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N-acetyltransferase 10 affects the proliferation
of intrahepatic cholangiocarcinoma

and M2-type polarization of macrophages

by regulating C-C motif chemokine ligand 2
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Abstract

Background N-acetyltransferase 10 (NAT10) plays a crucial role in the occurrence and development of various
tumors. However, the current regulatory mechanism of NAT10 in tumors is limited to its presence in tumor cells.
Here, we aimed to reveal the role of NAT10 in intrahepatic cholangiocarcinoma (ICC) and investigate its effect on
macrophage polarization in the tumor microenvironment (TME).

Methods The correlation between NAT10 and ICC clinicopathology was analyzed using tissue microarray (TMA),
while the effect of NAT10 on ICC proliferation was verified in vitro and in vivo. Additionally, the downstream

target of NAT10, C-C motif chemokine ligand 2 (CCL2), was identified by Oxford Nanopore Technologies full-

length transcriptome sequencing, RNA immunoprecipitation-quantitative polymerase chain reaction, and
coimmunoprecipitation experiments. It was confirmed by co-culture that ICC cells could polarize macrophages
towards M2 type through the influence of NAT10 on CCL2 protein expression level. Through RNA-sequencing,
molecular docking, and surface plasmon resonance (SPR) assays, it was confirmed that berberine (BBR) can specifically
bind CCL2 to inhibit ICC development.

Results High expression level of NAT10 was associated with poor clinicopathological manifestations of ICC. In

vitro, the knockdown of NAT10 inhibited the proliferative activity of ICC cells and tumor growth in vivo, while its
overexpression promoted ICC proliferation. Mechanically, by binding to CCL2 messenger RNA, NAT10 increased CCL2
protein expression level in ICC and their extracellular matrix, thereby promoting the proliferation of ICC cells and
M2-type polarization of macrophages. BBR can target CCL2, inhibit ICC proliferation, and reduce M2-type polarization
of macrophages.
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Conclusions NAT10 promotes ICC proliferation and M2-type polarization of macrophages by up-regulating CCL2,
whereas BBR inhibits ICC proliferation and M2-type polarization of macrophages by inhibiting CCL2.

Keywords NAT10, Intrahepatic cholangiocarcinoma, CCL2, Berberine, Macrophage

Introduction

Cholangiocarcinoma (CCA) is a highly aggressive malig-
nancy that originates from the bile duct epithelium. It
accounts for approximately 3% of all gastrointestinal
malignancies and can be categorized based on its ana-
tomic location of origin into intrahepatic CCA (ICC),
perihilar CCA, and distal CCA [1, 2]. ICC accounts for
10% of all primary liver cancers [1], and its incidence is
increasing [3, 4]. Surgical resection is the only possible
curative treatment, and the 5-year overall survival rate
is reportedly 15-40% [5]. However, up to two-thirds of
patients will relapse after surgical removal [6]. Although
gemcitabine combined with cisplatin is effective in
patients who do not undergo surgery or require adjuvant
chemotherapy, the median survival in these patients is
only 11.8 months [7]. Additionally, no targeted therapy
for ICC exists. Therefore, uncovering the pathogenesis
and identifying therapeutic targets is a burning question
for the treatment of ICC.

Recently, the role of RNA acetylation, particularly
N4-acetylcytidine (ac4C) modification, in tumors
has begun to attract attention. N-acetyltransferase 10
(NAT10), a GCN55-related N-acetyltransferase, is the
only writer of ac4C. It has an acetyltransferase domain
and a lysine-rich carboxyl terminus. NAT10 plays a criti-
cal role in mRNA stability and translation efficiency by
modifying mRNA with ac4C [8]. Multiple studies have
examined how NAT10 regulates tumor progression by
modifying mRNA with ac4C [9-12]. However, its regu-
lating pattern in ICC and the tumor microenvironment
(TME) remains unclear. The TME is composed of all non-
cancerous host cells and non-cellular components in the
tumor and plays an important role in the occurrence and
development of tumors. Additionally, macrophages are
an important component of the TME. They are mainly
categorized into two states with opposite functions as
follows: M1 (pro-inflammatory, usually antitumor) and
M2 (anti-inflammatory, pro-tumor) macrophages [13];
they can be transformed into each other [14].

Tumor-associated macrophages (TAMs) are macro-
phages that invade cancerous tissues and aid in cancer
progression, usually exhibiting an M2 phenotype [15].
The infiltration of macrophages into tumor tissue is pri-
marily driven by the recruitment of the C-C motif che-
mokine ligand 2 (CCL2) in the TME, which binds to the
C-C motif chemokine receptor 2 (CCR2) on the sur-
face of the cells, polarizing them into M2 macrophages.
M2 macrophages induced by CCL2 also secrete CCL2,
thereby promoting the infiltration of more macrophages

into the tumor and their polarization toward the M2
phenotype [16, 17]. In addition to secreting CCL2, M2
macrophages also release cytokines, such as vascu-
lar endothelial growth factor (VEGEF), platelet-derived
growth factor (PDGF), and transforming growth factor-f
(TGE-P), which promote tumor cell epithelial-mesen-
chymal transition (EMT), angiogenesis, and extracellular
matrix (ECM) remodeling [18, 19], thereby influencing
the TME.

CCL2, also known as monocyte chemoattractant pro-
tein-1 (MCP-1), belongs to the CC chemokine family and
can recruit monocytes, dendritic cells, and memory T
cells to inflammation sites [20, 21]. Studies have indicated
that CCL2 plays a role in promoting pathological angio-
genesis, tumor cell survival and invasion, and immuno-
suppressive cell recruitment [22-24]. In various tumors,
CCL2 expression is elevated and can induce macrophage
polarization toward the M2 phenotype through extracel-
lular secretion [25-27]. However, CCL2 expression and
whether ICC cells can influence macrophage polariza-
tion via CCL2 has not been reported in CCA, particularly
ICC. Since our previous experiments, including RNA
sequencing, identified CCL2 as a downstream target
of NAT10 in ICC cells, we conducted related studies to
investigate whether ICC cells can regulate CCL2 expres-
sion through NAT10 to affect macrophage polarization.
The intracellular distribution of NAT10 is mainly located
in the nucleolar region, which affects the progression
of tumor cells by regulating other proteins or pathways.
Therefore, this study aimed to uncover the specific regu-
latory mechanisms of NAT10 in ICC and its relationship
with TME.

