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The YAP/TEAD4 transcriptional
complex in intestinal macrophages
promotes M2 polarization and
alleviates DSS-induced colitis via

the regulation of C/EBPf

SuWang23, Fei Zou'%3, Mengmeng Xu'23, Zengrong Wu'-%3, Pianpian Xial?3 &
Feihong Deng%2:3*

Suppressing inflammation and promoting intestinal epithelial regeneration are the keys to mucosal
healing in individuals with ulcerative colitis (UC). The upregulation of epithelial YAP and the induction
of macrophages to polarize to the M2 phenotype in the mucosa can promote intestinal epithelial
regeneration and alleviate ulcerative colitis. However, the role of YAP in macrophage polarization
remains unclear. Here, we explored the effects of YAP on macrophage polarization and its biological
role in a mouse DSS-induced colitis model. The results showed that YAP upregulation in macrophages
could induce M2 polarization and increase the levels of anti-inflammatory cytokines such as IL-10 and
IL-13. In addition, when mice were infused with YAP-overexpressing and empty vector-transfected
macrophages, compared with control mice, YAP-overexpressing mice presented slower weight loss,
alonger colon length, less intestinal inflammation, and a better arrangement of crypts. Moreover,
macrophages in the lamina propria of the mouse colonic mucosa presented mainly the M2 phenotype
in YAP-overexpressing macrophage-infused DSS-treated mice. Mechanistically, knockdown of

the expression of the transcription factor TEAD4 in YAP-overexpressing macrophages inhibited
macrophage M2 polarization and decreased anti-inflammatory cytokine expression, accompanied by
the downregulated expression of C/EBP. Furthermore, silencing C/EBP following YAP overexpression
suppressed M2 polarization. Chromatin immunoprecipitation revealed that TEAD4 was enriched at the
C/EBP promoter region in YAP-overexpressing macrophages. Thus, YAP in macrophages regulates C/
EBP expression through the transcription factor TEAD4, which mediates macrophage M2 polarization
and inhibits the expression of inflammatory cytokines, thereby exerting inhibitory effects on intestinal
inflammation and promoting mucosal healing in a colitis model.
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Dysregulation of the immune response occurs in individuals with ulcerative colitis', and macrophages are
critical regulators of tissue repair, regeneration, and fibrosis®. Macrophages are divided into classically activated
macrophages (M1 phenotype) and alternatively activated macrophages (M2 phenotype). M1 phenotype
macrophages secrete proinflammatory cytokines involved in inflammation, such as IL-1p and IL-6. In contrast,
M2 phenotype macrophages secrete anti-inflammatory and prorestorative cytokines involved in inflammation
resolution and tissue repair, including TGF-p and IL-10?". In the intestine, macrophages are considered to play a
vital role in maintaining intestinal immunological homeostasis. In recent years, the modulation of macrophage
polarization has emerged as a potential therapeutic strategy to ameliorate and control ulcerative colitis®~’.

YAP is a critical cotranscription factor in the Hippo signalling pathway. Under homeostatic conditions in the
intestinal epithelium, the Hippo signalling pathway negatively regulates intestinal epithelial cell proliferation
and intestinal tumour development®®. YAP also cross-regulates this process with Wnt/B-catenin, Notch,
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and other pathways®!°. Blocking the interaction between YAP and TEAD can inhibit cell proliferation and
antitumour effects'!. Among them, TEAD4 (TEA domain transcription factor 4), a member of the TEAD family,
is recognized as a DNA anchor protein for the YAP transcription complex and is closely related to a variety of
cancers, including colorectal cancer, gallbladder cancer and breast cancer!?-1°.

However, studies of the role of YAP in macrophage polarization have shown discrepancies. Previous research
has indicated that YAP overexpression in macrophages promotes the proinflammatory response, whereas the
downregulation of YAP restricts inflammation!®. In individuals with inflammatory bowel disease and myocardial
infarction, YAP impairs macrophage M2 polarization and promotes proinflammatory responses!'”"'%. Conversely,
some studies have indicated that YAP expressed in macrophages exerts anti-inflammatory effects. During acute
lung injury, YAP in alveolar macrophages can downregulate NLRP3 through the YAP/B-catenin signalling axis,
thereby inhibiting macrophage M1 polarization and lung inflammation’®.

