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The role of ZC3H13 in promoting
M2 macrophage in� ltration via
m6A methylation in esophageal
squamous cell carcinoma
tumor progression
Qihang Yan1,2†, Chendi Xu1†, Li Gong1†, Dachuan Liang1,
Jie Yang1, Yuzhen Zheng2,3,4* and Junye Wang1,2*

1State Key Laboratory of Oncology in South China, Guangdong Provincial Clinical Research Center for
Cancer, Sun Yat-Sen University Cancer Center, Guangzhou, China, 2Guangdong Esophageal Cancer
Institute, Sun Yat-Sen University Cancer Center, Guangzhou, China, 3Department of Thoracic Surgery,
The Sixth Af�liated Hospital, Sun Yat-Sen University, Guangzhou, China, 4Biomedical Innovation
Center, The Sixth Af�liated Hospital, Sun Yat-sen University, Guangzhou, China
Introduction: ZC3H13 (zinc �nger CCCH-type containing 13) is a member of the
zinc �nger protein family with regulatory roles in gene expression and represents
a crucial m6A methyltransferase. However, the precise function of ZC3H13 in the
esophageal squamous cell carcinoma tumor microenvironment (TME) remains
incompletely understood. Our study primarily investigated the impact of ZC3H13
on m6A methylation modi�cation in ESCC and explored the roles of ZC3H13 and
M2 macrophages in ESCC.
Methods: We employed bioinformatics analysis to assess the function of ZC3H13
in ESCC. Quanti�cation of ZC3H13, CCL5, CXCL8, and macrophage in�ltration in
clinical samples and cell line-derived xenograft (CDX) tumor models was
conducted using real-time quantitative PCR (qRT-PCR), western blot (WB),
immunohistochemistry (IHC), Immuno�uorescence (IF), and Enzyme-linked
immunosorbent assay (ELISA). The colorimetric method was utilized to detect
m6A methylation in cells and tissues. Tumor proliferation, migration, and invasion
were evaluated using CCK8, EdU staining, colony formation tests, transwell
assays, and CDX models.
Results: We found that elevated ZC3H13 expression was positively correlated
with m6A methylation modi�cation in ESCC tumor tissue. ZC3H13 mutation led
to abnormal nuclear metastasis of METTL14 and METTL3. Silencing ZC3H13
inhibited ESCC tumor growth and M2 macrophage in�ltration in mice. ZC3H13
silencing also suppressed the expression of CCL5 and CXCL8 mRNA. M6A
modi�cation enhanced the stability of CXCL8 mRNA. ESCC tumors promoted
the polarization of M0-M2 macrophages through the CXCL8-CXCR2 axis, which
CXCR2 inhibitors or anti-CXCL8 antibodies could inhibit. Migration of M0
macrophages was facilitated by CCL5.
Discussion: Our �ndings elucidate the connection between ZC3H13-mediated
m6A modi�cation and M2 macrophage in�ltration in the ESCC-TME, resulting in
M2 macrophage polarization and increased M2 macrophage in�ltration.
KEYWORDS

esophageal squamous cell carcinoma (ESCC), M2 macrophage, m6A, tumor
microenvironment (TME), ZC3H13
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1 Introduction
Esophageal cancer (EC) stands as one of the most prev

gastrointestinal malignancies worldwide, ranking ninth in incide
and sixth in death rate among all cancers (1). The severity of this
disease and its impact are emphasized by the annual toll of
500,000 fatalities (2). Histopathologically, EC is primarily classi� ed
into esophageal squamous cell carcinoma (ESCC) and esop
adenocarcinoma (EAC), each exhibiting distinct clinical feat
(3). EAC is predominantly observed in Western countries, w
ESCC prevails in East Asian nations, particularly China and J
(4). This geographical discrepancy suggests potential associ
with race, climate, and lifestyle. Additionally, factors such as ge
age, excessive alcohol consumption, poor diet, and smoking
contribute to EC risk (5). However, the molecular mechanism
underlying EC development remain unclear.