Materials and methods

Cholangiocarcinoma (CCA) specimens and cell lines

The human ICC cell lines RBE and HuCCT1 were pur-
chased from Shanghai Fu Heng Biological (Shanghai,
China) and cultured in RPMI-1640 medium (Hyclone,
USA) with 10% fetal bovine serum (FBS) (Biosharp,
China) and 1% penicillin-streptomycin (Biosharp, China)
at 5% CO, and 37 °C. Macrophage RAW?264.7 cells were
purchased from Wuhan Procell Life Science & Technol-
ogy Co., Ltd. (Wuhan, China) and cultured in a special
medium (CM-0190, Procell). All cell lines were authenti-
cated through short tandem repeats (STR) profiling. The
CCA tissue microarray (TMA) containing 90 CCA and
31 interlobular bile duct tissues with complete clinico-
pathological information was purchased from Shanghai
Outdo Biotech Co., Ltd. (Shanghai, China).
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Construction of stable knockdown and overexpressing cell
lines

NAT10 overexpression and knockdown lentiviruses were
purchased from Genechem Co., Ltd. (Shanghai, China),
and CCL2 overexpression and knockdown lentiviruses
were purchased from Genecarer Biotech Co., Ltd. (Xi
‘an, China). Transfection was performed according to the
manufacturer’s instructions. Stable clones were screened
with 2 pug/mL of puromycin (HY-B1743A, MCE) for at
least 1 week. Knockdown and overexpression were vali-
dated at the RNA and protein levels. Supporting Table 1
presents the short hairpin RNAs used in this study.

Quantitative real-time polymerase chain reaction

Total RNA was extracted using Trizol reagent
(15596026CN, Invitrogen). cDNA synthesis was per-
formed using PrimeScript RT Master Mix (RRO36A,
Takara). The obtained cDNA was used as a template
for quantitative reverse transcription polymerase chain
reaction (QRT-PCR) using TB Green Premix Ex Taq II
(RR820A; Takara). The relative RNA expression was nor-
malized to GAPDH using the 272" method. Primers
used in this study are listed in Supporting Table 1.

Table 1 Correlation between NAT10 expression and
clinicopathological features of CCA

Variables No. of patients (%) NAT10 expression p
Low High
n=57(%) n=33(%)
Age
<65 72(80.0) 47(82.5) 25(75.8) 0444
>65 18(20.0) 10(17. 8(24.2)
Gender
Male 47(52.2) 27(47.4) 20(60.6)  0.226
Female 43(47.8) 30(52.6) 13(394)
Tumor location
ICC 25(27.8) 20(35.1) 5(15.2)  0.032*
pCCA 58(64.4) 35(614)  23(69.7)
dCCA 7(7.8) 2(3.5) 5(15.2)
Differentiation
Poor 5(5.6) 3(5.3) 2(6.1) 00427
Moderate 67(74.4) 38(66.7) 29(87.9)
Well 18(20.0) 16(28.1) 2(6.1)
Vascular invasion
Absent 61(67.8) 37(64.9) 24(72.7) 0445
Present 29(32.2) 20(35.1) 9(27.3)
Primary tumor (T)
T 7(7.8) 6(10.5) 13.00 0.035*
T2 62(68.9) 42(73.7)  20(60.0)
T3 18(20.0) 9(15.8) 9(27.3)
T4 3(33) 0(0.0) 3(9.1)
Recurrence
Lost 3(3.3) 2(3.5) 13.00 0987
Yes 55(61.1) 35(614)  20(60.6)
No 32(35.6) 20(35.1) 12(36.4)
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Western blotting

Cells were lysed in RIPA lysis buffer (#9806, Cell Signal-
ing Technology) and centrifuged at 12 000 x g at 4 °C for
30 min. The supernatant was collected, and the protein
concentration was determined using a bicinchoninic acid
protein assay (abs9232, Absin). Total protein samples
(50 pg) were subjected to Tris-glycine sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (10% and
12% for NAT10 and CCL2, respectively) (CW0022M,
CWBIO) and then transferred onto PVDF membranes
(AR1152-10, Boster). After blocking with 5% non-fat
milk, the membranes were incubated overnight at 4 °C
with primary antibodies anti-NAT10 (1:2000, ab194297,
Abcam) and anti-CCL2 (1:1000, ab214819, Abcam). After
three washes with Tris-buffered saline with 0.1% Tween®
20 detergent (AR0195-10, Boster), the membranes were
incubated with a secondary antibody for 1 h, and bands
were visualized using enhanced chemiluminescence
detection reagent (AR1197, Boster). Protein band inten-
sity was quantified using Image] software (Bethesda,
Maryland, USA), and relative protein expression was
normalized to GAPDH.

Cell proliferation, live-cell imaging, and colony formation
assays

For the cell proliferation assays, 2x10° cells were inocu-
lated into 96-well plates and cell proliferation was mea-
sured for 5 consecutive days to evaluate cell proliferation
activity using a Cell Counting Kit-8 (CCK-8) (K1018,
APEXBIO). For live-cell imaging, 1x 10 cells were inoc-
ulated into a 96-well plate using a Cytation 1 imaging
system (BioTek, USA). Images were taken every 2 h for
5 days. Finally, the total number of cells was counted to
evaluate cell proliferation. Cells were seeded in 6-well
plates for colony formation assays. The numbers of
knockdown and overexpression cells were 800 and 500,
respectively. After 8—12 days, the cells were fixed with
4% paraformaldehyde (DF0135, LEAGENE), subjected
to crystal violet staining (G1063, Solarbio), and photo-
graphed. Finally, the colonies were counted.