YAP and macrophages have been recognized as potential promising therapeutic targets for inflammatory
bowel disease (IBD)*”:%0. In our study, we investigated the role of M2 macrophage polarization in ulcerative colitis
and the mechanism by which YAP regulates macrophage polarization. We found that YAP in macrophages can
protect against ulcerative colitis by promoting macrophage M2 polarization, which is achieved by modulating
the YAP/TEAD4/C/EBP axis.

Methods

Reagents and antibodies

Dextran sodium sulfate (DSS) (MW 36,000-50,000) was purchased from MP Biomedicals. The following
antibodies were used: CD86, CCR7, CD206, C/EBP, and Arg-1 antibodies were purchased from ABclonal;
TEAD4, PCNA, cyclin D1, and Caspase3 antibodies were purchased from Proteintech; and Caspase4 and IL-1B
antibodies were purchased from Cell Signaling Technology (CST). The primers used for real-time quantitative
PCR were designed using the Primer Blast website and synthesized by Tsingke Biotechnology. RIPA buffer was
purchased from Beyotime. The BCA protein concentration assay kit was purchased from NCM Biotech. The
colour prestained protein marker, SDS-PAGE Rapid Preparation Kit, 5x SDS-PAGE protein loading buffer and
ECL reagent kit were purchased from Biosharp. Polyvinylidene fluoride (PVDF) membranes were purchased
from Bio-Rad.

Cell culture

FHC, RAW264.7 and THP-1 cell lines were obtained from the American Type Culture Collection (ATCC).
The cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) or RPMI-1640 basal medium
supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C with 5% CO,.

THP-1 cell differentiation and polarization

THP-1 cells were incubated with 100 ng/mL phorbol myristate acetate (PMA; Sigma-Aldrich) for 24 h to
induce cell differentiation. The medium was then removed, followed by the addition of 20 ng/mL interferon-y
[IFN-y; PeproTech] and 100 ng/mL lipopolysaccharide and an incubation for 48 h to induce M1 macrophage
polarization, while 20 ng/mL interleukin-4 [IL-4; PeproTech] and interleukin-13 [IL-13; PeproTech] were added
and incubated for 48 h to induce M2 macrophage polarization.

Coculture system

The coculture system used 6-well plates and coculture chambers with 0.4 um pores [Corning]. Briefly, FHC
cells were incubated in 6-well plates at a density of 2 x 10° cells/well and stimulated with 1 mg/ml LPS for 24 h
to obtain inflammatory FHC cells. YAP-overexpressing and control vector-expressing THP-1 cells were also
stimulated with 100 ng/ml PMA for 24 h to obtain YAP-overexpressing (YAPW?) and control vector-expressing
(vector) macrophages. Then, YAPWT and vector THP-1-derived macrophages were incubated in the upper
chamber and cocultured with inflammatory FHC cells for 48 h. Finally, FHC were collected for the CCK-8,
scratch, and immunoblotting assays.

Lentiviral transfection and selection of stable clones

We purchased lentiviral expression vectors from GeneChem to overexpress YAP in human and mouse cells
and used these vectors to generate YAP-overexpressing RAW264.7 and THP-1 cells, respectively. Forty-eight
or 72 h after lentiviral transfection, the fluorescence of the RAW264.7 and THP-1 cells was observed under a
fluorescence microscope. When the level of fluorescence was high, 2 pg/ml puromycin was added for screening;
finally, the overexpression of YAP was confirmed in THP-1 cells and RAW264.7 macrophages using western
blotting and qPCR.

Plasmid and siRNA transfection
Plasmids for overexpressing C/EBPP and small interfering RNAs (siRNAs) for the knockdown of TEAD4,
YAP, and C/EBPp were acquired from GenePharma. Lipofectamine 3000 (Invitrogen) was used to transfect the
siRNAs or plasmids according to the manufacturer’s instructions.

The sequences of the siRNAs and the sequence of the C/EBP( plasmid used are listed in Supplementary
Tables S4-5.

Cell proliferation and wound healing assay

Inflammatory FHC cells were cocultured with YAP-overexpressing THP-1 macrophages or vector control THP-
1 macrophages for 48 h. Subsequently, the migration and proliferation of the cocultured inflammatory FHC cells
were examined by a scratch assay and a CCK-8 assay.
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A total of 1000 inflammatory FHC cells were incubated in each well of 96-well plates in a volume of 100 pul of
medium per well. The original medium was removed at 12 h, 24 h, 48 h, or 72 h, and fresh medium containing
10 pl of CCK-8 reagent was added, followed by an incubation at 37 °C for 2 h. The light absorption value at
450 nm was determined using an enzyme-linked immunoassay plate reader.