Current evidence suggests that m6A modi� cation, the most
prevalent RNA modi� cation found extensively in eukaryotic ce
serves a vital function in gene expression control. Its involvem
spans various cellular processes, including RNA proces
degradation, nucleoplasmic transport, and translation (6). A
growing body of research indicates that m6A modi� cation is
closely linked to tumor initiation and progression. Its modi� cation
process mediates key aspects of tumor biology, including gr
invasion, metastasis, and resistance to chemoradiotherapy (7).

Within cells, m6A modi� cation is primarily orchestrated b
“writers”, “erasers”, and “readers” (8). The term“writers” refers to
methyltransferases, encompassing METTL3, METTL14, WT
RBM15, ZC3H13, and KIAA1429 (VIRMA) (9). In recent years, th
focus of studies on“writers” has predominantly centered on METTL
and METTL14, with limited exploration of WTAP, RBM15, ZC3H13
and KIAA1429. Nevertheless, the roles of WTAP, RBM15, ZC3
and KIAA1429 remain integral to m6A modi� cation. For instance
WTAP facilitates the m6A modi� cation of lncRNA DIAPH1-AS1 in
nasopharyngeal carcinoma (NPC), thereby increasing its stability10).
It has been reported that in osteosarcoma (OS), the highly express
Circ-CTNNB1 interacts with RBM15 to stabilize its activity. T
interaction promotes the expression of key glycolytic enzy
(hexok inase 2, g lucose-6-phosphate isomerase,
phosphoglycerate kinase 1), consequently upregulating cell glyc
and contributing to the progression of OS (11). In non-small cell lung
cancer (NSCLC), VIRMA is highly expressed and associated
patient prognosis. VIRMA mediates the post-transcriptio
repression of death-associated protein kinase 3 (DAPK3) thr
m6A modi� cation. The downregulation of DAPK3 was found
promote cell proliferation and tumor growth (12).

Similarly, ZC3H13 assumes a crucial role in tumorigen
ZC3H13 mediates m6A modi� cation of CENPK mRNA, which, in
turn, binds to SOX6, promoting the nuclear translocation ofb-
catenin. This activation subsequently triggers the Wnt/b-catenin
signaling cascade, enhancing cisplatin/carboplatin resistanc
facilitating the epithelial-mesenchymal transition (EMT) proces
cervical cancer (13). In contrast, ZC3H13 expression
downregulated in hepatocellular carcinoma (HCC). ZC3H13
downregulates PKM2 mRNA stability through m6A modi� cation,
thereby attenuating metabolic reprogramming, inhibiting H
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proliferation, and heightening sensitivity to cisplatin (14).
Furthermore, reduced expression of ZC3H13 impedes
proliferation of laryngeal squamous cell carcinoma (LSCC) c
ZC3H13 inhibits the DUOX1 gene via m6A modi� cation, where
DUOX1, in turn, suppresses the expression of GPX4 and F
associated with ferroptosis, thereby down-regulating intracel
iron content in LSCC cells (15). Similarly, in papillary thyroid
carcinoma (PTC), ZC3H13 downregulates its expression
mediating the m6A modi� cation of IQGAP1 mRNA, ZC3H1
diminishes IQGAP1 mRNA expression, consequently inhibi
PTC proliferation, migration, and invasion (16).

Given these diverse roles of ZC3H13 in regulat
tumorigenesis through m6A-dependent pathways, it is reason
to speculate that ZC3H13 may also in� uence esophageal squamo
cell carcinoma (ESCC), particularly through modulation of
tumor immune microenvironment. However, the function
ZC3H13 in ESCC and its impact on tumor-associa
macrophages remain poorly understood. Building on the evid
that m6A modi� cation shapes tumor progression and immu
evasion, we aimed to investigate the role of ZC3H13 in ESCC, w
speci� c focus on its regulatory effects on chemokines
macrophage polarization. Our study reveals a connection bet
ZC3H13, m6A modi� cation, and immune remodeling in ESC
providing novel insights into the molecular mechanisms driv
ESCC progression and highlighting potential therapeutic targe
P,

3,

s

2 Materials and methods

2.1 Tissue samples

Tumor tissues and adjacent normal tissues from 40 individ
with ESCC were sourced from Sun Yat-sen University Ca
Center. Patients underwent surgical treatment without prior
antineoplastic therapy. All patients provided written consent,
the study received approval from the ethics committee of Sun
sen University Cancer Center (SL-B2023-297-01).
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2.2 Cell culture

