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SUMMARY

m6A regulators were demonstrated to modulate the functions of intestinal epithelial and immune cells in the
ulcerative colitis. This study aimed to elucidate whether and how the m6A reader heterogeneous nuclear ribo-
nucleoprotein C (HNRNPC) regulates macrophage function in the colitis. We observed elevated HNRNPC in
the inflammatory Raw264.7 cells and macrophages in the dextran sodium sulfate (DSS)-induced colitis.
Knocking down HNRNPC can mitigate LPS-induced activation of macrophages in vitro. Furthermore, adop-
tive transfer of macrophages with HNRNPC knockdown significantly alleviated colitis compared to those
transfected with negative control siRNA. Additionally, RNA sequencing illuminated that HNRNPC regulated
functions of macrophages by inhibiting alternative mRNA slicing, involving adjusting acute inflammatory
response, and promoting cell chemotaxis and migration. Besides, HNRNPC can govern the stability of
ltgb7, and ltgb7 might be an effective target for HNRNPC in macrophages. Our findings highlight the crucial

role and therapeutic potential of HNRNPC inhibition in macrophages in alleviating colitis.

INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic and relapsing
immunologically mediated inflammatory disease, including
Crohn disease and ulcerative colitis (UC), whose etiology and
pathogenesis are complicated and may involve intricate cross-
talk among genetic factors, environmental effects, gut micro-
biota, and immune factors.'™ At present, IBD has developed
into a global disease and brought tremendous burden to the
worldwide healthcare system. Based on these, further investiga-
tion into the mechanisms behind IBD and potential therapies are
necessary and meaningful.*®

In recent years, mRNA post-transcriptional modification has
become a new epigenetic regulation mechanism, among which
N6-methyladenosine (m6A) methylation is the most abundant
post-transcriptional modification of mMRNA in mammals.®” m6A
is involved in the epigenetic regulation of multiple cellular pro-
cesses and plays significant roles in influencing the stability,
translation, and nuclear translocation of mMRNA.>° m6A is revers-
ibly and dynamically regulated by three kinds of regulators. Sim-
ply, they are catalyzed through the m6A methyltransferases
called “writers,” removed by the demethylases called “erasers,”
and recognized by m6A-binding proteins called “readers.”'°
Existing studies showed that the abnormal expression of m6A

regulators can impact the development of multiple tumors by
influencing immune cells, immune checkpoints, and other fac-
tors.'""'? Additionally, the expression levels of m6A regulators
fluctuate across various inflammatory diseases, and these regu-
lators controlled the differentiation and phenotypic transforma-
tion of some cells to influence pathogenesis of inflammation,
such as colitis.’®'* mBA writer METTL3 controls T cell homeo-
stasis and participates in regulating colitis'®; m6A eraser
ALKBHS regulates the capacity of CD4* T cells to induce autoim-
mune colitis'®; macrophages lacking m6A reader IGF2BP2 ex-
hibited enhanced M1 phenotype and contributed to the progres-
sion of dextran sodium sulfate (DSS)-induced colitis.’* These
studies indicated that multiple m6A regulators took part in the
pathogenesis of IBD.

Heterologous nuclear ribonucleoprotein C (HNRNPC) is an
RNA-binding protein, binding to RNA transcripts and affecting
the stability, splicing, transport, and translation of precursor
mRNA. HNRNPC shows a stronger affinity for methylated RNA,
and recognition of m6A by HNRNPC depends on RNA’s struc-
tural changes.'”'® HNRNPC’s expression was altered in multiple
tumors, contributing to tumor metastasis and invasion, which
was linked to clinical poor prognosis.'®?' At present, a few
studies suggest the relationship between HNRNPC and inflam-
mation orimmune response. Jin et al.’s study found that silencing
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Figure 1. HNRNPC with broad expression across diverse colonic cells downregulates in DSS-induced colitis
Acute colitis was induced with 2.5% DSS (dextran sulfate sodium salt) in drinking water for 7 days and then with regular drinking water for another 3 days
(A) Twenty-three major clusters of colonic cells from three healthy controls and three patients with ulcerative colitis.
(B) Expression level of HNRNPC in 23 kinds of diverse colonic cells.
(C) Disease activity index during acute colitis.
(legend continued on next page)
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HNRNPC can reduce the secretion of interferon alpha (IFN-).%?
IFN-a, as a multi-effect cytokine, plays an important role in im-
mune cell differentiation and activation, antigen presentation,
and immune surveillance.”® A previous study revealed that
HNRNPC is broadly expressed across various cell types, with
particularly high expression in M1 macrophages, GBM cancer
cells, T cells, and natural killer (NK) cell in the glioblastoma micro-
environment.?* In addition, HNRNPC was considered to affect
immune pathways and the infiltration of immune cells in the endo-
metriosis.”® Existing researches have indicated that HNRNPC
plays a pivotal role in immune responses. Additionally, a host of
researches supported that RNA-binding proteins can modulate
inflammatory gene expression in macrophages, for example,
the RNA-binding protein IGF2BP3 can mediate the polarization
of macrophage toward an immunosuppressive phenotype.”®
The RNA-binding protein IGF2BP2 was reported to regulate
macrophage phenotypic activation and inflammatory diseases.'*
hnRNP UL1, also as a binding protein, can prohibit NF-«kB-trig-
gered transcriptional expression of pro-inflammatory cytokines
in response to innate stimuli in the macrophages.?” And the
RNA-binding proteins SRSF1 and HNRNPU can regulate
MyD88 alternative splicing and LPS-induced cytokines’ produc-
tion in the macrophages.® Given the pivotal role of RNA-binding
proteins in macrophages, we aim to investigate thoroughly
whether HNRNPC can regulate macrophages’ function.

Previous studies have demonstrated that macrophages are
essential for maintaining intestinal homeostasis and regulating
immune responses and tissue repair in the gut.”> Macrophages
play a critical role in both the inflammatory and repair phases of
IBD. In the inflammatory phase of IBD, macrophages produce
inflammatory cytokines upon activation by pathogen-associ-
ated molecular patterns (PAMPs), enhancing the immune
response of Th1 and Th17 cells against invading microorgan-
isms, thereby exacerbating epithelial damage. In the repair
phase of IBD, macrophages promote epithelial cell proliferation
and facilitate mucosal healing.?**' A comprehensive review
about the heterogeneity of intestinal macrophages and their
roles in intestinal health provides new insights for targeted ther-
apies and stratified treatment approaches in patients with
IBD.*? These existing researches all suggested crucial role of
macrophages in the pathogenesis and therapy of IBD. In addi-
tion, previous researches showed that m6A regulators
controlled certain functions of macrophages, for instance, the
m6A reader IGF2BP2 plays a role in regulating macrophage
phenotypic activation.'® However, the role of HNRNPC in
macrophage remains unclear. Therefore, this study aimed to
investigate the involvement of HNRNPC in macrophages during
DSS-induced colitis.
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In our current study, we used flow cytometry to determine the
changes of HNRNPC in macrophages in the DSS-induced coli-
tis. Then, the regulatory effect of HNRNPC on macrophages
was evaluated in in vitro experiments, and transcriptome
sequencing (RNA-Seq) was used to get a comprehensive under-
standing of how HNRNPC regulates these cells. Finally, the
effect of HNRNPC knockdown in the macrophages on the
DSS-induced colitis mice was evaluated by adoptive transfer
of macrophages with HNRNPC knockdown. Our results empha-
sized the importance of inhibiting HNRNPC in macrophages to
alleviate colitis.