Animal studies

All animal experiments were approved by the Ethics
Committee of the First Hospital of Lanzhou University
(approval number: LDYYLL-2024-38) and complied
with the Code of Ethics for Animal Experiments. All
nude mice were purchased from Jiangsu GemPharmat-
ech Co.Ltd. (Nanjing, China). In vivo experiments were
conducted in male BALB/c nude mice aged 4-5 weeks
to analyze the effects of NAT10 and CCL2 on ICC.
HuCCT1-shNC, HuCCT1-shNAT10#1, and HuCCT1-
shCCL2 cells (1x107/100 uL per mouse, #=6 per group)
suspended in pre-cooled serum-free RPMI-1640 medium
(Hyclone, USA) were injected subcutaneously into the
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flanks of mice. Changes in subcutaneous tumor volume
(V=05 x L x W?) were closely monitored. At the end
of the experiment, the mice were sacrificed through the
injection of excess pentobarbital sodium, and the tumors
were removed and weighed. The tumors were resected
for hematoxylin and eosin (H&E) staining, immunobhis-
tochemistry (IHC), immunofluorescence, and Western
blot.

H&E staining, IHC, and immunofluorescence

Tissue samples were fixed with 4% paraformaldehyde
(DF0135, LEAGENE), embedded in paraffin, and sec-
tioned for H&E staining, IHC, and immunofluorescence.
During IHC, the TMA and xenograft tumor tissues were
successively dewaxed, hydrated, subjected to antigenic
repair and serum blocking, and incubated at 4 °C with
primary antibody overnight. The primary antibodies used
were anti-NAT10 (1:500, ab194297, Abcam) and anti-
CCL2 (1:200, 25542-1-AP, Proteintech). Subsequently,
the slices were incubated with the secondary antibody
for 30 min and further incubated with 3,3’-diamino-
benzidine and hematoxylin. Finally, tissue sections were
photographed and analyzed. The expression intensity
of NAT10 was determined independently by two senior
pathologists who were blinded to the clinicopathological
data. Specifically, the expression of NAT10 was quanti-
fied using the H-score as follows: H-score=m(i+1), where
7t is the percentage of positive cells and i is the staining
intensity (0-3). The staining intensity was classified into
the following four grades: 0, negative expression; 1, weak
expression; 2, moderate expression; and 3, strong expres-
sion. Finally, the samples were classified as having low or
high expression based on the median H-score.

For immunofluorescence, xenograft tumor sections
underwent dewaxing, hydration, antigen repair, and incu-
bation in 3% H,0O, at 37 °C for 25 min to inhibit endog-
enous peroxidase. Next, the sections were incubated
with 3% bovine serum albumin at room temperature for
30 min, and the primary and corresponding secondary
antibodies were administered successively. The follow-
ing antibodies were used: F4/80 (1:200, 28463-1-AP, Pro-
teintech), CD86 (1:200, 13395-1-AP, Proteintech), and
CD163 (1:200, ab182422, Abcam).

Oxford Nanopore Technologies full-length transcriptome
sequencing

Oxford Nanopore Technologies (ONT) full-length
transcriptome sequencing was performed on NAT10-
knockdown (shNAT10#1 and shNAT10#2) and control
(shNC) RBE cells. The experiments were performed
according to the standard protocol provided by Oxford
Nanopore Technologies, including sample quality
inspection, library construction, library quality inspec-
tion, and library sequencing. Specifically, the DESeq R
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software package (1.10.1) was used to analyze the dif-
ferential expression between the two conditions. A fold
change>1.5 and P<0.05 was defined as significantly dif-
ferentially expressed. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) signaling
pathway enrichment analyses were performed on the
differentially expressed genes. GO enrichment analysis
was performed using the GOseq R packet based on the
Wallenius non-central hypergeometric distribution [28].
KEGG pathway enrichment analysis of differentially
expressed genes was performed using KOBAS software
[29]. ONT full-length transcriptome sequencing was
accomplished by Beijing BMKCloud (www.biocloud.net).

RNA immunoprecipitation-quantitative polymerase chain
reaction

HuCCTT1 cells and the Imprint® RNA Immunoprecipita-
tion Kit (SAB4200085, Merck Millipore) were used for
this assay. HUCCT1 cells were transfected according to
the manufacturer’s instructions, and samples were col-
lected 48 h later. The sample and 5 pg of anti-NAT10
antibody (ab194297, Abcam) were added to magnetic
beads, and the samples were incubated at room tempera-
ture for 30 min. Next, the beads were washed two times
with washing buffer, and then RNA immunoprecipita-
tion (RIP) buffer was added. The immune complex was
obtained by adding the cell lysate to the magnetic bead-
antibody complex. Finally, the immune complex was sep-
arated using washing buffer and the RNA was used for
quantitative polymerase chain reaction.

Coimmunoprecipitation assay

HuCCTT1 cells were lysed on ice with immunoprecipita-
tion lysis buffer for 30 min and then centrifuged at 4 °C
at 14000 rpm for 30 min to collect the supernatant. Anti-
NAT10 (ab194297, Abcam) or control IgG was added,
and the samples were incubated at 4 °C overnight. Subse-
quently, 30 pL of beads were added, and the sample was
rotated overnight at 4 °C. The beads were washed three
times with cracking buffer, and the supernatant was col-
lected for western blotting.

Enzyme-linked immunosorbent assay

The levels of CCL2 in the cell supernatants were deter-
mined using an enzyme-linked immunosorbent assay
(ELISA) kit (E-EL-H6005, Elabscience). First, a refer-
ence standard working solution was used to construct a
standard curve. The cell supernatant was then analyzed
according to the manufacturer’s instructions. After add-
ing the substrate solution, the plate was incubated at
37 °C for approximately 15 min, depending on the color
development. Finally, the Stop Solution was added, and
the optical density was measured at 450 nm using a
microplate reader (synergy H1, BioTek, USA).
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Molecular docking

The structure of berberine (BBR) was downloaded from
PubChem, and the three-dimensional (3D) structures
of NAT10 (Protein Data Bank [PDB]: 0000) and CCL2
(PDB: 1DOL) were obtained from the RCSB PDB. Next,
the protonation state of the small molecule was set at
pH 7.4, and the compound was extended to a 3D struc-
ture using Open Babel [30]. The AutoDock tool (ADT3)
was used to prepare the receptor proteins and ligands.
Additionally, the docking box was generated using the
AutoGrid program, and molecular docking was per-
formed using AutoDock Vina (1.2.0) [31]. The optimal
combination conformation was selected to analyze the
interactions. Finally, a protein-ligand interaction diagram
was generated using the PyMOL software [32].