In this study, various cell lines were utilized, including ES
cell lines KYSE-30, KYSE-180, KYSE-150, KYSE-410, and K
510, along with TE-13 and TE-7. Additionally, the viral packag
cell line HEK293-FT, human esophageal epithelial cell HET
and human monocytic leukemia cell line THP-1 were emplo
These cell lines were deposited at the Guangdong Esoph
Cancer Institute. The procurement details of speci� c cell lines are
as follows: KYSE-30, KYSE-180, KYSE-150, KYSE-410, KYS
and THP-1 were procured from Procell Life Science & Techno
Co., Ltd. (Wuhan, China). TE-13 and TE-7 were obtained fr
FuHeng Biology Co., Ltd. (Shanghai, China) HET-1A and HEK2
FT were acquired from Fenghui Biotechnology Co., Ltd. (Hun
China). The ESCC cell lines and HEK293-FT were grow
Dulbecco’s Modi� ed Eagle Medium (DMEM) (Gibco, USA
whereas HET-1A was maintained in LHC-9 Medium (Gib
frontiersin.org
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USA), and THP-1 was sustained in RPMI-1640 (Gibco, USA).
DMEM media comprising with 10% FBS (NEWZERUM, N
Zealand) and 1% PS (Gibco, USA). The growth medium
THP-1 cells included 0.05 mMb-mercaptoethanol. All cells we
kept in a Heracell™ 150i CO2 Incubator (Thermo Scienti� c,
Waltham, USA) at 37°C with 5% CO2.
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2.3 Virus packaging and transfection

The ZC3H13 negative control plasmid (pReceiver-M68) (OE-NC)
as well as the ZC3H13 shRNA interference vectors (shRNA1, 2, 3) a
negative control plasmid (shRNA-NC), were procured fr
GeneCopoeia (Rockville, USA). Lentivirus packaging was conducte
in HEK293-FT cells using HilyMax reagent (Dojindo, Japan). S
cell lines with ZC3H13 knockdown (ZC3H13-shRNA) we
established through co-culture of KYSE-150 and KYSE-410 cells
puromycin. ZC3H13 (NM_001076788.2) was cloned and inserted
pReceiver-M68 plasmid to construct ZC3H13 overexpression pla
After instantaneous transformation with HilyMax reagent, puromycin
was performed for 2–3 months to obtain stable cell lines. The spec� c
sequences for ZC3H13 and the shRNA interference are detailed i
Appendix 1-1.
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2.4 Macrophage polarization model

Following subculture and ampli� cation, THP-1 cells wer
subjected to treatment with 100 ng/mL Phorbol 12-myristate
acetate (PMA) (Topscience, Shanghai, China) for 2 days in add
to the original medium, which led to the differentiation of THP
into M0 macrophages. Further polarization of M0 macropha
into M2 phenotype was induced by treating them with an additio
20 ng/mL IL-4 (Yeasen, Shanghai, China) and 20 ng/mL IL
(Yeasen, Shanghai, China) for 48 hours in the presence of P
Due to the adhesive nature of the induced macrophages
potential errors associated with� ow cytometry, the polarizatio
process of macrophages was assessed using IF and enzyme
immunosorbent assay (ELISA) in this study.
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2.5 RNA extraction and qRT-PCR

The experiments were executed per the supplier’s protocols.
Cells and tissues underwent RNA extraction employing Tr
(Invitrogen, Waltham, USA). The synthesis of complemen
DNA (cDNA) was accomplished through the RevertAid™ First
Strand cDNA Synthesis Kit, incorporating DNase I (Thermo
Scienti� c, Waltham, USA). The quantitative real-time polymer
chain reaction (qRT-PCR) analysis was carried out utiliz
PowerUp™ SYBR™ Green Mix (Applied Biosystems, Waltham
USA) in eight-tube strips and measured on a Bio-Rad CF
system (Bio-Rad, Hercules, USA). The results were evaluate
using the 2-DDCTmethod. The primer sequences utilized a
detailed in Appendices 1-2.
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he

r

2.6 Western blotting

Cell or tissue protein extraction utilized RIPA buffer for ly
Protein samples underwent separation via 10% sodium do
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. T
separated proteins were subsequently transferred onto polyvinyliden
di� uoride (PVDF) membranes, succeeded by blocking using 5% sk
milk powder (for nonphosphorylated proteins) or BS
(phosphorylated proteins), then incubated with primary antibod
at 4°C overnight. Horseradishperoxidase (HRP)-conjugate
secondary antibodies were applied to the cells for 1 hour at 3
Protein bands were visualized using Enhanced Chemiluminescen
(Biosharp, AnHui, China) and Tanon 5200 (Tanon, Shanghai, Ch
The antibodies used are detailed in Appendices 1-3.
ith
to
id.