RESULTS

HNRNPC is widely expressed across various types of
intestinal cells

To identify m6A regulators with high expression levels in the in-
testine, we conducted single-cell sequencing on intestinal tis-
sues obtained from three UC patients and three healthy individ-
uals. Subsequently, cluster analysis was conducted on intestinal
cells and 23 types of intestinal cell populations were identified
(Figure 1A), including epithelial cells, Paneth cells, and various
immune cells. Subsequently, we analyzed the expression of
various m6A regulators in various intestinal cells (Figures S1A-
S1C) and ultimately observed that HNRNPC was highly ex-
pressed in various intestinal cells (Figure 1B). These results pro-
vided a preliminary foundation for us to investigate the roles of
different m6A regulators in IBD. And after comprehensive evalu-
ation, we intended to explore the role of HNRNPC in DSS-
induced colitis in our subsequent studies.

HNRNPC is downregulated in the DSS-induced colitis

We established a mouse model of acute dextran sulfate sodium
colitis and evaluated the expression of HNRNPC. The acute co-
litis was characterized by ascending DAl score (Figure 1C),
decreased body weight (Figure 1D), and shortened colon length
(Figure 1E) of DSS mice. The H&E staining demonstrated a pro-
nounced infiltration of inflammatory cells and extensive disrup-
tion of the mucosal structure and integrity (Figure 1F). The results
obtained from gPCR indicated upregulation of Tnf-« and I/18, as
well as downregulation of ZO7 and Occludin (Figure 1G).
Following that, we conducted measurements on the expression
level of the m6A reader HNRNPC in the colon tissue. The gPCR
analysis revealed a downregulation in the expression of Hnrnpc
(Figure 1H). The levels of HNRNPC protein displayed a consis-
tent reduction (Figure 11). Afterward, we isolated colonic epithe-
lial cells and measured the mRNA level of HNRNPC, and the
gPCR result indicated the decreased expression of Hnrnpc in

E) Representative colonic images and colon length.

G) The relative mRNA expression of Tnf-«, 18, Claudin1, and Zo1.
H) The relative mRNA expression of Hnrnpc in the colon tissue.

(
(
(
(
(
(

D) The body weight percentage (relative to the initial weight, set as 100%) during the progression of acute DSS-induced colitis.

F) Representative hematoxylin and eosin (H&E) images of the colon. Scale bar: 200 pm

I) The protein expression of HNRNPC in the colon tissues was determined by western blot.

(J) The relative mRNA expression of Hnrnpc in the epithelial cells. Data are represented as mean + SEM. (n = 6-7/group). Two-sided Student’s t test (E, G, H, |, and
J) was performed. *p < 0.05, “*p < 0.01, **p < 0.001. CON, control group with normal water; DSS, colitis group with dextran sulfate sodium water; Hnrnpc,
heterogeneous nuclear ribonucleoprotein C; Tnfa, tumor necrosis factor o; l/1b, interleukin-1pB; Zo7, tight junction protein 1.
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Figure 2. HNRNPC is upregulated in the macrophages of colonic lamina propria in the colitis

(A) Gate strategy of flow cytometry for analyzing the expression of HNRNPC in macrophages.

(B) Representative plots of ratio of the colonic CD45* F4/80" CD11b* macrophages in the CD45* lymphocytes and (D) quantitative analysis.

(C) Representative plots ratio of the colonic CD86* and CD206* macrophages and (E and F) quantitative analysis.

(G) Representative histograms of ratio of HNRNPC™" in the colonic macrophages and (H) quantitative analysis.

(I) Representative histograms of ratio of HNRNPC* in the colonic CD86* macrophages and (J) quantitative analysis.

(K) Representative histograms of ratio of HNRNPC™* in the colonic CD206* macrophages and (L) quantitative analysis.

(E and F) The cell number of HNRNPC+ macrophages, HNRNPC+ CD86" macrophages, and HNRNPC+ CD206+ macrophages (The total cell number of the three
types of macrophages is 500). Data are represented as mean + SEM. (n = 6-7/group). Two-sided Student’s t test was performed. *p < 0.05, *p < 0.01,
***p < 0.001. ns: not significant. FMO, Fluorescence Minus One; CON, control group with normal water; DSS, colitis group with dextran sulfate sodium water.

the colitis group (Figure 1J). This indicated HNRNPC may partic-
ipate in the occurrence and development of IBD. Additionally, we
observed a significant decrease in the levels of Mettl3, Fto,
Alkbh5, and Ythdf1, as well as elevated expression of Mett/16,
Ythdc1, and Hnrnpa2b1 in the colon tissue of mice treated with
DSS (Figures S2A-S2C).

HNRNPC is upregulated in the macrophages of colonic
lamina propria in the DSS-induced colitis

The expression of the same m6A modifier exhibits heterogeneity
across distinct cellular populations. Therefore, we employed
flow cytometry to further investigate the differential expression
of HNRNPC across different immune cell types in the DSS-
induced colitis. Initially, we assessed the changes in HNRNPC
expression in macrophages (CD11b* F4/80%). The identical
gating strategy was employed to evaluate the expression of
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HNRNPC in macrophages, and FMO (Fluorescence Minus
One) was utilized to precisely determine the localization of
HNRNPC-positive cells (Figure 2A). Consistent with previous re-
searches, the proportion of macrophages and CD86" macro-
phages in the colonic lamina propria of DSS-treated mice
showed an increase (Figures 2B-2F). In the DSS-induced colitis
group, the expression of HNRNPC in the macrophages was
considerably enhanced, as depicted in Figures 2G and 2H
when compared to the control group. In CD86" pro-inflammatory
macrophages, the expression of HNRNPC was also markedly
elevated (Figures 21 and 2J). Nevertheless, the CD206+ macro-
phages did not exhibit any noteworthy variation in HNRNPC
levels (Figures 2K and 2L). And the cell numbers of HNRNPC+
macrophages and HNRNPC+ CD86* macrophages were more
in the DSS group (Figures 2M and 2N), and number of
HNRNPC+ CD206+ macrophages has no variation (Figure 20).
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In parallel, we employed flow cytometry to analyze the expres-
sion of HNRNPC in T and B lymphocytes. We continued to
utilize the same gating strategy and FMO for HNRNPC (Fig-
ure S3A). In the DSS-induced colitis group, we did not observe
significant expression changes of HNRNPC in B lymphocytes
(Figures S3B and S3C), CD4* T cells (Figures S3D and S3E),
and CD8" T cells (Figures S3F and S3G). Furthermore, we as-
sessed the expression levels of HNRNPC in the innate lymphoid
cells (ILCs) in the DSS group (Figure S4A). Our analysis revealed
noticeable elevation in the expression of HNRNPC exclusively in
ILC3 (Figures S4F and S4G). In contrast, no significant alter-
ations in HNRNPC expression were observed in other ILC sub-
sets, namely ILC1 and ILC2 (Figures S4B-S4E).

Considering the notable alterations of HNRNPC in macro-
phages as indicated by the aforementioned results, we conduct-
ed deeper researches to explore the function of HNRNPC in
macrophages.