The migratory activity of the cocultured inflammatory FHC cells was assessed by a scratch wound healing
test. The original medium was removed after the cells were scraped vertically using a sterile 100-pl pipette tip,
and an appropriate amount of fresh serum-free medium was added. Finally, the migrated cells were observed
and imaged at 0 h and 48 h.

Western blot

Equal amounts of protein samples were separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on 6-10% gels and then transferred to polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked with 5% skim milk, cut and incubated overnight with the corresponding specific
primary antibodies, followed by washes and an incubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies before being removed for chemiluminescence detection.

RNA extraction and quantitative PCR

Total RNA was extracted from tissues and cells using TRIzol reagent (Servicebio) according to the manufacturer’s
instructions. Complementary DNA (cDNA) synthesis was performed using a cDNA synthesis kit [Vazyme].
Quantitative real-time PCR was performed using qPCR SYBR Green Master Mix [Vazyme]. GAPDH was used
as an internal reference control. The primers used are listed in Supplementary Table S2.

Human samples

Paraffin-embedded sections of biopsy specimens were obtained from the Department of Pathology of the Second
Xiangya Hospital (n=6 UC tissues and n=6 normal tissues) with approval from the Medical Ethics Committee
of the Second Xiangya Hospital (20195274). Informed consent was obtained from all the subjects. The patients’
characteristics are listed in Supplementary Table S1. These sections were used for immunohistochemical (IHC)
staining, and the average optical density values of the IHC-stained sections were analysed using Image] software.

Mouse study

Six- to eight-week-old C57BL/6 ] male mice were purchased from the Experimental Animal Center of the
Second Xiangya Hospital and maintained in a specific pathogen-free (SPF) environment. All animal experiments
were approved by the Animal Ethics Committee of the Second Xiangya Hospital, Central South University
(20,220,505). All methods were performed in accordance with the relevant guidelines and regulations and
reported in accordance with the ARRIVE guidelines (https://arriveguidelines.org) for the reporting of animal
experiments.

After one week of adaptation, the mice were randomly divided into four groups: the NC group, DSS group,
YAPYT + DSS group, and vector + DSS group (n=6 mice per group). For the YAPWT + DSS group and vector + DSS
group, each mouse was infused with approximately 5x 10° YAP-overexpressing RAW264.7 macrophages or
control macrophages according to their respective groups. For the NC and DSS groups, equal volumes of PBS
were injected. Three days after the injection, the NC group received normal water, whereas the mice in the
DSS, YAPWT +DSS, and vector + DSS groups received 2.5% dextran sulfate sodium (DSS) (M.P. Biomedicals)
dissolved in the drinking water for 7 consecutive days. The body weights and disease activity indices (DAIs) of
the mice were monitored daily.

Extraction of lymphocytes from the mouse intestinal lamina propria

After being subjected to CO2 asphyxiation, the dissected colon was cut into 5 mm pieces. After washes with
precooled PBS, epithelia were isolated by incubating the samples in DMEM containing 5 mM EDTA, 1 mM
DTT, and 5% FBS at 37 °C for 25 min. Next, the samples were digested for 50 min in DMEM containing 1 mg/
ml collagenase IV [Sigma], 1 mg/ml dispase II [Solarbio], and 5% FBS. Lymphocytes from the intestinal lamina
propria were isolated using 30% and 70% Percoll isolation solutions [Solarbio].

HE staining and Immunohistochemistry

Mouse colon samples were fixed with 4% paraformaldehyde for 24 h and embedded in paraffin. Deparaffinized
5-um-thick sections were used for HE or ITHC staining. For IHC, the sections were subjected to endogenous
peroxidase activity quenching, antigen retrieval, and subsequent blocking procedures. The sections were
incubated overnight at 4 °C with the desired primary antibody and then with a biotinylated secondary antibody
for 2 h at room temperature. The DAB kit was used to detect the signals.

