citrate buffer and incubated
with 3% hydrogen peroxide solution to inactivate endogenous
peroxidase activity. Non-specific reactions were blocked with
bovine serum albumin (BSA) for 1 h at RT, then sections
were incubated with primary antibodies against XBP1, E-cad,
N-cad, and MAP3K2, overnight at 4°C, followed by incuba-
tion with the corresponding HRP-conjugated secondary

Table 3 Docking results

Receptors Ligands Docking Score Confidence Score

DNA Protein -204.30 0.7476

(See figure on next page.)
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antibody for 30 min at RT. Lastly, the sections were incu-
bated with 3, 3’-diaminobenzidine (DAB) as HRP substrate
for 1 min and then stained with hematoxylin. The sections
were observed and digitally photographed with a visual-light
microscope (Nikon, Tokyo, Japan).

Data statistics and analysis

Unless otherwise stated, all data are expressed as the
mean+SEM, and statistical significance was determined
using Student’s t-test when comparing two groups of
data. Analysis of variance (ANOVA) was performed using
GraphPad Prism version 8.0.1 (GraphPad Software Inc.,
San Diego, CA). Differences were considered statistically
significant for p<0.05. At least three independent replica-
tions were performed for each experiment.

Results

Chronic endometritis induces the EMT

Uterine tissues were obtained from healthy dairy goats and
compared with similar tissues from endometritic dairy
goats. Their respective inflammation levels were charac-
terized and divided into healthy and endometritic groups
(unpublished data). Analysis of the immunohistochemi-
cal results showed that E-cad expression in EECs was
significantly decreased in endometritic tissues, whereas
N-cad exhibited the opposite trend (Fig. 1A). The expres-
sion of E-cad protein was significantly lower in endome-
tritic tissues compared to healthy tissues, while N-cad
and VIM proteins were significantly higher (P<0.01;
Fig. 1B-C). These findings demonstrate that EMT occurs in
endometritis.

LPS induces the EMT in a time-dependent manner

Previous research in our laboratory showed that treatment
of gEECs with LPS (5 pg/mL) for 24 h did not affect cell
viability [24]. Therefore, gEECs were treated with LPS for
different lengths of time up to 24 h. Compared with the
control group, LPS treatment for 12 h significantly sup-
pressed mRNA expression of the epithelial marker, E-cad,
and with prolonged LPS treatment it reached its lowest
level at 24 h (P<0.01; Fig. 1H). Concurrently, the mRNA
expression of the mesenchymal markers, N-cad and VIM,
was significantly increased by LPS treatment in a time-
dependent manner and reached its highest point at 24 h
(P<0.01; Fig. 11-]). The protein expression showed similar
results: LPS treatment suppressed the protein expression of

Fig. 1 Endometritis induces the epithelial-mesenchymal transition (EMT). A Immunohistochemical analysis of the expression of the epithelial
polarity marker E-cadherin and the mesenchymal marker N-cadherin. B-C Western blotting analysis for E-cadherin, N-cadherin, and vimentin
proteins; B-actin levels are shown as the loading control. D-G E-cad, N-cad, and Vim expression in gEECs was analyzed using western blotting

and quantitated by densitometry. H-J The mRNA levels of £-cad, N-cad, and VIM in gEECs, normalized to the levels of GAPDH, were quantified using
RT-gPCR. Scale bar=200 um. Data values are means + SEM of three independent experiments. *P<0.05; **P <0.01; ***P<0.001
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E-cad and promoted the protein expression of N-cad and
VIM in a time-dependent manner (P<0.01; Fig. 1D-G).
These results suggest that sustained LPS treatment induces
the EMT in gEECs.