HNRNPC is upregulated in the Raw264.7 cells in the
inflammatory condition

We employed the mouse macrophage cell line Raw264.7 to
investigate the expression of HNRNPC in the macrophages un-
der inflammatory conditions. After stimulating the cells with
LPS (lipopolysaccharide) for 2 h, we observed an increasing
trend in the expression of Hnrnpc and upregulation of various
cytokines including Tnf-«, 1118, 1118, Inos, and II6 (Figure 3A). Af-
terward, we treated cells with LPS for more hours. Hnrnpc dis-
played increased expression with LPS stimulation for 4, 6, 12,
and 24 h (Figures 3B-3E). These findings aligned with the previ-
ous observation of elevated HNRNPC expression in macro-
phages derived from the model of DSS-induced colitis.

HNRNPC knockdown relives LPS-induced cellular
inflammation in vitro

To investigate the function of HNRNPC in macrophages, we de-
signed three pairs of small interfering RNA (siRNA) to specifically
knock down HNRNPC in the Raw264.7 cells. Initially, we vali-
dated the knockdown efficiency of HNRNPC at the mRNA and
protein levels (Figures 3F-3H). After analysis, siHNRNPC2 that
most effectively downregulated HNRNPC expression at both
the mRNA and protein levels was selected for subsequent exper-
iments in our research. We initially successfully reduced the
expression of HNRNPC in Raw264.7 cells using siRNA; following
that, we stimulated cells with 1 ug/mL of LPS for different hours
to induce inflammation. When stimulating cells for 2 h, //718 was
downregulated in Raw264.7 cells treated with HNRNPC knock-
down (Figure 3l). When treating cells with LPS for 4 h, we
observed a decrease in tendency of Tnf-a in the siHNRNPC
group (Figure 3J). After treating cells with LPS for 6 h, the expres-
sion of some cytokines such as //16 and /I6 decreased markedly,
whereas Tnf-« and I/18 tended to decline in the siHNRNPC group
(Figure 3K). Following LPS treatment for 12 h, the expression of
II1B significantly decreased, whereas Tnf-a and /I6 exhibited a
descending trend in the siHNRNPC group (Figure 3L). In the
presence of LPS for 24 h, we observed a drop in the expression
levels of cytokines such as Tnf-«, II13, II6, Inos, and /18 upon
knockdown of HNRNPC in Raw264.7 cells (Figure 3M), as
compared to cells treated with non-specific control siRNA
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(siNC). Furthermore, we designed a piece of siRNA targeting
HNRNPC to knock down HNRNPC in the THP-1 cells. As de-
picted in Figures 2N-P, HNRNPC was markedly downregulated
at both the mRNA and protein levels. Following siRNA treatment,
we stimulated THP-1 cells with 100 ng/mL and 500 ng/mL of LPS
for different hours to induce inflammation. When treating cells for
4 h and at 100 ng/mL, IL6 was downregulated in THP-1 cells
treated with  HNRNPC knockdown, and CCL8 tended to
decrease (Figure 3Q). After treating cells with LPS for 24 h and
at 100 ng/mL, the expression of /IL18, CCL2, and CCL8
decreased notably while IL-6 and CCL3 tended to decline in
the siHNRNPC group (Figure 3R). In the presence of 500 ng/
mL LPS for 24 h, we observed downregulated TNF-a, CCL2,
and CCL3 upon knockdown of HNRNPC in the THP-1 cells
with siHNRNPC (Figure 3S).

Adoptive transfer of macrophages with HNRNPC
knockdown alleviates DSS-induced colitis

To further validate the role of HNRNPC knockdown in macro-
phages during DSS-induced colitis, we transferred HNRNPC-
knockdown Raw264.7 cells into DSS-treated mice. On the day
0, 3, 5, and 7 of DSS-induced colitis, 2x 10° cells were separately
transferred to mice intravenously (Figure 4A). We found that mice
receiving HNRNPC-knockdown macrophages (later called Raw-
siHNRNPC mice) had mitigated colitis compared to those
receiving macrophages transfected with siNC (later called
Raw-siNC mice) as evidenced by decreased disease activity in-
dex (Figure 4B) and longer colon length (Figure 4D). H&E staining
(Figure 4E) results indicated that Raw-siHNRNPC mice exhibited
milder mucosal damage, more complete epithelial structure, and
reduced inflammatory cell infiltration. We then employed flow cy-
tometry to investigate the expression of HNRNPC in the colonic
macrophages after transferring Raw264.7 cells with or without
HNRNPC knockdown into DSS mice. We found there was down-
regulated HNRNPC in the macrophages in the Raw-siHNRNPC
mice (Figures 4F-4H), which partly indicated the efficiency of
silencing HNRNPC of Raw264.7 cells in vivo. We then measured
the expression of some cytokines. The results showed that colon
tissues in the Raw-siHNRNPC mice had increased anti-inflam-
matory cytokines characterized by slightly raised //10, /4, and
1113 (Figure 4l), whereas expression of pro-inflammatory cyto-
kines such as /6, Inos, and //18 (Figure 4J) failed to change. In
addition, we detected the expression of some tight junction pro-
teins of colon tissue, and the levels of Zo-1 and Occludin were
increased (Figure 4K). It suggested that the inhibition of
HNRNPC in macrophages could potentially confer a protective
effect on the integrity of the intestinal epithelial barrier.

Downregulation of HNRNPC leads to alterations of
inflammation, adhesion, and mRNA-splicing-related
functions in the macrophages

To illuminate potential mechanisms by which HNRNPC regu-
lates macrophages, we performed transcriptome analysis on
mouse macrophage cell line Raw264.7 cells with and without
HNRNPC knockdown. And we found numerous downregu-
lated and upregulated differentially expressed genes (DEGs)
in the macrophages with HNRNPC knockdown as compared
to control macrophages (Figure 5A). Among these genes,
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Figure 3. HNRNPC knockdown relives LPS-induced cellular inflammation in vitro

(A-E) The relative mRNA expression of Hnrnpc, Tnf-«, 18, 1118, Inos, and /6 after 2, 4, 6, 12, and 24 h treatment with LPS in the Raw264.7 cells.

(F) The relative mRNA expression of Hnrnpc after transfected with sSiHNRNPC-1,2,3, or negative control for 24 h in the Raw264.7 cells.

(G, H) The relative protein expression of HNRNPC after transfected with sSHNRNPC-1,2,3 or negative control for 48 h in the Raw264.7 cells was determined by
western blot.

(I-M) The relative mRNA expression of Hnrnpc, Tnf-«, 1113, 1118, Inos, and /6 in the siNC + LPS and siHNRNPC + LPS groups. (After Raw264.7 cells are transfected
with siRNA for 24h, LPS was added to treat the cells for another 2, 4, 6, 12, and 24 h).

(N) The relative mMRNA expression of HNRNPC after transfected with sSiHNRNPC or negative control for 24h in the THP1 cells.

(O, P) The relative protein expression of HNRNPC after transfected with siHNRNPC or negative control for 48 h in the THP1 cells was determined by western blot.
(Q-S) The relative mRNA expression of HNRNPC, TNF-a, IL1B, IL6, 1118, CCL2, CCL3, and CCL8 in the siNC + LPS and siHNRNPC + LPS groups. (After THP1 cells
are transfected with siRNA for 24 h, 100 ng/mL or 500 ng/mL LPS was added to treat the cells for another 4 or 24 h). Data represent three independent ex-
periments and are represented as mean + SEM. (n = 3/group). Two-sided Student’s t test (A-E and I-M) was performed. One-way ANOVA was applied in
Figures 5F and 5H. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. ns: not significant. Raw, Raw264.7 cells group without additional treatment; Raw+LPS,
Raw264.7 cells after LPS treatment; siNC, Raw264.7, or THP1 cells with negative control siRNA treatment; sSiHNRNPC, Raw264.7, or THP1 cells with siHNRNPC
treatment; siNC/siHNRNPC + LPS, Raw264.7, or THP1 cells with siRNA and LPS; LPS, lipopolysaccharide; Hnrnpc, heterogeneous nuclear ribonucleoprotein C;
Tnf-«, tumor necrosis factor alpha; ll, interleukin; Inos, inducible nitric oxide synthase; CCL, C-C motif chemokine ligand 2.