RNA sequencing after BBR treatment

HuCCT1 cells were treated with 20 uM of BBR for
48 h, and RNA was harvested. RNA sequencing was
performed by Wuhan Ruixing Biotechnology Co., Ltd.
(Wuhan, China). Hlumina Novaseq 6000 was used
for high-throughput sequencing in PE150 mode. The
DESeq2 software package was used to analyze the dif-
ferential expression between the two groups [33]. Fold
change>2 or <1/2 and P<0.05 were used as the screen-
ing criteria. Differentially expressed genes were analyzed
using GO (http://geneontology.org/) and KEGG (http://
www.kegg.jp/).

Surface plasmon resonance

Surface plasmon resonance (SPR) was performed using
a Biacore T20 (GE Healthcare) and a CM5 chip. After
replacing the new CM5 chip, it was cleaned with NaOH,
activated, protein-coupled, and sealed. Finally, the buffer
and sample were run, and an affinity test was performed.
The low-molecular-weight kinetics model was selected
for sample injection. SPR was accomplished by Shanghai
OLBIOTECH (Shanghai, China).

Toxicity testing

BBR (HY-17577, MCE) was diluted to various concentra-
tions (0, 10, 20, 40, 80, 160, and 200 pM) and used to treat
the ICC cells for different durations (24, 48, 72, and 96 h).
The inhibitory effect of BBR on ICC cells was assessed
using the CCK-8 assay (K1018, APExBIO). Next, the
concentration of the drug that inhibits 50% of the effect
was determined as IC50 and analyzed using GraphPad
Prism 8.0 software (San Diego, CA, USA). We used live-
cell imaging to assess the inhibitory effects of BBR on the
proliferation of RBE (80 and 160 pM) and HuCCT1 (10
and 20 pM) cells.
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Flow cytometry

RBE (80 and 160 uM) and HuCCT1 (10 and 20 uM) cells
were treated with BBR for 48 h. Cell cycle (C1052, Beyo-
time) and apoptosis (E-CK-A211, Elabscience) kits were
used to collect and stain the cells according to the manu-
facturer’s instructions. Flow cytometry was performed
using an Agilent flow cytometer (Palo Alto, CA, USA).
To detect macrophage polarization, macrophages were
co-cultured with ICC cells in a transwell chamber. After
24 h, macrophages were collected and incubated with
CD86 (0.125 pg/test, 12-0862-82, Invitrogen) and CD206
(0.25 pg/test, 17-2061-80, Invitrogen) antibodies at 4 °C
for 30 min. Macrophage polarization was analyzed using
an Agilent flow cytometer (Palo Alto, CA, USA).

Antitumor effect of BBRin vivo.

HuCCT1 cells (1x10”) were suspended in 100 uL of
serum-free RPMI-1640 medium (Hyclone, USA) and
injected subcutaneously into the right forelimb of male
BALB/c nude mice aged 4-5 weeks. The tumor size was
closely monitored, and when it reached approximately 5
mm?, the mice were randomly divided into two groups
(n=6). BBR was administered orally (50 mg/kg/day),
and sterile water containing dimethyl sulfoxide (DMSO)
(D8371, Solarbio) was administered to the control
group. Tumor volume and animal weight were measured
every 3 days. Mice were sacrificed approximately 18
days after treatment, and the tumors were removed and
weighed. The resected tumors were used for subsequent
experiments.

Statistical analysis

All statistical analyses were performed using GraphPad
Prime 8.0 (San Diego, CA, USA) and IBM SPSS Statis-
tics for Windows, version 20.0 (IBM Corp., Armonk,
N.Y.,, USA). Differential gene expression and survival
analyses were performed using the GEPIA2 tool [34]
(http://gepia2.cancer-pku.cn). All data were expressed
as meanz*standard deviation (SD) and were analyzed
using Student’s t-test or one-way analysis of variance
(ANOVA). The relationship between NAT10 expres-
sion and clinicopathological parameters was determined
using the chi-square test. Statistical significance was set
at P<0.05.

Results

NAT10 is upregulated in CCA

Surfing in The Cancer Genome Atlas (TCGA) database,
we found that NAT10 was significantly upregulated in
CCA (P<0.05) (Fig. 1A) and various other solid tumors
of the digestive system in TCGA, including stomach ade-
nocarcinoma (STAD), colon adenocarcinoma (COAD),
and rectum adenocarcinoma (READ) (Fig. 1B). No dif-
ference in overall survival (OS) or disease-free survival
(DFES) was found between patients with CCA with high
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Fig. 1 NAT10 is significantly upregulated in human CCA. (A) NAT10 is upregulated in CCA as compared to adjacent normal tissue (TCGA data). (B)
NAT10 is upregulated in STAD, COAD, and READ as compared to adjacent normal tissue (TCGA data). (C) No significant correlation was found between
NAT10 expression and OS or DFS in patients with CCA. (D) Representative images of NAT10 immunohistochemistry (IHC) staining on tissue microarray
(TMA). Scale bars: 100 (left panel) and 20 (right panel) um. (E) NAT10 IHC staining scores of the CCA and matched normal tissues; the expression of NAT10
was indicated by the proportion of positive area. (F) Expression of NAT10 in different CCA cell lines and normal bile duct cells. Data are representative
of three or more independent experimental replicates. Data are displayed as the mean + SD. P-values were determined by Student’s t-test and one-way
ANOVA in panels. ¥*P<0.05, **P<0.01, ***P<0.0001, ns: Not significant; TCGA, The Cancer Genome Atlas; CCA, cholangiocarcinoma; OS, overall sur-
vival; DFS, disease-free survival; STAD, stomach adenocarcinoma; COAD, colon adenocarcinoma; READ, rectum adenocarcinoma; SD, standard deviation;

ANOVA, analysis of variance

and low NAT10 expression. However, patients with high
NAT10 expression had significantly poorer OS and DFS
than those with low NAT10 expression in most solid
tumors, including adrenocortical carcinoma (ACC), head
and neck squamous cell carcinoma (HNSC), kidney chro-
mophobe (KICH), kidney renal papillary cell carcinoma
(KIRP), liver hepatocellular carcinoma (LIHC), and uveal
melanoma (UVM) (Fig. 1C, Supplementary Fig. 1). The
reasons for this result could be attributed to the high
degree of malignancy of CCA, late stage at which the
patient is diagnosed with no chance of surgery, short sur-
vival time, and small number of samples in the database.
The TMA of 90 patients with CCA and corresponding
adjacent tissues was used to further verify the expression
of NAT10 and its clinicopathological features. Notably,
the data showed increased NAT10 expression in CCA

tissues (Fig. 1D, E), and NAT10 expression was signifi-
cantly correlated with tumor location, histological grade,
and primary tumor stage (Table 1). Quantitative real-
time polymerase chain reaction (QRT-PCR) data showed
that NAT10 was upregulated in CCA cells (RBE and
TFK-1) compared to bile duct epithelial cells (HIBEpiC)
(Fig. 1F).