Elevated XBP1s expression in chronic
endometritis-induced EMT

Our immunohistochemical results showed that the
expression of XBPIs was significantly increased in
endometritic tissues, compared with healthy tissues
(P<0.001; Fig. 2A-C). Interestingly, we found that
not only XBP1s protein but also unspliced XBP1 pro-
tein was significantly increased in endometritis tissues
(Fig. 2B-C). In addition, our previous study reported
that ERS could be activated by LPS treatment of gEECs
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for 6 h [28]. However, whether ERS is involved in the
EMT under chronic inflammation has not been deter-
mined; therefore, we measured the changes in ERS-
related genes after inducing the EMT in gEECs by
LPS treatment. As shown in Fig. 2D-F, LPS treatment
significantly increased the protein expression of the
ERS marker GRP78 (P<0.001), as well as phospho-
rylation of the ERS-related proteins, IREla (P<0.01)
and Eif2a (P<0.01) and the splicing of XBP1s protein
(P<0.01). Consistent with the protein expression levels,
LPS treatment also significantly increased the mRNA
expression of GRP78, IREla, ATF6, PERK, XBPIs
(P<0.001; Fig. 2G).
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Fig. 2 Endoplasmic reticulum stress (ERS) is activated in both endometritis tissue and LPS-treated gEECs. A-C The expression levels of XBP1s
protein were analyzed by immunohistochemistry and western blotting. D-F The relative protein expression of GRP78, XBP1s, phospho-IRE1a,

and phospho-elF2a were determined by western blotting and quantified by densitometry. G Relative mRNA expression of GRP78, IRE1a, ATF6, PERK,
and XBP1s was normalized to the level of GAPDH as quantified by RT-gPCR. Scale bar=200 um. Data values are means +SEM of three independent

experiments. *P<0.05; **P<0.01; ***P<0.001
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Effects of XBP1s on the LPS-induced EMT

XBP1s promotes the LPS-induced EMT

The accumulated evidence supports the hypothesis that
XBPIs is a key downstream component of ERS and plays
an important role in various physiological and pathologi-
cal processes [29, 30]. The present study found that the
expression of XBPIs was significantly increased in both
endometritic tissues and LPS treatment-induced EMT
in gEECs. Therefore, we hypothesized that XBPIs might
play a key role in gEECs EMT, so we knocked out XBPIs
(XBP1s KO) in gEECs (Fig. S1A-B). Compared with WT,
XBP1s KO significantly inhibited the expression of N-cad
and VIM, and the decrease in E-cad (P<0.001; Fig. 3A-F
and H). In addition, XBP1s KO also significantly inhib-
ited the migration of gEECs (P <0.05; Fig. 3G and I).

We further explored the effect of XBP1s on the EMT
in gEECs by overexpressing XBPIs, which resulted in
a significant decrease in the expression of E-cad, while
the expression of N-cad and VIM increased significantly
(P<0.01; Fig. 4A-F and H). Overexpression of XBPIs also
significantly promoted the migration of gEECs (P<0.01;
Fig. 4G and I).

The MAPK/ERK pathway is a downstream target of XBP1s
Because XBP1s exerts its function as a transcription fac-
tor, we performed a CUT & Tag assay of XBP1s to screen
its downstream target genes. The CUT & Tag analysis
identified 4723 peaks that significantly bound XBP1s.
Functional annotation analysis showed that nearly 70%
of the XBP1s binding peaks were located in the promoter
region, and 66.48% of the binding peaks were within 1 kb
of the promoter region (Fig. 5A-C). Next, KEGG enrich-
ment analysis was performed on the target genes cor-
responding to the binding peaks, and it was found that
the target genes of XBP1s were mainly enriched in endo-
plasmic reticulum protein expression, protein and RNA
transport, fatty acid metabolism, autophagy, the MAPK/
ERK and other pathways (Fig. 5D-E).

We hypothesized that XBP1s might function through
the MAPK/ERK pathway in LPS-induced EMT and
measured the activation of the MAPK/ERK pathway
in goat endometritic tissues and after the LPS-induced
EMT. Phosphorylation of p38 and ERK were signifi-
cantly increased in endometritic tissues compared with
healthy tissues (P<0.01; Fig. 1B-C; Fig. 6A-B). Similar
results were found in gEECs, where the phosphoryla-
tion of p38 was significantly increased by LPS treat-
ment compared with control (P<0.01; Fig. 6C-D). In
addition, ERK phosphorylation was also significantly
increased (P<0.01; Fig. 6C-D). Pretreatment with DHC
activated the MAPK/ERK pathway while PD98056
inhibited it. PD98056 pretreatment was also found to
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significantly inhibit N-cad and VIM expression and sig-
nificantly inhibit the decrease in E-cad; while DHC pre-
treatment had the opposite effect (P <0.05; Fig. 6E-K).