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation experiments were performed on YAP-overexpressing macrophages using
the Protein A/G Magnetic Bead CHIP Kit (Beyotime) according to the manufacturer’s instructions. Briefly,
the cells were crosslinked with 1% formaldehyde and disrupted with glycine, after which they were processed
with a noncontact ultrasonic breaker. The supernatant was collected by centrifugation and incubated overnight
with specific primary antibodies to obtain immunoprecipitated DNA-protein complexes, followed by washing,
elution, and reverse crosslinking steps. The immunoprecipitated DNA was subsequently analysed by qPCR. The
primer sequences for the promoter regions used in this study are listed in Supplemental Table S3.
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Data analysis

All the experiments were repeated at least three times, and the data are presented as the means + SEMs. The data
were statistically analysed and plotted using GraphPad Prism 8.0 software. Differences between two groups were
determined by Students t test. p<0.05 was considered statistically significant.

Statements

Human UC colon tissues were collected with the approval of the Institute Research Medical Ethics Committee of
the Second Xiangya Hospital. Moreover, we confirmed that all the experiments were performed with the approval
of the Animal Experimentation Committee of Southern Medical University (20195274) and in accordance with
institutional regulations.

Results

Ulcerative colitis enhanced M1 macrophage polarization and reduced M2 macrophage
polarization in the mucosa

We examined the expression of different markers of macrophages in the colonic mucosa of UC patients to
understand the role of macrophages in UC. We found that the expression of the M2 macrophage marker Arg-
1 was decreased, whereas the expression of the M1 macrophage marker CD86 was increased in the inflamed
colonic tissues of UC patients (Fig. 1A). Moreover, the body weights of the DSS-colitis group were significantly
lower than those in the negative control group (Fig. 1C), and the colon lengths of the mice in the DSS-induced
colitis group were significantly shorter (Fig. 1D). H&E staining revealed that the structure of the epithelium
and villi of the colon of the mice in the DSS-induced group was extensively disrupted, resulting in prominent
infiltration of inflammatory cells into the colonic mucosa (Fig. 1E). Immunohistochemical staining and western
blotting revealed that the expression of the M2 macrophage marker Arg-1 was decreased in the colon tissues
of the DSS group, whereas the expression of the M1 macrophage markers CD86 and CCR7 was increased,
accompanied by a decrease in the expression of the proliferative marker PCNA and an increase in the expression
of the apoptosis-associated factor Caspase-3 (Fig. 1B and 1F). Furthermore, we isolated lamina propria
mononuclear cells of the mouse colon and found that the expression of the M1 macrophage markers CD86 and
iNOS and the proinflammatory cytokine IL-6 was increased in the lamina propria of the colons of the mice in the
DSS group (Fig. 1G). Overall, we suggest that the colonic mucosa exhibits impaired epithelial proliferation and
increased apoptosis in a murine colitis model. Additionally, macrophages in the mucosa of UC patients present
mainly with the M1 phenotype, accompanied by increased levels of proinflammatory cytokines.

Overexpressing YAP in macrophages induced M2 polarization and promoted colonic
epithelial cell proliferation

We stimulated THP-1 monocytes with PMA for 24 h to obtain nonpolarized MO macrophages and then used
LPS/IFN-y to induce M1 macrophages and IL-4 to induce M2 macrophages to understand the functions of
macrophages with different phenotypes. In M1-polarized macrophages, the expression of M1 macrophage
markers, such as CD86, CCR7, and CDllc, was increased, accompanied by increased levels of the
proinflammatory cytokines IL-6 and IL-1f. In contrast, in M2-polarized macrophages, the expression of M2
macrophage markers, including CD206, Arg-1, and Fizzl, was increased, accompanied by increased levels of
the anti-inflammatory cytokines IL-10 and IL-13. Moreover, YAP expression was increased in M2-polarized
macrophages and decreased in M1-polarized macrophages (Fig. 2A-B).