2.7 ELISA

The ELISA experiment was executed per the suppl’s
protocols. Raw data were procured utilizing MD SpectraMax
384 (Molecular Devices, San Jose, USA). The following kits
employed for the study: Colorimetric m6A RNA Methylation As
Kit (ab185912) (Abcam, Cambridge, England), Human RAN
ELISA Kit (CCL5) (ab174446) (Abcam, Cambridge, Engla
Human IL-8 ELISA Kit (ab214030) (Abcam, Cambridg
England), and the human Mannose Receptor (CD206) ELISA
(ab277420) (Abcam, Cambridge, England).
ion

s
l
3
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nd
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2.8 Immunohistochemistry assays

Clinical ESCC pathological tissues and mouse cell line-de
xenograft (CDX) tumors underwent� xation in 4% paraformaldehyd
followed by paraf� n embedding, sectioning, hydration, antig
retrieval, and endogenous peroxidase neutralization. The spec
were then treated with primary antibodies at 4°C overnight. Afte
primary antibody treatment, the sections received HRP-conjug
secondary antibodies for 30 minutes at ambient temperature. C
visualization was achieved using DAB substrate, followed b
hematoxylin counterstaining and dehydration prior to cover
mounting. Two pathologists independently observed
pathological sections and con� rmed the results. The antibodie
utilized for IHC assays are detailed in Appendices 1-4.
ry
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96

e

2.9 EdU staining

The EdU labeling procedure utilized a BeyoClick™ EdU Cell
Proliferation Kit containing Alexa Fluor 555 (Beyotime, Shang
China). The experimental cells underwent seeding in 24-
culture plates followed by EDU treatment. Following exposur
37°C and 5% CO2 for 2 hours, the specimens underwent� xation
with 4% paraformaldehyde and membrane permeabiliza
utilizing Triton X-100. Fluorescently labeled azide was added
frontiersin.org
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nuclear staining was performed using Hoechst 33342. Observa
and recordings were made using a Nikon ECLIPS Ti-2� uorescence
microscope. Alexa Fluor 555. Ex: 555nm, Em: 565nm. Hoe
33342. Ex: 346 nm, Em-460 nm.
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2.10 Immuno� uorescence assay

Cells were preconditioned onto cell slides, permeabilize
through membranes, and blocked with 3% BSA. Single antib
(mouse or rabbit) were used for single staining, while do
antibodies from different sources (mouse and rabbit) were
for double staining. The specimens remained in a humi
chamber at 4°C for overnight incubation. Subsequen
appropriate� uorescence-conjugated secondary antibodies
introduced and maintained at ambient temperature for 6
minutes. Nuclei were counterstained with DAPI, and plates w
sealed with an anti-� uorescence quench sealing agent. Fluoresc
signals were collected using a laser confocal microscope OLYM
FV1000. DAPI. Ex: 330–380 nm, Em: 420 nm. 488. Ex: 465–495 nm,
Em: 515–555 nm. CY5. Ex: 608–648 nm, Em: 672–712 nm.
ted.
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2.11 Determination of cell viability

Cells were placed into 96-well cell culture plates and trea
The supernatant was discarded and replaced with a com
medium containing 10% CCK-8 (Dojindo, Japan). After a 1-h
incubation at 37°C in a 5% CO2 atmosphere, absorbance values
each well were measured at OD450 nm utilizing MD Spectra
Plus 384 (Molecular Devices, USA).
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2.12 Cell line-derived xenograft