XBP1s promotes LPS-induced EMT through the MAPK/ERK
pathway

We next determined if XBP1s functioned through the
MAPK/ERK pathway. Overexpression of XBPls sig-
nificantly increased the phosphorylation of p38 and
ERK1/2 (P<0.001; Fig. S2A-B), while XBP1s KO signifi-
cantly decreased the phosphorylation of these proteins
(P<0.01; Fig. S2C-D).

To further test our hypothesis, PD98059-mediated
inhibition of the MAPK/ERK pathway was found to
significantly reverse the effects of XBP1s and to signifi-
cantly suppress the decrease of E-cad and the increase
of N-cad and VIM caused by overexpression of XBP1s
(P<0.01; Fig. 4 A-F and H). Coincidentally, activation of
the MAPK/ERK pathway using DHC significantly pro-
moted the increase of E-cad and the decrease of N-cad
and VIM caused by XBP1s KO (P<0.01; Fig. 3A-F and
H). These results suggest that XBP1s facilitates the LPS-
induced EMT by promoting the MAPK/ERK pathway.

MAP3K2 mediates the XBP1s promotion of MAPK/ERK
pathway activation to facilitate LPS-induced EMT

XBP1s directly regulate MAP3K2 expression

In the CUT & Tag assay of XBPls, we found that
MAP3K2, a key gene of the MAPK/ERK pathway,
functioned as a target gene of XBP1s (Table S1). Then
we verified that the mRNA and protein expression of
MAP3K2 was significantly increased after overexpres-
sion of XBP1s; and XBP1s KO significantly inhibited the
expression of MAP3K2 (P <0.001; Fig. 7A-E). To further
confirm that XBP1s functioned by directly binding to
the MAP3K2 promoter, we co-transfected HEK 293T
cells with dual-luciferase reporter vectors containing
MAP3K2-promoter (2001 bp) and either pcDNA3.1-
XBP1s or pcDNA3.1. The transcriptional activity of
MAP3K2 was significantly increased following trans-
fection with pcDNA3.1-XBP1s compared with that in
the pcDNA3.1 group (P<0.001; Fig. 7F). To determine
whether XBPIs promoted MAP3K2 transcription by
binding to specific sites within its promoter, we per-
formed molecular docking assays. Molecular docking
of the XBP1s protein model (Fig. 7G) with the MAP3K2
promoter sequence model (Fig. 7H) revealed the exist-
ence of multiple modes of interaction between XBPIs
and MAP3K?2 sequences including electrostatic, hydro-
gen-bonded, carbon-hydrogen-bonded and hydropho-
bic interactions (Fig. 7I).
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MAP3K2 facilitates the LPS-induced EMT by promoting

the MAPK/ERK pathway

Next, we explored the expression of MAP3K2 in endo-
metritic tissues and found that it was significantly
upregulated, consistent with activation of the MAPK/
ERK pathway (P<0.001; Fig. 6A-B). Next, we found
that MAP3K2 overexpression significantly increased
LPS-induced phosphorylation of p38 and ERK proteins
(P<0.01; Fig. S3); significantly promoted the migration
of gEECs, significantly increased the expression of N-cad
and VIM and significantly suppressed the expression of
E-cad, whereas the use of PD98059 significantly inhib-
ited this effect (P<0.01; Fig. 8; Fig. S1B-D). MAP3K2
knockdown significantly inhibited LPS-induced activa-
tion of the MAPK/ERK pathway and the EMT, which was
reversed by DHC (P<0.01; Fig. 9; Fig. S1E-G). In sum-
mary, our current results suggest that XBP1s promotes
the MAPK/ERK pathway by targeting MAP3K2, which in
turn promotes the LPS-induced EMT.