Due to the critical role of YAP in intestinal mucosal repair?!, we further investigated the role of YAP in
macrophage polarization. We generated YAP-overexpressing macrophages by the stable transfer of a YAP-
overexpressing lentivirus into THP-1 cells. We found that the expression of the M2 macrophage markers CD206,
Arg-1, and Fizz] and the anti-inflammatory cytokines IL-10 and IL-13 was increased in YAP-overexpressing
THP-1 cells. However, the expression of the M1 macrophage markers CD86, CCR7, and iNOS and the
proinflammatory cytokine IL-1p was decreased in YAP-overexpressing THP-1 cells (Fig. 2C). In contrast, the
knockdown of YAP in THP-1 cells resulted in impaired M2 macrophage polarization and reduced expression
of anti-inflammatory cytokines, whereas the expression of M1 macrophage markers and proinflammatory
cytokines increased (Fig. 2D). These results suggest that upregulated YAP in macrophages mainly promotes M2
macrophage polarization. Increased YAP expression in macrophages might be a feature of M2 macrophages.
Next, we constructed an inflammatory cell model to investigate the effect of macrophages on intestinal epithelial
cells in the colonic mucosal microenvironment. We found that after LPS stimulation, the expression of the
proinflammatory cytokines IL-1f and IL-6 was increased, and the expression of the anti-inflammatory cytokines
IL-10 and IL-13 was decreased in FHC (Fig. 2F). However, when YAP-overexpressing (YAPWT macrophages)
or vector-transfected THP-1 cells (control macrophages) were cocultured with LPS-prestimulated FHC cells,
the expression of PCNA and cyclin D1 in FHC cells cocultured with YAPWT THP-1 cells was higher than that
in the vector-transfected cells, while the expression of caspase-3 and caspase-4 was lower (Fig. 2E). In addition,
the viability and “wound healing” ability of FHC cells were increased after coculture with YAPWT THP-1 cells
compared with coculture with vector-transfected cells (Fig. 2G-H), suggesting that the overexpression of YAP
in macrophages promoted the proliferation and wound healing of intestinal epithelial cells after inflammatory
injury. Overall, YAP in macrophages may play an essential role in promoting intestinal epithelial repair by
inducing macrophage polarization towards the M2 phenotype.

YAP overexpression in macrophages attenuated DSS-induced colitis in mice

We further validated the function of YAP-overexpressing macrophages in colitis by infusing YAP-overexpressing
RAW264.7 macrophages (YAPVT + DSS) and control RAW264.7 macrophages (vector + DSS) into DSS-induced
colitis model mice (Fig. 3A). The results showed that the colon length of the DSS group was significantly shorter
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Fig. 1. Expression of macrophage markers and epithelial proliferation in the colonic tissues of humans and
mice with colitis. The mice in the colitis group (DSS) were administered 2.5% dextran sodium sulfate for
seven consecutive days, and the normal group (NC) was provided normal drinking water. (A) IHC detection
of CD86 and Arg-1 expression in the inflamed or relatively normal colon tissue from patients with ulcerative
colitis (UC). (B) Immunohistochemical (IHC) staining was performed to detect the expression of CD86, Arg-
1, PCNA, and Caspase3 in the NC and DSS groups. (C) Comparison of body weight changes in the mice in
the NC and DSS groups. (D) Comparison of colon length between the NC and DSS groups. (E) Histological
morphology and structural changes in colon tissues from the NC and DSS groups were observed by H&E
staining. (F) western blotting was performed to detect the expression of YAP, the macrophage markers Arg-1
and CCR7, the proliferation-associated factors PCNA and cyclin D1, and the apoptotic factor caspase3 in the
mice from the NC and DSS groups. (G) Lamina propria mononuclear cells were extracted from the mouse
colon for real-time fluorescence quantitative PCR to detect the expression of M1 macrophage markers and
inflammatory cytokines. The asterisk represents statistical significance, * p <0.05, ** p<0.01, *** P<0.001, ****
P <0.0001, ns, not significant; t test.

mRNA Expression level

YAP IL-6 CD86 iNOS

than that of the NC group, and the body weight was significantly lower (Fig. 1D-E), whereas the colon length
of the mice infused with YAP-overexpressing RAW264.7 macrophages was longer than that of the control
RAW264.7 macrophage-injected mice, and the body weight was greater on Day 7 (Fig. 3B-C). Moreover, H&E
staining revealed that the colonic tissues of the vector + DSS group exhibited extensive destruction of epithelial
and villous structures and prominent infiltration of inflammatory cells. In contrast, the colonic tissues of the
YAPYT+DSS group had more intact villous structures and less inflammatory cell infiltration in the mucosal
layer (Fig. 3D). Moreover, the expression of the M1 macrophage markers CD86 and CCR7 and the apoptosis-
associated gene Caspase3 decreased in the colons of the mice in the YAPWT + DSS group compared with those
in the vector + DSS group. Moreover, the expression of the M2 macrophage marker Arg-1 and the proliferation-
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associated factors PCNA cyclin D1 was increased in the colons of the mice in the YAPWT + DSS group (Fig. 3E-
F). More importantly, we isolated primary lymphocytes from the lamina propria of the colons of mice from
different groups and found that, compared with the vector + DSS group of mice, the YAPWT + DSS group of mice
presented increased expression of YAP and M2 macrophage markers, such as CD206, Arg-1, Fizzl, and the
anti-inflammatory cytokine IL-10, and decreased expression of the M1 macrophage marker iNOS. Moreover,
the transcription factor C/EBPP, which regulates Arg-1 expression, was also upregulated in lamina propria
lymphocytes from YAPYT+DSS mice, which illustrated that macrophages in the colonic lamina propria of
mice injected with YAP-overexpressing RAW264.7 macrophages presented mainly the M2 phenotype (Fig. 3G).
Overall, we believe that M2 macrophages can protect mice from DSS-induced colitis. Elevated YAP expression
in macrophages can promote macrophage M2 polarization and increase the expression of anti-inflammatory
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«Fig. 2. YAP promotes the M2 polarization of macrophages and repair of intestinal epithelial cells after
inflammatory injury. (A) After THP-1 monocytes were stimulated with 100 ng/ml PMA for 24 h to obtain
nonpolarized M0 macrophages, M1 macrophages were obtained by applying 100 ng/ml LPS and 20 ng/