Odc1 can suppress the inflammatory response of macro- ysis of gene set enrichment analysis (GSEA) indicated that
phages and prevent cell apoptosis induced by ROS,*® and the knockdown of HNRNPC resulted in the inhibition of
Tnfrsf9 (also called Cd137) was found to induce macrophages cellular functions related to mRNA splicing, processing, meta-
apoptosis.>** Gene Ontology (GO) enrichment analysis bolism, and binding; meanwhile, the defense response against
confirmed that knocking down HNRNPC led to alterations in  bacteria was activated (Figure 5C). As an m6A reader,
components associated with macrophage cell adhesion, cell HNRNPC mainly affects the stability, splicing, nuclear export,
migration, and chemotaxis, as well as variations in defense re- and translation of precursor mRNA. These results rightly con-
sponses against bacteria (Figure 5B). Furthermore, the anal- formed to the function of HNRNPC as a reader."”
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Figure 4. Adoptive transfer of macrophages with HNRNPC knockdown alleviates DSS-induced colitis
(A) Schematic diagram displaying the comprehensive design. Mice were treated with drinking water containing 2.5% DSS. On the day 0, 3, 5, and 7 of DSS-

induced colitis, 2*10°6 cells were separately transferred to mice intravenously.
) Disease activity index during acute colitis.

B
C) The body weight percentage (relative to the initial weight, set as 100%) during the progression of acute DSS-induced colitis.

D) Representative colonic images and colon length.

F) Gate strategy of flow cytometry for analyzing the expression of HNRNPC in macrophages in the colonic lamina propria.
G) Representative histograms of ratio of HNRNPC™ in the colonic macrophages and (H) quantitative analysis.

(
(
(
(E) Representative hematoxylin and eosin (H&E) images of the colon. Scale bar: 100 pm
(
(
(

1) The relative mRNA expression of anti-inflammatory cytokines including //4, 1113, and //10.

(J) The relative mRNA expression of pro-inflammatory cytokines including //6, 1118, and Inos.

(K) The relative mRNA expression of intestinal epithelial barrier makers including Zo1, Occludin, and Claudin1. Data are represented as mean + SEM. (n = 5-6/
group). Two-sided Student’s t test was performed. *p < 0.05, ns: not significant. DSS+Raw-siNC, mice subjected to induction of colitis and the transfer of
Raw264.7 cells transfected with negative control siRNA; DSS+Raw-siHN, mice subjected to induction of colitis and the transfer of Raw264.7 cells with HNRNPC
knockdown; /I, interleukin; Inos, inducible nitric oxide synthase; Zo1, tight junction protein 1.

Besides, GSEA enrichment plot revealed that pathways asso-
ciated with alternative RNA splicing (Figure 5D), and RNA recog-
nition (Figures S5A, S5C, and S5E) and binding (Figure S5M) and
RNA export from nucleus (Figures S5K and S5L) were inhibited.
And related DEGs include genes encoding m6A regulators
(Ythdc1, Hnrnpa2b1, and Rbm15) (Figures 5D, S5B, S5D, and
S5F). And the pathway pertaining to acute inflammatory
response to antigenic stimulus was activated, and correspond-
ing DEGs include H2—-Q1 Serpinb9, H2—Q6, H2—Q4, and
H2-D1 (Figure 5E). Additionally, GSEA enrichment plot showed
stimulated pathways such as cell chemotaxis, adhesion, and
migration (Figures 5F, S5G, S5I, S5N, and S50) and correlated
DEGs include Ccl6, Ccl22, Cxcl16, Cd11c, Itgb7, and Spp1
(Figures 5F, S5H, and S5J).

gPCR analysis verified that HNRNPC knockdown significantly
upregulated the expression of Odc1, Anxa, and Igtb7 (Figure 5G)
while downregulated the expression of Cd33 (Figure 5H) in the
macrophages. However, no significant difference was observed
in the mRNA expression of Cd137, Wtap, Hnrnpa2b1, Cd1ic,
Spp1, Ccl22, and Cxcl16 (Figure 5l). The findings indicate that
HNRNPC potentially exerts a substantial influence on macro-
phage function, specifically in relation to inflammation, adhesion,
and mRNA splicing processes within the macrophages.

HNRNPC downregulation facilitates Itbhg7 expression by
improving its stability

The aforementioned results indicated that Odc7, Anxal,
Igtb7, and Cd33 may serve as possible targets of HNRNPC.
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Figure 5. Downregulation of HNRNPC leads to alterations of inflammation, adhesion, and mRNA-splicing-related functions
(A) A volcano plot was generated using RNA-seq data to compare HNRNPC knockeddown (KD) and wild-type (WT) Raw264.7 cells. The x axis displays the log2
fold changes (FC), and the y axis represents the —log10 p value for HNRNPC KD compared to HNRNPC WT. Downregulated genes are depicted as blue dots, and

upregulated genes are shown as red dots.

(B) GO enrichment analysis containing biological process, cellular component, and molecular function for HNRNPC knockdown.

(C) GSEA dot plot containing activated and suppressed pathways.

(D-F) Representative signaling pathways and their associated genes in the Raw264.7 cells with HNRNPC knockdown from GSEA analysis.
(G-1) gPCR was used to verify the differentially expressed genes in the Raw264.7 cells with or without HNNRPC knockdown. (n = 3/group).
(J) The relative level of ltgb7 mRNA was examined by gPCR in Raw264.7 cells after HNRNPC knockdown and actinomycin D treatment (2 pg/mL) for 1,2, and 4 h.

The mRNAs at various time points were normalized to the t = 0 level (100%).

(K) The relative mRNA level of Itgb7 in the siNC and siHNRNPC groups at various time points of actinomycin D treatment. Data are represented as mean + SEM,
and two-sided Student’s t test was performed. GSEA, gene set enrichment analysis; GO, Gene Ontology. siNC, Raw264.7 cells with negative control siRNA

treatment; siHNRNPC, Raw264.7 cells with sSiHNRNPC treatment.

Considering that HNRNPC can regulate mRNA stability,*° we
employed an RNA synthesis inhibitor actinomycin D to block
new mRNA generation to verify whether HNRNPC can modu-
late stability of these target genes. We detected that after
treated with actinomycin D, Igtb7 degraded slower in macro-
phages with HNRNPC knockdown than macrophages treated
with siNC (Figure 5J). In addition, we analyzed the expression
of Igtb7 at different time point of actinomycin D treatment in
the macrophages with and without HNRNPC knockdown.
We discovered that regardless of the duration of actinomycin
D stimulation, the expression of Igtb7 consistently rose when-

8 iScience 28, 111812, March 21, 2025

ever HNRNPC was suppressed (Figure 5K). These results are
consistent with both our RNA-seq and qPCR data. We also
detected the decay of Odc1, Anxal, and Cd33 after actino-
mycin D treatment, and we did not observe the influence of
HNRNPC on the stability of Odc7 and Anxal (data were not
shown). Interestingly, the decay of Cd33 mRNA became
slower (Figure S6A), but the expression of Cd33 consistently
decreased when HNRNPC was inhibited under actinomycin
D stimulation (Figure S6B), which implied that HNRNPC did
not regulate Cd33 by affecting its stability, and deeper re-
searches were required to elucidate the mechanism.
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DISCUSSION

Our current research has revealed a notable increase in the
expression of HNRNPC in macrophages during DSS-induced
colitis. In vitro studies have revealed the role of HNRNPC in
modulating the secretion of inflammatory cytokines in macro-
phages. Compared with transferring macrophages treated with
siNC, transferring macrophages with HNRNPC knockdown
into mice can alleviate DSS-induced colitis. Our transcriptome
sequencing findings demonstrated that HNRNPC exerts regula-
tory effect over macrophage function through its influence on
mRNA splicing, processing, metabolism, and binding activities.
We discovered that m6A reader HNRNPC may regulate macro-
phage function by affecting the stability of /tgb7.