NAT10 promotes the growth of ICC in vivo and in vitro

To investigate the functional role of NAT10 in ICC,
we constructed three independent short hairpin RNA
(shRNA) sequences (shNAT10#1, shNAT10#2, and
shNAT10#3). SANAT10#1 and shNAT10#2 were selected
for subsequent experiments owing to their silencing
efficiency (Fig. 2A, B). Additionally, we constructed
NAT10-overexpressing cell lines and validated them at
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Fig. 2 Knocking down NAT10 inhibits ICC cell proliferation and tumor growth in mice. (A and B) NAT10-knockdown cell lines were constructed
and verified at the mRNA and protein levels by gRT-PCR and western blot, respectively. (C) CCK-8 assays showed that knocking down NAT10 significantly
inhibited the proliferation of ICC cells. (D and E) Live-cell imaging showed that knocking down NAT10 significantly inhibited the proliferation of ICC cells.
Scale bars: 1000 um. (F) Knocking down NAT10 significantly reduced the colony-formation ability of ICC cells. (G-1) Knocking down NAT10 effectively inhib-
ited the growth of ICC subcutaneous tumors. Tumor size was measured every 3 days (n=6). (J) H&E staining of the subcutaneous tumor tissues in nude
mice after NAT10 knockdown. The red and black arrows show angiogenesis and tumor cell necrosis, respectively. Scale bars: 100 (left panel) and 50 (right
panel) um. (K and L) IHC and western blot showing the expression of NAT10 in mouse tumor tissues. Scale bars: 40 um. Data are representative of three
or more independent experimental replicates. Data are displayed as the mean £ SD. P-values were determined by Student’s t-test and one-way ANOVA in
panels. ***P<0.001, ****P <0.0001, ns: Not significant. CCK-8, Cell Counting Kit-8; ICC, intrahepatic cholangiocarcinoma; gRT-PCR, quantitative real-time

polymerase chain reaction; H&E, hematoxylin and eosin; IHC, immunohistochemistry; SD, standard deviation; ANOVA, analysis of variance

the mRNA and protein levels (Supplementary Fig. 2A, B).
The CCK-8 assay showed that NAT10 knockdown sig-
nificantly inhibited the proliferation of ICC cells, whereas
NAT10 overexpression increased it (Fig. 2C, Supplemen-
tary Fig. 2C). Live-cell imaging was used to photograph
the cells every 2 h for 120 h, and the data were consistent
with the CCK-8 (Fig. 2D, E, Supplementary Fig. 2D, E).
A colony formation assay was performed to determine
the long-term effects of NAT10 on ICC cell prolifera-
tion. After 8-12 days, NAT10 knockdown significantly
reduced colony formation (Fig. 2F), whereas NAT10
overexpression significantly increased it (Supplemen-
tary Fig. 2F). To evaluate the effects of NAT10 on ICC
in vivo, we constructed an animal xenograft model by
injecting HuCCT1 cells subcutaneously into the left fore-
limbs of nude mice. Consistent with the in vitro results,
the growth rate of NAT10-knockdown xenografts was
slower than that of control xenografts (Fig. 2G-I). NAT10
also promotes ICC growth in vivo. In the in vivo experi-
ment, we only presented the results from the sSANAT10#1
group. In fact, we also validated the shNAT10#2 group.
However, due to its significant inhibitory effect on ICC,
no visible tumors in the nude mice of the shNAT10#2
group were observed by the end of the animal experi-
ment. If the experiment had been extended, tumors
might have developed in the shNAT10#2 group, but the
tumor size in the control group would have exceeded
the specified dimensions. Considering all factors, we
ultimately decided to only present the results from the
shNAT10#1 in vivo experiment. H&E staining of the
subcutaneous tumor tissue of xenograft animal model
showed angiogenesis in the control group, while necrosis
of tumor cells appeared in the NAT10-knockdown group
(Fig. 2J). Additionally, IHC and western blot confirmed
down-regulated NAT10 expression in the NAT10-knock-
down group (Fig. 2K, L). The data showed that NAT10
promotes ICC proliferation and may be an oncogene of
ICC.

CCL2 is a downstream target of NAT10

To explore the role of NAT10 in the development of
ICC and identify its downstream targets, we conducted
ONT full-length transcriptome sequencing to examine
changes after NAT10 knockdown. In RBE cells, 9 and 39

genes were consistently upregulated and downregulated
by two independent shRNAs, respectively (Fig. 3A). We
observed good agreement between the two indepen-
dent shRNAs for the downregulated genes. GO analysis
showed that differentially expressed genes were involved
in apoptosis, cell surface receptor signaling pathways,
immune response, secretion, and gene concentration
in the extracellular regions and space, suggesting that
NAT10 may have an important impact on ICC biol-
ogy (Fig. 3B). CCL2 was concerned as the most promi-
nent candidate target gene. qRT-PCR and western blot
verified that NAT10 knockdown decreased the mRNA
and protein levels of CCL2 (Fig. 3C, D). Additionally,
CCL2 expression was significantly decreased in NAT10-
knockdown tumors in vivo (Fig. 3E). The data indicate
that NAT10 promotes CCL2 expression in ICC both in
vitro and in vivo. Based on the acetyltransferase prop-
erties of NAT10, we further determined the regulatory
mechanism of NAT10 on CCL2. RIP-quantitative poly-
merase chain reaction (RIP-qPCR) and coimmunopre-
cipitation (COIP) were conducted. The data showed that
NAT10 exhibited strong binding and interaction with
CCL2 mRNA, whereas the two proteins did not interact
(Fig. 3F, G). In summary, CCL2 is a downstream target
directly regulated by NAT10.