ml IFN-y for 48 h, and the expression of macrophage markers and inflammatory factors was detected by
western blotting and qPCR. (B) After nonpolarized MO macrophages were obtained, M2 macrophages were
induced with 20 ng/ml IL-4 for 48 h. Western blotting and qPCR were performed to detect the expression

of macrophage markers and inflammatory factors. (C) Stable lentiviral transfection was used to construct
YAP-overexpressing and empty control THP-1 cells, and 100 ng/ml PMA was incubated with the cells for

24 h to obtain YAP-overexpressing macrophages and control macrophages. Western blotting and qPCR were
used to detect the expression of M1 and M2 macrophage markers and inflammatory factors. (D) After PMA-
induced macrophages were generated, YAP expression in the macrophages was knocked down by transient
siRNA transfection, and the corresponding target protein and mRNA expression levels were detected. (E)
FHC cells were stimulated with 1 ug/ml lipopolysaccharide (LPS) for 24 h to establish an inflammatory
intestinal epithelial cell model. The expression of the proinflammatory cytokines IL-6 and IL-1p and the anti-
inflammatory cytokines IL-10 and IL-13 was detected by gPCR. (F) After LPS prestimulation, normal colonic
epithelial cells (FHC cells) were cocultured with YAP WT macrophages or vector-transfected macrophages for
48 h, and the expression of YAP, the proliferation-associated factors PCNA and cyclin D1, and the apoptosis-
associated factors caspase3 and caspase4 was detected by western blotting. (G-H) CCK-8 and scratch wound
healing assays were performed to detect intestinal epithelial cell proliferation and migration after coculture.
Asterisks indicate statistical significance, * p <0.05, ** p<0.01, *** p<0.001, ****p <0.0001; ns, not significant;
t test.

cytokines in the colonic mucosa to attenuate mucosal inflammation and facilitate epithelial wound healing, and
YAP-induced macrophage M2 polarization may be associated with the expression of C/EBPf.

The YAP/TEADA transcriptional complex promotes M2 macrophage polarization through the
regulation of C/EBPJ