Previous studies on m6A have mostly focused on various tu-
mors, and alterations in RNA m6A modification resulted in tumor
progression and metastasis by affecting related transcripts and
their associated functional pathways.*® However, in recent
years, significant functions of m6A in IBD have gradually been
unveiled. Specifically, several m6A regulators played a signifi-
cantrole in colitis by influencing functions of epithelial cells orim-
mune cells in the intestine. For instance, m6A eraser FTO down-
regulation led to increased S1P accumulation in IECs, thereby
exacerbating colitis through m6A-dependent mechanisms.
Lower FTO expression may cause UC patients to respond to ve-
dolizumab treatment better.®” And another study showed that
depletion of METTL14 induced the development of spontaneous
colitis.®® In addition, alterations of m6A regulators in immune
cells may also exert an influence on the intestine, leading to
diverse changes of intestinal inflammation. In the classic study
on m6A methylation controlling T cell homeostasis, METTL3
deficiency of T cells failed to undergo homeostasis expansion
and remained significantly in their naive state, thereby preventing
the occurrence of colitis.’® Previous research found that mice
with T cells lacking m6A writer WTAP developed colitis at a
young age.®® And another research discovered that an m6A
eraser, ALKBH5, controlled CD4+ T cell ability to induce autoim-
mune colitis.’® And our study proved the ability of HNRNPC, as
an m6A reader, controlled the function of macrophages, thereby
participating in development of DSS-induced colitis.

In our research, we found HNRNPC was also upregulated in
colonic ILC3 cells in the DSS-induced colitis. ILC3 cells are
involved in gastrointestinal immune responses, protecting the in-
testinal mucosa from infections by pathogens, thus maintaining
intestinal homeostasis in the steady state; yet in pathological
conditions, ILC3 exacerbates the progression of IBD.“° Addition-
ally, ILC3 cells interact with macrophages to collaboratively sus-
tain intestinal homeostasis.”’ Therefore, investigating how
HNRNPC regulates ILC3 would also be valuable; however, given
that there was certain existing research basis on m6A in macro-
phages from other researches, our study initially focused on
HNRNPC and macrophages. And in future, we will proceed to
study whether and how HNRNPC modulates the function of
ILC3 cells.

As previously described, HNRNPC has been implicated to
promote invasion and metastasis in tumors. As an RNA-binding
protein, HNRNPC regulates alternative splicing of targeting pro-
tein in a m6A-dependent manner. In research related with
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pancreatic ductal adenocarcinoma (PDAC), HNRNPC facilitated
the progression of PDAC by controlling the alternative splicing of
TAF8.%? Another study proved that ALKBH5 downregulated the
m6A modification of DDX58 mRNA, which caused HNRNPC
bound to less m6A site of DDX58 mRNA, thereby inhibiting matu-
ration of DDX58.%? And our RNA-seq results also indicated that
when HNRNPC was knocked down, several splicing-related
functions and pre-mRNA binding were suppressed. In addition,
downregulation of HNRNPC could suppress the stability of
HIF1A mRNA, thereby reducing HIF1A expression and inhibiting
the metastasis of hepatocellular carcinoma.*® In our study, after
HNRNPC was inhibited, some molecules related with inflamma-
tory response also got lower expression; for example, Cd33, as a
Siglec, could induce pro-inflammatory cytokine secretion and
inhibit IFN-o. production and cell adhesion.*®> And our results
found that expression of Cd33 was markedly downregulated
when HNRNPC in macrophages was knocked down. However,
when treated with actinomycin D, the stability of Cd33 did not
get inhibited accordingly when HNRNPC was knocked down.
This manifested that Cd33 was not direct target of HNRNPC or
HNRNPC may regulate Cd33 in other possible ways. But surpris-
ingly, we discovered that HNRNPC downregulation raised /tbg7
expression by improving its stability, which suggested that Iltbg7
can serve as the target of HNRNPC. As our RNA-seq data
showed, ltgb7 was associated with chemotaxis and migration,
and a previous study clarified that /tbg7 controlled enterocyte
migration in the small intestine.** The mentioned results hinted
that HNRNPC might influence the chemotaxis and migration of
macrophages by modulating ltgb7, and further studies were
needed to verify this hypothesis.

In our current study, we found expression of HNRNPC in the
colon tissue was downregulated in DSS-induced colitis, and its
expression in the epithelial cells was also decreased. However,
its expression was increased in the macrophages. There were
some possible reasons as follows. First, m6A modification was
widely present in various cells and regulated dynamically by
m6A regula’tors.45 Furthermore, the identical m6A modification
can demonstrate diverse functions among different cellular
types. For example, deletion of METTL3 in mouse T cells disrup-
ted T cell homeostasis and differentiation and prevented colitis in
a lymphogenic mouse adoptive transfer model.’® However, in
another research, overexpression of METTL3 aggravated LPS-
induced intestinal epithelial inflammation and DSS-induced
colitis.*® Similarly, IGF2BP1 ablation in the intestinal epithelial
caused destructed barrier function and aggravated DSS-
induced colitis.”” However, IGF2BP1 silencing markedly in-
hibited LPS-induced production of multiple pro-inflammatory
cytokines in macrophages.“® In accordance with IGF2BP1, our
current study also verified that HNRNPC had a similar function
in the macrophages. And roles of HNRNPC in intestinal epithelial
in DSS-induced colitis were still worthy of further investigation.

In conclusion, our study proved that m6A regulator HNNRPC
could modulate the production of pro-inflammatory cytokines
of macrophages and that macrophages with HNRNPC-silencing
can improve DSS-induced colitis. The functional regulation of
macrophages by HNRNPC encompasses alternative splicing
and maturation of precursor mRNA, as well as involvement in in-
flammatory response, adhesion, and chemotaxis. ltgb7 may
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serve as a promising target for HNRNPC in macrophages. The
findings indicate that regulating HNRNPC in macrophages could
have therapeutic potential in the improvement of IBD.