Discussion

The animal uterus is an organ with complex immune
functions that are required to maintain an immune-
tolerant environment during development of the semi-
homozygous fetus, as well as to maintain its ability to
monitor and respond to infectious agents [31]. However,
after delivery, the uterus is exposed to bacterial contami-
nation, tissue damage and other adverse factors that pre-
dispose it to endometritis, which can cause significant
economic losses to the livestock industry [32]. Previous
studies have reported that endometritis in ruminants
mainly results from chronic inflammation or chronic
inflammation that developed from acute inflammation
[33, 34]; therefore, it is crucial to focus on chronic per-
sistent inflammation of the uterus in animals. In addi-
tion, the EMT can be induced under chronic persistent
inflammation, leading to loss of epithelial cell polarity
[35]. In the present study, we found a significant decrease
in the expression of the polarity marker, E-cadherin
in endometrial epithelial cells (EECs) and a significant
increase in the expression of the mesenchymal markers,
N-cadherin and vimentin in tissues of dairy goats with
persistent endometritis. This suggests that EMT occurs
in EECs during endometritis. Treatment of goat EECs
with LPS revealed that persistent LPS exposure (>12 h)
induced EMT, significantly inhibited the expression of

(See figure on next page.)
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E-cad, significantly increased the expression of N-cad
and VIM, and disrupted the epithelial polarity of gEECs.
This is similar to previous studies in which LPS treatment
induced an inflammatory response in mammary epithe-
lial cells of dairy cows accompanied by the development
of the EMT [36]. It was also reported that SARA-induced
translocation of LPS into the bloodstream induced mas-
titis, leading to disruption of mammary epithelial cell
polarity [37]. However, the mechanism of endometritis-
induced EMT remains unclear.

Many studies have reported that XBP1s is involved
in various pathophysiological processes as an effector
of ERS, making it a potential therapeutic target for dis-
ease treatment [38, 39]; therefore, we hypothesized that
the transcription factor, XBP1s, may mediate the endo-
metritis-induced EMT process. We found that XBPIs
expression was significantly increased in endometri-
tis tissues, and persistent LPS treatment significantly
increased XBPIs expression in gEECs. Interestingly,
we also detected the expression of ERS-related genes,
with a significant increase in the expression of the ERS
marker, GRP78. In addition, phosphorylation of IREla
and EIF2a proteins was also significantly increased. Our
previous study also indicated that splicing of XBP1u and
expression of XBP1s were increased through the TLR4-
ERS-IRE1la pathway in the early stage (6 h) of LPS treat-
ment of gEECs [28]. In this study, we showed that XBP1s
was similarly involved in persistent LPS-induced EMT.
Overexpression of XBPIs in gEECs significantly facili-
tated LPS-induced EMT, with a significant decrease in
E-cad and a significant increase in N-cad and VIM, along
with a significantly enhanced migration rate of gEECs.
Conversely, XBP1s KO inhibited EMT. Therefore, we
determined that the transcription factor, XBP1s, plays
an important role in endometritis-induced EMT. This is
similar to previous studies in which ERS mediated cellu-
lar damage through activation of XBP1Is [40].

XBP1s contains basic leucine zip structures and is
the critical transcription factor of the ERS pathway.
Therefore, we performed a CUT & Tag assay on XBPIs
to explore its role in persistent LPS-induced EMT.
KEGG enrichment analysis revealed that the target
genes of XBP1s were enriched in the MAPK/ERK path-
way. We measured significant activation of the MAPK/
ERK pathway in both endometritic tissues and persis-
tent LPS-treated gEECs, with significantly increased

Fig. 6 LPS treatment activates the MAPK/ERK pathway. A-B The expression of phosphorylated p38 protein in endometritic tissues was analyzed
and determined by western blotting. C-D Activation of the MAPK/ERK pathway in LPS-treated gEECs. E-H Relative protein expression of E-cad,
N-cad, and VIM after activation or inhibition of the MAPK/ERK pathway. I-K The mRNA levels of £-cad, N-cad and VIM were normalized to the level
of GAPDH. Data values are means + SEM of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 vs. control group. #p<0.05;*P<001;

###p 20,001 vs. other group
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phosphorylation of p38 and ERK1/2 proteins. Activation
of the MAPK/ERK pathway with DHC or inhibition with
PD98059 significantly increased or inhibited the LPS-
induced EMT, respectively, suggesting that LPS induced
EMT through the MAPK/ERK pathway. Inhibition of the
MAPK/ERK pathway has been demonstrated to prevent
LPS-induced cellular damage.