High expression of YAP in macrophages promotes M2 macrophage polarization and exerts anti-inflammatory
effects on mice with colitis. Finally, we explored the molecular mechanisms by which YAP expressed in
macrophages regulates M2 macrophage polarization. TEAD is the most important transcription factor in the
YAP family*2. The combination of YAP and TEAD4 can promote cell proliferation, thereby promoting the
occurrence of colorectal tumours'®. TEAD4 can also promote the regeneration of intestinal crypts after radiation
injury by acting alone or in combination with the transcription factor TCF4 through Wnt signalling?®. Our
study revealed that silencing TEAD4 in YAP-overexpressing THP-1 cells decreased the expression of the M2
macrophage markers CD206, Arg-1, and Fizzl compared with that in the control group, whereas the expression
of the M1 markers CD86 and CD11c was increased. Moreover, YAP-overexpressing THP-1 cells presented
decreased expression of the anti-inflammatory cytokines IL-4, IL-10, and IL-13 combined with increased
expression of proinflammatory cytokines such as IL-6 and IL-1p. These results indicated that YAP may regulate
M2 macrophage polarization in a TEAD4-dependent manner (Fig. 4A-B). Then, we performed an iTRAQ
proteomic analysis and found that C/EBPB expression was significantly upregulated in YAP-overexpressing
THP-1 cells (Fig. 4C). C/EBP is an essential factor that regulates Arg-1 expression?*?. Our study revealed that
silencing CEBP/( in YAP-overexpressing THP-1 cells resulted in the downregulation of the M2 macrophage
markers CD206, Arg-1, and anti-inflammatory cytokines, whereas CD86, IL-6, and IL-1B were upregulated
(Fig. 4A-B). Furthermore, the overexpression of C/EBPB in THP-1 cells resulted in increased expression of
the M2 macrophage markers CD206, Arg-1, and Fizz1 and the anti-inflammatory cytokines IL-4, IL-10, and
IL-13 compared with the levels in the control group, accompanied by reduced CD86 and IL-1p expression,
indicating that CEBP/P mediates the function of YAP in regulating M2 macrophage polarization (Fig. 4D).
We further investigated the interaction between the YAP/TEADA4 transcriptional complex and CEBP/P by
performing chromatin immunoprecipitation and found that TEAD4 was strongly enriched at the C/EBPP
promoter region in YAP-overexpressing macrophages compared with control macrophages, suggesting that
CEBP/p is a transcriptional target gene of the YAP/TEAD4 transcriptional complex (Fig. 4E). Therefore, the
interaction of YAP with the transcription factor TEAD4 in macrophages promotes M2 macrophage polarization
by transcriptionally regulating the target gene CEBP/p, thus inhibiting intestinal inflammation and promoting
healing of the damaged mucosa.

Discussion

The development of ulcerative colitis (UC) is associated with many factors, among which the dysregulation of
the immune system is an important feature. As a critical component of intrinsic immunity, macrophages are
essential in ulcerative colitis. In individuals with colitis, the promotion of macrophage M2 activation or an
increase in the M2/MI1 macrophage ratio can play an essential role in alleviating intestinal inflammation and
promoting intestinal tissue repair. The molecular mechanisms controlling the M2 polarization of macrophages
in the lamina propria of the intestinal mucosa are unclear. Our study revealed that increased M1 macrophage
activation and impaired M2 macrophage polarization occur in individuals with ulcerative colitis. M2-phenotype
macrophages highly express YAP, and elevated YAP expression in macrophages can induce M2 polarization by
binding to TEAD4 to form a transcriptional complex that transcriptionally upregulates the expression of the
target gene C/EBPp, which can upregulate Arg-1 expression. An infusion of macrophages overexpressing YAP
protected mice from DSS-induced inflammatory injury.
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Fig. 3. M2 macrophages attenuate DSS-induced colitis in mice in vivo. A YAP-overexpressing lentivirus
was used to transfect RAW 264.7 macrophages and generate YAP-overexpressing RAW 264.7 macrophages.
We subsequently divided the mice into four groups of six mice each; the YAP WT + DSS group and the
vector + DSS group were infused with YAP-overexpressing RAW 264.7 macrophages and control RAW 264.7
macrophages, respectively, and the NC group and the DSS group were injected with an equal volume of PBS.
After three days, except for the mice in the NC group, the mice were administered DSS for seven days. (A)
Diagram of the mouse modelling process. (B) Comparison of the colon length between the YAP WT +DSS
and vector + DSS groups of mice. (C) Comparison of body weight changes between the YAP WT +DSS and
vector + DSS groups of mice. (D) H&E staining was performed to observe the histological morphology and
structural changes in the colon tissues. (E) WB detection of the expression of target proteins in colon tissues.
(F) Immunohistochemical (IHC) staining was performed to detect the expression of CD86, Arg-1, PCNA,
and Caspase3 in colon tissues from the YAP WT +DSS group and the vector + DSS group. (G) Extraction of
primary lamina propria lymphocytes from the mouse colon and qPCR detection of the expression levels of
target mRNAs. Asterisks indicate statistical significance, * p <0.05, ** p<0.01; *** p<0.001, ****p <0.0001; ns,
not significant; t test.