Limitations of the study

Our research proved significant role of m6A reader HNRNPC in
regulating macrophages in the DSS-induced colitis; however,
there are several limitations that should be considered. Firstly,
we transferred Raw264.7 cells transfected with siRNA into
mice to prove the regulation of HNRNPC on macrophages in
the colitis, but employing conditional knockout mice may better
verify this effect if possible. In addition, we found HNRNPC can
regulate Itbg7 by altering its stability, but whether and how
Itgb7 influences macrophage’s function needs deeper investiga-
tion. Besides, in this study, we only used male C57BL/6 J wild-
type mice aged 6-8 weeks as research subjects but ignored
the possible effects of gender on the study.
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FITC anti-mouse CD14
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FITC anti-mouse CD34
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FITC anti-mouse CD11b

FITC anti-mouse CD11c
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FITC anti-mouse TER-119

FITC anti-mouse FcERI o

FITC anti-mouse CD45

PE anti-mouse CD3
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APC/Cyanine? anti-mouse/human CD45R/B220
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PE anti-mouse/human CD11b
PE/Dazzle™ 594 anti-mouse CD86
APC anti-mouse CD206 (MMR)

APC anti-mouse CD45

Brilliant Violet 650 anti-mouse CD127
Brilliant Violet 785 anti-mouse KLRG1
Brilliant Violet 510™ anti-mouse CD335 (NKp46)
PE anti-mouse ROR gamma (t)

Goat Anti-Rabbit IgG H&L (Alexa Fluor 405) secondary antibody

HRP-conjugated secondary antibody (anti-rabbit)
HRP-conjugated secondary antibody (anti-mouse)

Proteintech
Proteintech
Abcam
Biolegend
Biolegend
Biolegend
Biolegend
Thermo Scientific
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend
eBioscience
Zen-bio
ZSGB-Bio
ZSGB-Bio

Cat# 11760-1-AP; RRID: AB_2117500
Cat# 10494-1-AP; RRID: AB_2263076
Cat# ab8245; RRID: AB_2107448
Cat# 101319; RRID:AB_1574975
Cat# 100203; RRID: AB_312660
Cat# 123307; RRID: AB_940578
Cat# 1524083; RRID: AB_2629812
Cat# 11-0341-82; RRID: AB_465021
Cat# 109206; RRID: AB_313429
Cat# 118105; RRID: AB_313830
Cat# 101205; RRID: AB_312788
Cat# 117305; RRID: AB_313775
Cat# 108405; RRID: AB_313370
Cat# 116206; RRID: AB_313707
Cat# 134305; RRID: AB_1626102
Cat# 157213; RRID: AB_2894427
Cat# 100205; RRID: AB_312662
Cat# 116013; RRID: AB_2563024
Cat# 100721; RRID: AB_312760
Cat# 103223; RRID: AB_313006
Cat#123113; RRID: AB_893490
Cat# 101207; RRID: AB_312790
Cat#105042; RRID: AB_2566409
Cat#141707; RRID: AB_10896057
Cat# 103112; RRID: AB_312977
Cat#135043; RRID: AB_2629681
Cat# 138429; RRID: AB_2629749
Cat# 137623; RRID: AB_2563290
Cat# 12-6988-82; RRID: AB_1834470
Cat#550106

Cat#2zB-2301

Cat# ZB-2305

Chemicals, peptides, and recombinant proteins

Dextran Sulfate Sodium Salt

TRIzol

POWRUP SYBR MASTER MIX

RIPA lysis buffer

protease and phosphatase inhibitor cocktails
phosphate-buffered saline

(RPMI) 1640

0.5M EDTA

4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES)

MP Biomedicals
Invitrogen

Invitrogen

Applygen Technologies
Thermo Scientific
Gibco

Gibco

Solarbio

Thermo Scientific

Cat# 0216011090
Cat # 15596026
Cat#A25742
Cat#C1053
Cat#78440

Cat# C10010500BT
Cat# C11875500BT
Cat# E1170

Cat# H8090

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
dithiothreitol Sigma Aldrich Cat# 3483-12-3
fetal bovine serum Sigma Aldrich Cat# F8687
Phorbol 12-Myristate 13-Acetate(PMA) MultiSciences Biotech Cat# CS0001
2-Mercaptoethanol Gibco Cat# 2603108
Percoll Cytiva Cat# 10338148
Dulbecco’s Modified Eagle medium (DMEM) Gibco Cat# C11995500BT
Penicillin-Streptomycin Invitrogen Cat# 15140122
lipopolysaccharide Sigma Aldrich Cat# L2630
DNase | Sigma Aldrich Cat#10104159001
collagenase IV Sigma Aldrich Cat# C4-22
fixation buffer Biolegend Cat#420801
permeabilization wash buffer Biolegend Cat#421002
Mycoplasma Elimination Reagent Yeasen Cat#40607ES03
Actinomycin D Bioss Cat#D50409s
Critical commercial assays

BCA protein assay kit Thermo Scientific Cat#23227
Reveraid First Strand cDNA Synthesis Kit Thermo Scientific Cat# K1622

CALNP™ RNAi in vitro

D-nano

Cat# N001-01

Deposited data

Raw Single-cell sequencing data https://ngdc.cncb.ac.cn/gsa. HRA005538

Raw RNA-seq data https://ngdc.cncb.ac.cn/gsa/ CRA017763

Experimental models: Cell lines

Raw264.7 cells Procell N/A

Oligonucleotides

qPCR primers, see Table S1 and S2. This paper N/A

siRNA targeting sequence(mice): This paper N/A

HNRNPC #1: CCUUUGUCCAGUAUGUUAATT; HNRNPC#2:

CUUUCAACGGGAUUAUUAUTT; HNRNPC#3: GGAUGAUG

ACGAUAAUGAATT

siRNA targeting sequence(human H3183): This paper N/A

HNRNPC:

Sense: CAACGGGACUAUUAUGAUA

Antisense: UAUCAUAAUAGUCCCGUUG

Software and algorithms

FlowJo 10.8.1 Treestar https://www.flowjo.com/solutions/flowjo
Imaged software NIH https://imagej.nih.gov/ij/
GraphPad Prism 9 GraphPadSoftware https://www.graphpad.com/

Single R software
Cluster Profiler R package

Haber et al.,2017°
Ke et al.,2024°°

https://github.com/dviraran/SingleR

http://www.R-project.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and experimental animals

Male C57BL/6 J wild-type mice aged 6-8 weeks were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd (Bei-
jing, China). All animal experiments were reviewed and approved by the Institutional Medical Ethics Review Board of Peking Univer-
sity People’s Hospital (ethical approval number: 2021PHE023). The mice were housed under specific pathogen—free conditions with
a 12 h-light/dark cycle and they could acclimate for one week with free access to water and food before the experiments. The SPF
rooms comply with the Chinese national standard for Experimental Animal Environment and Facilities (GB14925-2010), maintaining a
housing temperature between 20°C and 26°C and a relative humidity of 40-70%.The specific treatment procedures for the mouse

model are outlined in the method details section.

e2 iScience 28, 111812, March 21, 2025


https://ngdc.cncb.ac.cn/gsa
https://ngdc.cncb.ac.cn/gsa/
https://www.flowjo.com/solutions/flowjo
https://imagej.nih.gov/ij/
https://www.graphpad.com/
https://github.com/dviraran/SingleR
http://www.R-project.org/

iScience ¢? CellPress
OPEN ACCESS

METHOD DETAILS

Induction of acute dextran sulfate sodium colitis mouse model

Acute C57BL/6 J murine colitis models were induced with 2.5% DSS (Dextran Sulfate Sodium Salt, MP Biomedicals) in drinking water
for 7 days and then with regular drinking water for another 3 days. The weight and stool conditions of mice were observed at the same
time point every day throughout experimental colitis. The mice were euthanized on day 10 and then the colon length was measured
immediately; distal colonic tissue and feces were harvested for further study and the remaining colon tissue was used for subsequent
flow cytometry analysis.

Hematoxylin and eosin (H&E) staining

Colon tissue was cut into 0.5 cm pieces. The pieces were then fixed in 4% paraformaldehyde, embedded in paraffin, and cut into
4-um-thick sections. The sections were stained with standard hematoxylin and eosin (H&E) staining. Histological evaluation was per-
formed by two blinded investigators. The sections were observed and images were captured using a ZEISS microscope (Germany).
Images were viewed and captured using a ZEISS microscope (Germany).