This supported our study results, and we hypothesized that
the action of XBP1s is mediated through the MAPK/ERK
pathway. Overexpression of XBP1s significantly increased
the LPS-induced phosphorylation of p38 and ERK1/2 pro-
teins and activated the MAPK/ERK pathway, while XBP1s
KO showed the opposite result. We also pretreated gEECs
with PD98059 or DHC and found that PD98059 signifi-
cantly inhibited the LPS-induced EMT after overexpression
of XBP1s, significantly suppressed the decrease of E-cad, the
expression of N-cad and VIM, and reversed the effects of
XBP1s; DHC pretreatment showed the opposite results, sup-
porting our hypothesis, that XBP1s acts through the MAPK/
ERK pathway in LPS-induced EMT. In line with the present
study. Inhibition of ERS-induced XBP1s reduced activation
of the MAPK/ERK pathway, which reduced apoptosis and
protected cells [41]. Thus, these results suggest that XBP1s
promoted the EMT through the MAPK/ERK pathway in
gEECs continuously exposed to LPS.

To further explore the mechanism of XBP1s action,
we analyzed the CUT & Tag assay data and found that
MAP3K2, an important component of the MAPK/ERK
pathway, may be a target gene of XBP1s. We found that
the expression pattern of MAP3K2 in both endometritic
tissues and gEECs showed a positive correlation with
the expression of XBP1s. Therefore, we hypothesized
that XBP1s activated the MAPK/ERK pathway through
MAP3K2. We used a dual-luciferase reporter assay to
confirm that XBPIls significantly increased the pro-
moter activity of MAP3K2. We also performed molecular
docking assays and found multiple modes of interaction
between XBP1ls protein and the MAP3K2 promoter
sequences such as electrostatic, hydrogen-bonding, car-
bon-hydrogen-bonding and hydrophobic interactions.
However, the binding site we validated was not the clas-
sical recognition sequence of basic leucine zip proteins
(ACGT), which is inconsistent with a previous study [42].
We speculate that the promoter sequences of the XBP1s-
bound target genes may be species-conserved and may
be dissimilar between species. Taken together, these data
provide evidence that the MAPK/ERK pathway compo-
nent, MAP3K2, is a target gene of XBPIs.

It was previously suggested that MAP3K2 was essen-
tial for the activation of the MAPK/ERK pathway [43].



Gao et al. Cell Communication and Signaling (2025) 23:72

In addition, it has also been found that MAP3K2 and
MAPK/ERK pathway activation showed a positive cor-
relation in transcriptome sequencing analysis of LPS-
induced cellular inflammation models [44]. Based on
these findings, we further explored the mechanism
of MAP3K2 action in the LPS-induced EMT. It was
found that overexpression of MAP3K2 in gEECs sig-
nificantly inhibited the expression of E-cad, increased
the expression of N-cad and VIM, increased the phos-
phorylation of p38 and ERK1/2 proteins, and facili-
tated LPS-induced migration, whereas inhibition of
the MAPK/ERK pathway with PD98059 significantly
reversed the effects of MAP3K2. The knockdown of
MAP3K2 significantly inhibited LPS-induced EMT, and
DHC pretreatment reversed the effects of the MAP3K2
knockdown. Thus, we conclude that MAP3K2 facili-
tates the LPS-induced EMT by activating the MAPK/
ERK pathway. This is similar to a previous study in
which targeted disruption of MAP3K2 expression
inhibited activation of the MAPK/ERK pathway [45].

Conclusions

Our results elucidated the mechanism of XBPls
involvement in the LPS-induced EMT. LPS treat-
ment induced ERS and activated XBPIs, which pro-
moted MAP3K2 transcription through direct binding
of XBP1s protein to the promoter. This activated the
MAPK/ERK pathway and facilitated the EMT, whereas
XBP1s KO inhibited LPS-induced EMT (Fig. 10). We
provide evidence that MAP3K2 mediates the involve-
ment of the ERS pathway key transcription factor,
XBP1s, in the LPS-induced EMT. These results broaden
our understanding of the role of XBP1s in the regula-
tion of uterine biological functions.
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XBP1s X-box binding protein 1 splicing variant
EMT Epithelial-mesenchymal transition
ERS Endoplasmic reticulum stress

E-cad E-cadherin
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gEECs Goat endometrial epithelial cells
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GRP78 Glucose regulated protein 78
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