CCL2 promotes ICC growth in vitro and in vivo

To verify the tumor-promoting function of CCL2, we
established stable CCL2-knockdown cell lines, which
were validated by western blot (Fig. 4A). Using CCK-8
and live-cell imaging assays, we found that CCL2 knock-
down significantly inhibited the proliferation of ICC cells
(Fig. 4B-D). Additionally, CCL2 knockdown significantly
inhibited colony formation (Fig. 4E). To confirm the
role of CCL2 in ICC in vivo, we used a xenograft animal
model where HuCCT1 cells were subcutaneously inocu-
lated into the right forelimbs of nude mice. Consistent
with the in vitro results, the growth rate of subcutaneous
tumors in the CCL2-knockdown group was slower than
that of tumors in the control group (Fig. 4F-H). There-
fore, CCL2 promotes ICC growth in vivo. We stained the
subcutaneous tumor tissues of xenograft animal models
with H&E (Fig. 4I), and the knockdown of CCL2 was con-
firmed by IHC (Fig. 4]). The results showed that tumor
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Fig. 3 CCL2 is a downstream target of NAT10. (A) RNA sequencing identified differentially expressed genes in NAT10-knockdown cells compared
with control cells. (B) GO analysis of the NAT10-knockdown downregulated genes revealed the potential functions of NAT10 in regulating apoptosis, cell
surface receptor signaling pathways, immune response, and secretion. (C and D) Knocking down NAT10 reduced CCL2 expression at the mRNA and pro-
tein levels in ICC cells. (E) IHC showing the expression of CCL2 in mouse tumor tissues. Scale bars: 40 um. (F, G) NAT10 interacts with CCL2 mRNA but not
protein. Data are representative of three or more independent experimental replicates. Data are displayed as the mean+SD. P-values were determined
by Student’s t-test and one-way ANOVA in panels. ***P <0.001, ****P <0.0001. GO, Gene Ontology; ICC, intrahepatic cholangiocarcinoma; IHC, immuno-

histochemistry; SD, standard deviation; ANOVA, analysis of variance
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Fig. 4 Knocking down CCL2 inhibits ICC cell proliferation and tumor growth in mice. (A) CCL2-knockdown cell lines were constructed and verified
at the protein level. (B) CCK-8 assays showed that knockdown of CCL2 significantly inhibited the proliferation of ICC cells. (C, D) Live-cell imaging showed
that knockdown of CCL2 significantly inhibited the proliferation of ICC cells. Scale bars: 1000 um. (E) Knockdown of CCL2 significantly reduced the colony-
formation ability of ICC cells. (F-H) Knocking down CCL2 effectively inhibited the growth of ICC subcutaneous tumors in nude mice. Tumor size was
measured every 3 days (n=6). (I) H&E staining of mouse tumor tissues after CCL2 knockdown. The red, black, and green arrows show angiogenesis, tumor
cell necrosis, and hemorrhage, respectively. Scale bars: 100 (left panel) and 50 (right panel) um. (J) IHC showing the expression of CCL2 in mouse tumor
tissues. Scale bars: 40 um. Data are representative of three or more independent experimental replicates. Data are displayed as the mean =+ SD. P-values
were determined by Student’s t-test in panels. **P<0.01, ***P<0.001, ****P<0.0001. CCK-8, Cell Counting Kit-8; ICC, intrahepatic cholangiocarcinoma;

IHC, immunohistochemistry; H&E, hematoxylin and eosin; SD, standard deviation

angiogenesis occurred in the control group, while tumor
cell necrosis and hemorrhage occurred in the tumor after
CCL2 knockdown, which was consistent with the results
of NAT10 knockdown.

Next, we infected NAT10-knockdown ICC cells with
a lentivirus carrying CCL2 (Supplementary Fig. 3A) and
performed CCK-8 assays and live-cell imaging, which
showed that CCL2 overexpression partly rescued the
loss of proliferation observed in NAT10-knockdown ICC
cells (Supplementary Fig. 3B-D). Taken together, CCL2 is
a downstream target of NAT10 and plays a role in pro-
moting ICC growth both in vivo and in vitro.

NAT10 polarizes macrophages toward the M2 type through
its regulation of CCL2

To study whether ICC cells can cause macrophage
polarization and the type of polarization, we cultured
RAW?264.7 mouse macrophages with conditioned
medium from ICC cells and performed gqRT-PCR to
detect the iNOS and Arg-1 levels after 24 h. Compared
with control cells, co-cultured RAW?264.7 was polarized
(Fig. 5A). We also used a transwell chamber to co-culture
ICC and RAW?264.7 cells and obtained similar but more
significant results (Fig. 5B). Additionally, we assessed this
through flow cytometry. No difference in CD86 expres-
sion, representing M1 macrophages, was observed after
co-culture; however, a significant increase in CD206
expression, representing M2 macrophages, was noted
(Fig. 5C). These results indicate that ICC cells could
polarize RAW?264.7 cells toward the M2 type.

CCL2 can polarize macrophages toward the M2
type. Therefore, to assess whether the polarization of
RAW?264.7 cells to M2 type by ICC cells was depen-
dent on NAT10, we first conducted immunofluores-
cence staining of the NAT10-knockdown tumors. The
result showed that the expression of CD86, represent-
ing M1 macrophages in mice, was higher in the knock-
down tumors than in the control tumors. In contrast, the
expression of CD163, which represents M2 macrophages,
was decreased (Fig. 5D). We subsequently knocked down
NAT10 in ICC cells and used western blot and ELISA to
detect the levels of CCL2 in the ICC cells and cell super-
natants. NAT10 knockdown reduced the expression of
CCL2 in both the cells and cell supernatants (Fig. 5E, F).