RNA extraction and quantitative real-time PCR (qPCR)

Total RNA of cultured cells was extracted using TRIzol reagent (Invitrogen). For colon tissues, total RNA was extracted with total RNA
kit (Omegabiotek). The reverse transcriptase kit (Thermo Scientific) was used to synthesize complementary DNA (cDNA). The
POWRUP SYBR MASTER MIX (Applied Biosystems) was employed for quantitative real-time PCR and gPCR was conducted on
the Applied Biosystems StepOne Plus Real-Time PCR System with SYBR Green Master Mix (Thermo Fisher Scientific). GAPDH
mRNA level was used as an internal control to calculate mRNA relative abundance. The primer sequences used for gqPCR in mice
and human were displayed in Tables S1 and S2.

Western blot

Total protein of colonic tissue and macrophages were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with
protease and phosphatase inhibitor cocktails on ice for 30 min. The lysis was then centrifuged for 20 min for the acquirement of pro-
tein supernatant. And protein concentrations were quantified with PierceTM BCA protein assay kit. Antibodies against HNRNPC
(1:2000, Zen-bio used for Western blot of Raw264.7 cells and THP-1 cells; 1:10000, Proteintech, used for Western Blot of colonic
tissues), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:10000, Proteintech, used for Western blot of Raw264.7 cells;
1:1000 Abcam, used for Western blot of THP-1 cells) were used in TBST (TBS with 1% Tween) at 4°C overnight. After washing the
membrane with TBST three times, an HRP-conjugated secondary antibody (ZSGB-Bio, China, anti-rabbit: ZB-2301; anti-mouse: ZB-
2305; both at dilutions of 1:3000) was incubated at room temperature for 1 h. The membrane was washed again three times, and the
signals were detected with enhanced chemiluminescence (ECL) with pico ECL and visualized using Amersham Imager 600 System
(GE Healthcare Bio-Sciences) and quantified by using Imaged software (National Institutes of Health, USA).

Isolation of colon lymphocytes from the lamina propria

Isolation of colon lymphocytes from the lamina propria is as described.®" In brief, mouse colon tissues were harvested and feces and
fatty tissues were discarded. Then, the colon tissues were cut apart longitudinally, washed in precooled phosphate-buffered saline
(PBS) four times, and incubated in Roswell Park Memorial Institute (RPMI) 1640 (containing 5 mM EDTA, 20 mM 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES), 1 mM dithiothreitol, and 5% (vol/vol) fetal bovine serum) for 30 min at 37°C. Digested re-
maining liquid was collected for the harvest of colon epithelial cells. Next, colon tissues were washed in PBS four times, cut into min-
imal pieces, and subsequently incubated in digestion buffer (0.2 mg/mL collagenase IV (Sigma Aldrich), 0.2 mg/mL DNase | (Sigma-
Aldrich), 5% (vol/vol) FBS) for 30 min at 37°C. All remaining digested tissues were filtered through a 70-um strainer, and the filtrates
were collected and centrifuged at 700 g for 7 min. The supernatant was discarded and the precipitates were resuspended with 30%
Percoll gradient centrifugation and centrifuged at 2000 g for 20 min for the purification of lymphocytes.

Isolation of colon epithelial cells

Following the methods described by previous researchers,*® we isolated intestinal epithelial cells. In brief, after pre-digesting the co-
lon tissue for 30 min as described above, the remaining pre-digestion solution was transferred to a 15mL centrifuge tube, and were
subsequently filtered through a 70-um strainer. The filtrate was collected and then centrifuged at 1000r for 5 min. Next, the super-
natant was discarded and the remaining precipitates were mostly epithelial cells.

Flow cytometry analysis

As described above, the purified lymphocytes were harvested and washed in staining buffer (PBS containing 2% FBS) three times.
Cell suspensions were incubated with anti-mouse CD16/32 antibody for 10 min to block Fc receptors. Cells were then stained with
surface antibodies for 30 min at 4°C. For intracellular staining, cells were fixed in fixation buffer, permeabilized in intracellular staining
permeabilization wash buffer, and stained with intracellular antibodies for 30 min at room temperature. For intracellular HNRNPC
staining, cells were incubated with hnRNP C1/C2 Rabbit mAb (Zen-bio) followed by Goat Anti-Rabbit IgG H&L (Alexa Fluor 405)
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secondary antibody (Zen-bio). For assessing ILCs, lineage markers include CD3 (17A2), CD14(Sa14-2), CD19 (1D3/CD19),
CD34 (HM34), TCRa(H57-597), TCR y(UC7-13D5), CD11b (M1/70), CD11c (N418), FcERI a(MAR-1), TER-119 (TER-119) and Gr-1
(RB6-8C5), which are labeled with FITC. Anti-mouse antibodies FITC-CD45(S18009F), PE-CD3(17A2), APC-CD4(GK1.5), PE/
Cyanine7-CD8a(S18018E), APC/Cyanine7-B220(RA3-6B2), PE/Cyanine7-F4/80(BM8), PE-CD11b(M1/70), CF594-CD86(GL-1),
APC-CD206(GL-1), FITC- lineage, APC-CD45(13/2.3), Brilliant Violet 650-CD127(A7R34), Brilliant Violet 785-KLRG1(2F1/KLRG1),
Brilliant Violet 510-Nkp46(29A1.4) were purchased from BioLegend; anti-mouse antibodies PE-RORyt (AFKJS-9) were purchased
from eBioscience. Data was acquired on the LSRFortessa (BD) and analyzed by FlowJo10.8.1 software.

Cell culture

Raw264.7 cells were cultured in a humidified incubator at 37°C with 5% CO2 in Dulbecco’s Modified Eagle medium containing 10%
fetal bovine serum, 100 pL/mL of penicillin, and 100 pL/mL of streptomycin. For induction of inflammatory condition, Raw264.7 cells
are stimulated with 1 pg/mL lipopolysaccharide for 2h, 4h, 6h, 12h and 24h respectively. Cells and supernatants were then collected
for subsequent experiments.

THP-1 cells were cultured in a humidified incubator at 37°C with 5% CO2 in RPMI 1640 medium containing 10% fetal bovine
serum, 1% penicillin-streptomycin, 0.1% B — mercaptoethanol. For differentiation into macrophages, cells were incubated with
100 ng/mL Phorbol 12-myristate 13-acetate (PMA) for 48 h. For induction of inflammatory condition, THP-1 cells are stimulated
with 100 ng/mL and 500 ng/ml lipopolysaccharide for 4h or 24h respectively.

All the cell lines used in this study have been authenticated. And we employed routinely mycoplasma elimination reagent to prevent
mycoplasma contamination.

siRNA knockdown

CALNP RNAi in vitro (D-nano, China) was used to transfect small interfering RNA (siRNA) (20nM) into Raw264.7 cells according to the
manufacturer’s instructions strictly. Briefly, when the Raw264.7 cells were in good condition, we seeded 100,000 cells into every well
of a 24-well plate. After 12 h, we replaced the culture medium with fresh medium and added a pre-prepared mixture of siRNA and
transfection reagents. We gently mixed the contents and proceeded to culture the cells. During the subsequent first 24 h, we did not
replace the medium. 24 h after transfection, mRNA expression of HNRNPC was measured; 48 h after transfection, protein level was
detected. The siRNA sequences targeting HNRNPC were designed and synthesized by TsingKe Biological Technology (Beijing,
China) and sequences are listed in the key resources table.