A mixture containing 1×107 cancer cells (KYSE-150) combin
with VitroGel™3D ready-to-use hydrogel (Biological Industri
Haemek, Israel) underwent subcutaneous administration into
dorsal region of female BALB/c nude mice between 4–6 weeks of
age. A mixture containing 10 mice were utilized, with 5 mice in e
group. Following a four-week period, the mice were euthanize
harvest the tumor specimens. This investigation was sanction
the Ethics Committee of Sun Yat-sen University Cancer Ce
Approval number: L102012023060E.
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2.13 Migration and invasion assays
(Transwell)

Cell migration and invasion were evaluated utilizing transw
chambers (Corning, Corning, USA). Unlike migration, invas
incorporates VitroGel™3D ready-to-use hydrogel into th
chamber, and the rest of the procedure is the same. 5000
were added to 200µL of serum-free medium and transferre
transwell chambers, and 500 µL of cell complete med
containing 20% FBS was added to the well plates. The cells
Frontiers in Immunology 04
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incubated for 24 hours at 37°C in 5% CO2. Subsequently, the upp
chamber was wiped clean with a cotton swab, washed once
Dulbecco’s Phosphate-Buffered Saline (DPBS),� xed with 4%
paraformaldehyde, and stained with 0.1% crystal violet (Beyo
Shanghai, China). Cell migration and invasion were observed u
a microscope. Each experiment was performed in triplicate.
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2.14 Colony formation assay

Following digestion, the cells were resuspended in med
maintaining a cell density of 1000 cells per 2 mL, and then seed
6-well plates at 2 mL per well. Throughout this period, half of
medium was exchanged every 3 days, and the cultures
maintained in an incubator for 2 weeks. After incubation,
cells received one wash with DPBS, underwent� xation using 4%
paraformaldehyde, and were subjected to 0.1% crystal viol
staining. Subsequently, images of the stained cells were rec
utilizing a digital camera.
2.15 Experimental additives

In this study, RANTES/CCL5 Protein, h-CXCL8, SAH, and
682 were purchased from MedChemExpress (MCE, USA).
ete
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2.16 Transient transfection

For siRNA transfection, Lipofectamine™ RNAiMAX
Transfection reagent (Invitrogen, Waltham, USA) was utiliz
The transfection process strictly adhered to the kit instructi
and siRNA was obtained from RiboBio Co., Ltd. (Guangzh
China) Synthesis procedures were followed, and the sequenc
detailed in Appendices 1-6.
,
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2.17 Statistical analysis

All experimental data were presented as mean ± stan
deviation. Each experiment underwent a minimum of th
independent replications. Statistical evaluation of the colle
data utilized SPSS 22 and GraphPad Prism 9 software. Stu’s
t-test served to examine variations between groups, while Pea’s
test was implemented for correlation investigations. Statistic
signi� cance was established at p-value < 0.05.
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3 Result

3.1 ZC3H13 was highly expressed in ESCC
and correlated with m6A level and immune
in� ltration

Initially, we examined the expression of ZC3H13 in
Genotype-Tissue Expression (GTEx) and The Cancer Gen
frontiersin.org
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FIGURE 1

ZC3H13 expression is associated with a high m6A progression and M2 macrophage in�ltration rate in ESCC tissues. (A) Volcano map. (B) TCGA
database was used to analyze the expression of ZC3H13 in ESCC. (C) The relative expression of ZC3H13 in 40 pairs of ESCC tumor and non-tumor
specimens was determined by qRT-PCR. (D) The relative expression of ZC3H13 in four pairs of ESCC tumor and non-tumor specimens was detected
by WB. (E) Representative images of IHC staining showing ZC3H13 expression in ESCC tumor and non-tumor tissues (200×). (F) Expression of
ZC3H13 in ESCC cells (WB). (G) Colorimetric method was used to measure m6a methylation in tissues. (H) Correlation between m6a methylation
levels and ZC3H13 expression levels in tissues. Pearson correlation and two-tailed p values are shown. (I) IHC detection of WTAP, METTL14, and
METTL3 expression and locus analysis in two groups with high and low ZC3H13 expression (200×). (J–N) Detection of CD68, CD14, CD206, CD163
and CCR7 expression by qPCR. (O) The expression of CD163 and CD206 in tissues was detected by IHC (200×). ns: not signi�cant, *: p < 0.05, **: p
< 0.01, ***: p < 0.001, ****:p < 0.0001.
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