Lentivirus-mediated gene silencing was used to knock
down CCL2 in RBE and HuCCT1 cells (Fig. 5G). Cells
were co-cultured with RAW264.7 cells, and the levels of
CD86 and CD206 were assessed using flow cytometry.
Although ICC cells could still polarize RAW?264.7 cells
toward the M2 type after CCL2 knockdown, the effect
was significantly reduced (Fig. 5H). We also performed
immunofluorescence staining of the CCL2-knockdown
tumors, and the results were consistent with those of the
NAT10-knockdown tumors. The expression of CD86,
representing M1 macrophages, was increased in CCL2-
knockdown tumors, whereas that of CD163, representing
M2 macrophages, was decreased (Fig. 5I). These results
suggest that ICC cells can polarize macrophages toward
the M2 type and that NAT10 plays an important role
through its regulation of CCL2.

BBR can target the binding and inhibition of CCL2

Based on the anti-ICC function of NAT10 and CCL2, we
attempted to screen their natural targeted inhibitors. For-
tunately, a natural product, BBR was concerned, which
presents high anti-inflammatory and anticancer activi-
ties. Molecular docking showed that the binding affinity
of BBR with NAT10 and CCL2 was —8.3 and —6.3 kcal/
mol, respectively (Fig. 6A). After treatment with BBR,
HuCCT1 cells were analyzed using RNA sequencing.
No significant change in NAT10 expression was fund
after BBR treatment, although CCL2 was significantly
decreased (Fig. 6B). The data suggested that BBR exerts
antitumor effects on ICC by inhibiting CCL2. qRT-PCR
and western blot also showed a significant down-regu-
lation of CCL2 but not NAT10 at both the mRNA and
protein levels (Fig. 6C, D). To further verify whether
BBR could specifically bind to CCL2, we used SPR assay
to detect its affinity. The data showed strong binding of
BBR to CCL2, and the concentration gradient trend was
significant. Specific binding occurred with an affinity of
423.4 uM (Fig. 6E, F).

Antitumor effects of BBR on ICC in vitro and in vivo

To demonstrate the effect of BBR on the proliferation of
ICC cells, we treated RBE and HuCCT1 cells with dif-
ferent concentrations of BBR (0, 10, 20, 40, 80, 160, and
200 pM) and performed CCK-8 assays. BBR significantly
reduced the viability of both cell lines. This inhibition
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Fig. 5 NAT10 polarizes macrophages toward the M2 type through CCL2. (A) Macrophages were polarized by treating them with the supernatant
of ICC cells for 24 h. (B) After co-culturing ICC cells and macrophages for 24 h, the macrophages underwent polarization. (C) Co-culturing ICC cells with
macrophages for 24 h resulted in the polarization of macrophages towards the M2 phenotype. (D) Immunofluorescence showed that CD86 expression
increased and CD163 expression decreased in NAT10-knockdown tumors (n=6). Scale bars: 50 um. (E and F) Western blot and ELISA showed that NAT10
knockdown decreased CCL2 expression levels in ICC cells and cell supernatant. (G) CCL2-knockdown cell lines were constructed and verified at the pro-
tein level. (H) Flow cytometry confirmed that CCL2 knockdown reduced the polarization of macrophages toward M2. () Immunofluorescence showed
that CD86 expression increased and CD163 expression decreased in CCL2-knockdown tumors (n=6). Scale bars: 50 um. Data are representative of three
or more independent experimental replicates. Data are displayed as the mean £ SD. P-values were determined by Student’s t-test and one-way ANOVA in
panels. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ICC, intrahepatic cholangiocarcinoma; ELISA, enzyme-linked immunosorbent assay; SD, standard

deviation; ANOVA, analysis of variance

was time- and concentration-dependent (Fig. 7A). BBR
had a stronger effect on HuCCT1 cells, showing a signifi-
cant inhibitory effect at 48 h at a relatively low dose. We
subsequently treated these two cell lines with BBR and
conducted live-cell imaging. Significantly fewer cells were
found in the BBR condition than in the DMSO condition,
which was consistent with the results of the CCK-8 assay
(Fig. 7B, C).

To deeply uncover the inhibitory effect of BBR on the
proliferation of ICC cells, RBE and HuCCT1 cells were
treated with BBR for 48 h, and changes in the cell cycle
were detected using flow cytometry. After treatment with
BBR, the percentage of the GO/G1 phase cells increased,
whereas that of the S and G2/M phase cells significantly
decreased (Supplementary Fig. 4A, B). We also used
flow cytometry to assess apoptosis in RBE and HuCCT1
cells after 48 h of BBR treatment. BBR-induced apopto-
sis in both cell lines (Supplementary Fig. 4C, D). Taken
together, the data suggest that BBR exerts antitumor
effects by blocking ICC cells in the G0/G1 phase and
inducing apoptosis.

To further verify the effect of BBR on tumor growth in
vivo, HUCCT1 cells were subcutaneously transplanted
into nude mice. When tumors appeared, the mice were
randomly assigned into two groups, with six tumor-
bearing mice per group, and BBR (50 mg/kg/day) or
sterile water was administered orally. After 18 days of
continuous administration of BBR, tumor size and weight
were significantly lower than those in the control group
(Fig. 7D-F). The tumor tissues were stained with H&E
(Supplementary Fig. 4E), and IHC was used to detect
the expressions of NAT10 and CCL2. No significant dif-
ference in the expression of NAT10 was found between
the two groups; however, the expression of CCL2 in the
tumors of the BBR group was significantly lower than
that in the tumors of the control group (Supplementary
Fig. 4F), which was consistent with the results of the in
vitro experiments. Finally, immunofluorescence was used
to detect macrophages in the tumors. Compared to the
DMSO group, the expression of CD86, representing M1,
was increased in the BBR group, whereas that of CD163,
representing M2, was significantly decreased (Supple-
mentary Fig. 4G), which was consistent with the results
observed in NAT10- and CCL2-knockdown tumors.

In summary, BBR inhibits the proliferation of ICC and
affects the polarization of macrophages by specifically
binding to CCL2, thereby playing an antitumor role.