For siRNA’s transfection into THP-1 cells, we still employed the transfection reagent CALNP RNAi in vitro (D-nano, China). We
seeded 100,000 cells into every well of a 24-well plate added with PMA. After 48 h, we replaced the culture medium with fresh me-
dium and added a pre-prepared mixture of siRNA and transfection reagents. 24 h after transfection, mMRNA expression of HNRNPC
was measured; 48 h after transfection, protein level was detected.

Adoptive transfer of Raw264.7 cells into mice with DSS-induced colitis

Raw264.7 cells were transfected siRNA targeting HNRNPC and negative control siRNA as mentioned above. After validation of
knockdown efficiency of HNRNPC in the Raw264.7 cells (Raw264.7 cells transfected with siRNA targeting HNRNPC were called
Raw-siHNRNPC; Raw264.7 cells transfected with negative control siRNA were called Raw-siNC), Raw-siHNRNPC cells and Raw-
siNC cells were respectively injected intravenously into C57BL/6 J wild-type mice. C57BL/6 J Mice were randomly divided into
two groups, i.e., DSS+Raw-siNC and DSS+ Raw-siHNRNPC group. Mice in DSS+Raw-siNC and DSS+ Raw-siHNRNPC groups
were respectively given 2x108 cells (in 200 uL of PBS) by tail vein injection on day 0, 3, 5, and 7 of DSS-induced colitis. And details
of induction of acute colitis are as mentioned above.

Single-cell RNA sequencing (scRNA-Seq) and bioinformatic analysis

We made the bioinformatic analysis with single-cell sequencing data published before from our research group (The single-cell RNA
sequencing data has uploaded to the public database https://ngdc.cncb.ac.cn/gsa. and the number is HRA005538). Briefly, we
collected colonic mucosa endoscopically from healthy controls and patients with UC. And samples from UC patients were got
from inflamed areas. And this study has been approved by the Institutional Medical Ethics Review Board of Peking University Peo-
ple’s Hospital (ethical approval number: 2019PHB125-01 and 2019PHB126-01). Single cells were isolated using the 10X Genomics’
Chromium single-cell sequencing technology, followed by amplification of complementary DNA and library construction. The
scRNA-seq library was generated using the Chromium Single Cell 3' Library & Gel Bead Kit v.2 (PN-120237, 10x Genomics).
The cDNA and library concentrations were assessed using the HS dsDNA Qubit Kit according to the manufacturer’s instructions.
The sample pools were adjusted to a final concentration of 7.5 nM, and the library pool concentration was quantified using the Library
Quantification gPCR Kit from KAPA Biosystems. The libraries marked with barcodes were sequenced using the lllumina NovaSeq
6000. Cell Ranger v6.1.1 demultiplexed FASTQ reads, aligned to hg38 transcriptome, and extracted “cell” and “UMI” barcodes,
generating DGE matrix recording gene-specific UMIs for each cell barcode. Then, we utilized Seurat v4.3.1 to perform cell filtration,
normalization, clustering, gene expression analysis, and identification of marker genes. Low-quality cells with fewer than 500 genes
and more than 25% mitochondrial genes were removed. After filtering the data, we normalized it using the “LogNormalize” param-
eter. We then clustered single cells into distinct colonic cell subsets according to a previous study by Haber et al.*® And for cell type
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annotation, the SingleR software along with “HumanPrimaryCellAtlasData” and “DatabaselmmuneCellExpressionData” databases
were used. After clustering the various colonic cells, we conducted an analysis of the expression of different m6A regulators within
these cell types.

Bulk RNA sequencing (RNA-Seq) and bioinformatic analysis

Total RNA from Raw264.7 cells was extracted using Trizol reagent (Invitrogen). Agilent 5400 was employed to test RNA quality. In-
house R scripts were used to process the Raw data in fastq format. HTSeq v0.11.2 was used to count the reads numbers mapped to
each gene. Differential expression analysis between Raw264.7 cells with and without HNRNPC knockdown was performed using the
DESeq2 R package. Based on the method we previously employed,®® the clusterProfiler R package was used to perform Gene
Ontology (GO) enrichment analysis on differentially expressed genes, with correction for gene length bias. Pathways with an adjusted
p-value of less than 0.05 were regarded as significantly enriched. The clusterProfiler package was used to conduct Gene Set Enrich-
ment Analysis (GSEA) to identify upregulated and downregulated pathways; pathways with absolute values of normalized enrichment
score (NES) greater than 1 and a p-value below 0.05 were chosen for further analysis. (The RNA-sequencing data has uploaded to the
public database https://ngdc.cncb.ac.cn/gsa. and the number is CRA017763).

RNA stability assay

To evaluate mRNA stability, we used actinomycin D to inhibit generation of new mRNA and detected mRNA level of possible target
genes. Briefly, 24 h after treating cells with siRNA, we replaced fresh cell culture medium and added actinomycin D to cells (The final
concentration of actinomycin D is 2ug/mI®%). Cells were collected at 1, 2, and 4 h following the addition of actinomycin D. Subse-
quently, total RNA of cells was extracted and cDNA was synthesized. gPCR was conducted for the detection of the relative
mRNA levels of target genes at different time points.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data was presented as a mean value +SEM of triplicate experiments. Statistical analysis was measured by the parametric (Student’s
t test) test to compare the values between the two groups. One-way ANOVA was applied to analyze the differences of data of more
than two groups. All graphs and statistical analysis were performed by GraphPad Prism 9. A p value < 0.05 was considered statis-
tically significant with significance levels indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, and ns for not sig-
nificant. p values are indicated in each figure legend. N represents number of animals and cell duplicates. And all the statistical details
of experiments can be found in the figure legends and figures.

iScience 28, 111812, March 21, 2025 e5



https://ngdc.cncb.ac.cn/gsa

	ISCI111812_proof_v28i3.pdf
	The m6A reader HNRNPC is a key regulator in DSS-induced colitis by modulating macrophage phenotype
	Introduction
	Results
	HNRNPC is widely expressed across various types of intestinal cells
	HNRNPC is downregulated in the DSS-induced colitis
	HNRNPC is upregulated in the macrophages of colonic lamina propria in the DSS-induced colitis
	HNRNPC is upregulated in the Raw264.7 cells in the inflammatory condition
	HNRNPC knockdown relives LPS-induced cellular inflammation in vitro
	Adoptive transfer of macrophages with HNRNPC knockdown alleviates DSS-induced colitis
	Downregulation of HNRNPC leads to alterations of inflammation, adhesion, and mRNA-splicing-related functions in the macrophages
	HNRNPC downregulation facilitates Itbg7 expression by improving its stability

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Ethics approval and experimental animals

	Method details
	Induction of acute dextran sulfate sodium colitis mouse model
	Hematoxylin and eosin (H&E) staining
	RNA extraction and quantitative real-time PCR (qPCR)
	Western blot
	Isolation of colon lymphocytes from the lamina propria
	Isolation of colon epithelial cells
	Flow cytometry analysis
	Cell culture
	siRNA knockdown
	Adoptive transfer of Raw264.7 cells into mice with DSS-induced colitis
	Single-cell RNA sequencing (scRNA-Seq) and bioinformatic analysis
	Bulk RNA sequencing (RNA-Seq) and bioinformatic analysis
	RNA stability assay

	Quantification and statistical analysis