YAP is involved in promoting cell proliferation, tissue repair, fibrosis, and tumorigenesis, but the role of
YAP in macrophage polarization is controversial. In LPS-induced macrophages, NF-kB activation and TNF-a
production require YAP activation and nuclear translocation. YAP can interact with the NF-kB subunit p65 to
promote proinflammatory cytokine production®. In liver macrophages, YAP synergizes with Notch to promote
M1 macrophage polarization?”. In alveolar macrophages (AMs), activation of the YAP/B-catenin signalling
pathway after acute lung injury inhibits macrophage M1 polarization and the secretion of proinflammatory
cytokines, thus playing a protective role in acute lung injury®. In various types of cancer, high expression
of YAP in macrophages promotes the polarization of macrophages to the M2 phenotype, thereby regulating
tumorigenesis, progression, and metastasis®*~>. In our study, M2 macrophages presented increased expression
of YAP. YAP overexpression in macrophages is a characteristic of M2 macrophages, which highly express anti-
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Fig. 4. The molecular mechanism by which YAP regulates the M2 polarization of macrophages. (A) In YAP-
overexpressing macrophages, siRNA-mediated knockdown of TEAD4 or C/EBPp was performed, and the
expression of macrophage markers and inflammatory cytokines was detected by western blotting. (B) After
the siRNA-mediated knockdown of TEAD4 or C/EBPJ in YAP-overexpressing THP-1-derived macrophages,
the expression of macrophage markers and inflammatory cytokines was detected by real-time fluorescence
quantitative PCR. (C) YAP-overexpressing and control macrophages were induced in vitro, followed by an
iTRAQ proteomic analysis, and clustering heatmaps were produced using the Bioscience Cloud platform.
(D) A plasmid was used to overexpress C/EBP P in macrophages, after which the expression of macrophage
markers and inflammatory cytokines at the mRNA level was detected by real-time fluorescence quantitative
PCR. (E) Chromatin immunoprecipitation (ChIP). Real-time fluorescence quantitative PCR was performed
after immunoprecipitation, and the fold enrichment and percent input (% of input) of TEAD4 at the C/EBPP
promoter region were statistically analysed using GraphPad Prism 8.0 software. Asterisks indicate statistical
significance, * p <0.05, ** p <0.01; *** p <0.001; ****p <0.0001; ns, not significant; t test.

inflammatory cytokines and promote epithelial wound healing. When YAP is knocked down in macrophages,
they predominantly exhibit an M1 phenotype with increased expression of proinflammatory cytokines.

The mechanisms that regulate macrophage polarization have not been fully clarified. Currently, researchers
believe that transcription factors such as NF-«B, activator protein-1 (AP-1), and STAT1 regulate macrophage
M1 polarization. In contrast, interferon regulatory factor 4 (IRF4), CCAAT/enhancer-binding protein p (C/
EBPp), STAT6, and peroxisome proliferator-activated receptor y (PPAR-y) promote M2 activation®'. Arginase
1 (Arg-1) is a significant marker of M2 macrophages, and its expression indicates the predominance of the
M2 anti-inflammatory phenotype. The transcription factor C/EBP f is believed to mediate the expression of
Arg-1 in macrophages?**2. In our study, the knockdown of C/EBPp in YAP-overexpressing THP-1-derived
macrophages resulted in decreased Arg-1 expression, and the overexpression of C/EBP promoted macrophage
M2 polarization and increased the expression of anti-inflammatory cytokines. As both YAP and C/EBPp are
involved in M2-type macrophage polarization, we explored whether they constitute an internal regulatory
mechanism that promotes M2 polarization. In this study, we screened for C/EBPf by iTRAQ sequencing in
YAP-overexpressing and control macrophages. Moreover, a positive correlation was observed between YAP and
C/EBPp expression in macrophages. The TEAD family is the most classic synergistic transcription factor of
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YAP, and YAP/TEAD4 promote cell proliferation and tumorigenesis, such as in colorectal and hepatocellular
carcinomas!>?%%, Additionally, we explored whether YAP regulates C/EBPp expression through TEAD4. High
expression of YAP promoted M2 macrophage polarization and increased the expression of anti-inflammatory
cytokines. When TEAD4 was knocked down in YAP-overexpressing macrophages, they mainly exhibited the
M1 phenotype and high levels of proinflammatory cytokines. Moreover, TEAD4 could bind to the C/EBPfB
promoter, and TEAD4 knockdown resulted in a decrease in C/EBPp expression, suggesting that YAP interacted
with TEAD4 to transcriptionally regulate the expression of C/EBPp and induce M2 polarization.

In summary, our study reveals a new molecular mechanism by which YAP regulates macrophage polarization,
which may facilitate the development of potential therapeutic strategies for UC. We showed that YAP in
macrophages regulates the expression of C/EBP by binding to the transcription factor TEAD4, which promotes
macrophage M2 polarization, inhibits inflammation, and ultimately controls and ameliorates ulcerative colitis.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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