Discussion

Post-transcriptional modification plays an important role
in gene expression and function. Presently, more than
100 types of RNA modifications have been discovered, of
which the most common is RNA methylation modifica-
tion, namely m6A modification. The role of m6A in ICC
has been reported to regulate the proliferation, metas-
tasis, immunity, and TME of ICC [35-38]. Recently,
another acetylation modification, known as ac4C modi-
fication, has begun to attract attention. As the only writer
of ac4C, NAT10 is not only involved in several crucial
cellular processes [39-41] but also the occurrence and
development of tumors. Accumulating evidence shows
that NAT10 plays an important role in the pathogenesis
of multiple solid tumors [9-11, 42—44]. In this study, we
observed a significant upregulation of NAT10 in CCA
tissues. The high expression level of NAT10 was signifi-
cantly correlated with the histological grade and primary
tumor stage of patients with CCA. Additionally, we dem-
onstrated that NAT10 promotes ICC cell proliferation
and tumor growth in vivo. These findings suggest that
NAT10 serves as a potential biomarker for predicting the
onset and proliferation of ICC and could become a new
therapeutic target.

The occurrence and development of tumors are not
only related to tumor cells but are also affected by the
TME. Macrophages are important components of the
TME, infiltrated into the tumor by the recruitment of
CCL2 in the TME and polarized into M2 macrophages
by binding with CCL2 through CCR2 on the cell surface
[25, 26]. M2 macrophages induced by CCL2 also secrete
CCL2, which induces more macrophages to infiltrate
into the tumor and polarize toward M2 [16, 17] and act
on tumor cells to promote tumor progression [18, 26]. In
addition to secreting CCL2, M2 macrophages also release
cytokines, such as VEGE, PDGE, and TGEF-p, to promote
tumor cell EMT, angiogenesis, and ECM remodeling [18,
19]. Tumor cells and macrophages promote each other’s
progression through CCL2. In the present study, we
confirm that CCL2 is the downstream target of NAT10
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in ICC. NAT10 promotes ICC cell proliferation and
tumor growth in vivo through CCL2. The results of ani-
mal experiments showed that, although the tumor vol-
ume was smaller than that in the control group following
the knockdown of NAT10 or CCL2, tumor cell necrosis
and hemorrhage occurred. Presently, no report exists
on whether NAT10 can affect the polarization of mac-
rophages. We determined that CCL2 is the downstream
target of NAT10, and CCL2 affects macrophage polariza-
tion. Further validation demonstrated that ICC can affect
macrophage polarization through the regulation of CCL2
by NAT10. In both in vivo and in vitro experiments,
NAT10 was found to polarize macrophages towards the
M2 type by regulating CCL2. NAT10 is an acetylase,

which can acetylate not only protein [45] but also mRNA
[8]. Therefore, to further determine the potential regula-
tory mechanism of NAT10 on CCL2, we performed RIP-
qPCR and COIP simultaneously. We found that NAT10
acts by binding to the mRNA of CCL2 in ICC rather than
its protein. In the present study, we not only confirmed
the intracellular regulatory mechanism by which NAT10
promotes ICC proliferation but also found the relation-
ship between NAT10 and macrophage polarization.
NAT10 in the nucleus of ICC cells binds to CCL2 mRNA,
leading to an increase in CCL2 protein expression. The
elevated CCL2 acts within ICC cells to promote ICC
proliferation, while the CCL2 secreted into the extracel-
lular environment can bind to receptors on the surface
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of macrophages, inducing their polarization toward the
M2 type (Fig. 8). NAT10 and CCL2 are likely to serve as
potential diagnostic markers and therapeutic targets for
ICC because they play an important role in ICC.

ICC has no specific targeted drugs. BBR is a small
isoquinoline alkaloid that can be extracted from Rhi-
zoma coptidis and Hydrastis canadensis [46, 47]. It has
been found to have therapeutic effects on many diseases
[48-51]. Accumulating studies have reported that BBR
also has antitumor effects [52—57]. Our study demon-
strates that as the downstream target of NAT10, CCL2,
a chemokine, plays an important role in both tumor and
inflammation. CCL2 also plays a critical role in ICC cell
proliferation and macrophage polarization. Our results
suggest that BBR can specifically bind to CCL2 and
thereby play an antitumor role on ICC. BBR primarily
exerts its effects by inhibiting tumor cell proliferation and
promoting apoptosis. For different tumor cells, BBR can
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block them at different stages of the cell cycle [58-62].
This study confirmed that BBR can arrest ICC cells in
the GO/G1 phase and promote cell apoptosis. Addition-
ally, immunofluorescence staining was performed on the
subcutaneous tumor tissues of nude mice in the BBR-
treated group. The expression of CD86, representing M1
macrophages, was significantly upregulated, while that of
CD163, representing M2 macrophages, was significantly
downregulated. These findings were consistent with the
results of CCL2 knockdown. Our results also indicate
that BBR can not only play an antitumor role on ICC cells
through CCL2 but also regulate macrophage polariza-
tion and affect the TME by influencing the level of CCL2
secreted into the extracellular cell. Presently, the research
methods for targeted drugs are mainly large-scale screen-
ing through activity-based protein profiling (ABPP) and
molecular docking [63, 64]. However, these methods
are mainly based on molecular structure. In our study,

QM

2 Macrophage

Macrophage

3@ CCR2

,g cCL2
"\__ CCL2 mRNA

€ NAT10

Fig. 8 Mechanism of action of NAT10 and BBR in ICC and macrophage polarization. NAT10 in the nucleus of ICC cells binds to CCL2 mRNA, leading
to anincrease in CCL2 protein expression. The elevated CCL2 acts within ICC cells to promote ICC proliferation, while the CCL2 secreted into the extracel-
lular environment can bind to receptors on the surface of macrophages, inducing their polarization toward the M2 type. In contrast, BBR can target the
CCL2 protein within ICC cells and inhibit ICC proliferation. BBR, berberine; ICC, intrahepatic cholangiocarcinoma
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we adopted a different approach, namely the functional
consistency of the drug and the molecule. This discovery
not only provides a potential targeted therapeutic drug
for the treatment of ICC but also offers a possible new
method for the study of targeted drugs.

In summary, we found that NAT10 expression is upreg-
ulated in ICC and is associated with poor clinicopatho-
logical features in patients with tumors. Mechanically,
NAT10 promotes ICC proliferation through the regula-
tion of CCL2 mRNA and causes macrophages to become
M2-type. BBR inhibited the proliferation of ICC and
macrophage M2-type polarization by targeting CCL2.
These findings not only provide new potential diagnos-
tic markers and therapeutic targets for ICC but also offer
possible targeted therapeutic strategies.
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