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Intrahepatic cholangiocarcinoma (ICC) is a malignant tumor with poor prognosis while its mechanisms of
pathogenesis remain elusive. In this study, we performed systemic epigenomic and transcriptomic profiling via
MNase-seq, ChIP-seq and RNA-seq in normal cholangiocyte and ICC cell lines. We showed that active histone
modifications (H3K4me3, H3K4mel and H3K27ac) were less enriched on cancer-related genes in ICC cell lines
compared to control. The region of different histone modification patterns is enrichment in sites of AP-1 motif.

Subsequent analysis showed that ICC had different nucleosome occupancy in differentially expressed genes
compared to a normal cell line. Furthermore, we found that AP-1 plays a key role in ICC and regulates ICC-
related genes through its AP-1 binding site. This study is the first report showing the global features of his-
tone modification, transcript, and nucleosome profiles in ICC; we also show that the transcription factor AP-1
might be a key target gene in ICC.

1. Introduction

Intrahepatic cholangiocarcinoma (ICC) is the second most common
primary hepatic malignancy. It has a poor prognosis with a 5-year sur-
vival of less than 20% [1]. In addition, the number of new cases of ICC is
increasing, and the ICC-related mortality rate increased from 2.9 to 5.0
per 100,000 males and from 2.7 to 4.6 per 100,000 females in recent
years [1]. The pathogenesis of ICC remains unclear and there are
currently no effective treatments, representing the two greatest chal-
lenges associated with this disease [2]. Thus, a better understanding of
the molecular mechanisms underlying ICC is needed.

Epigenetic modification, including H3K4mel and nucleosome oc-
cupancy, is involved in cancer genesis through essential cancer-related
genes [3,4,5,6,7,8,9,10,11]. For example, previous studies reported
that H3K4me3 might be increased in breast, kidney, and colon cancers
and correlated with a poor clinical outcome [12]. H3K4me3 is also
associated with tumor progression and favorable prognosis in colorectal
cancer [5]. H3K4mel-marked genes promote colon carcinogenesis,
while many cancer-associated genes exhibit H3K27ac modification [13]
The cross-talk between nucleosome and histone modification affect
tumor biology. For instance, nucleosome occupancy is a great marker for
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early estimation of the response to therapy in colorectal cancer patients
[14]. Nucleosome positioning influences breast cancer metastasis
through splice site recognition [15]. However, there is limited research
on whether epigenetic modification and nucleosome occupancy are
associated with ICC. Previous studies prefer to focus on the role of non-
coding RNA (ncRNA), DNA methylation, histone methylation enzyme
rather than real dynamic histone modifications levels and nucleosome
localization [16,17].

Recent research reports that c-JUN/AP-1 involvement in chromatin
remodeling plays an important role in epigenetic control of transcription
[18], and could regulate cancer-related genes involved in the metastasis
of cancer [19,20], although there have not been any studies published
on the role of AP-1 in ICC. Given that both nucleosome density and
histone modifications affect cancer-related gene expression, we
analyzed ChIP-seq, RNA-seq, and MNase-seq datasets from the four most
widely used intrahepatic cholangiocarcinoma cell lines (SSP-25,
HUCCT1, CCLP-1, and TFK-1) and a human intrahepatic biliary
epithelial cell line (HIBEpiC) to determine whether ICC is associated
with  histone  modification = and nucleosome  positioning
[21,22,23,24,25]. Integrated analysis of nucleosome accessibility with
histone modification states in ICC has improved our understanding of
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epigenetic modifications and nucleosome profiles in ICC. Our results
revealed the molecular mechanism of ICC and indicated that AP-1 may
be a therapeutic target of ICC.

2. Materials and methods
2.1. Cell culture and antibodies

SSP-25, CCLP-1, TFK-1, HuCCT1, and HIBEpic cells were purchased
from Guangzhou Jennio-bio (Guangzhou Jennio-bio Co., Ltd., Guangz-
hou, China). All cells were maintained in Roswell Park Memorial Insti-
tute 1640 medium (Gibco, Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco/BRL, MD, USA), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Beyotime Biotechnology Co.,
Ltd., Shanghai, China). The cells were cultured at 37 °C in 5% CO,. All
experiments were performed with mycoplasma-free cells. Antibodies
against c-JUN (66313-1-Ig), and c¢-FOS(66590-1-Ig) were purchased
from Proteintech Group (Rosemont, IL, USA); antibodies against GAPDH
(sc-47,724) were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA).

2.2. Transient transfection and establishment of stably expressing cells

A small interfering RNA (siRNA) targeting the c-FOS transcript and a
nonspecific control siRNA were purchased from GeneCreate Biological
(Wuhan GeneCreate Biological Engineering Co., Ltd., Wuhan, China).
The target sequences for the c-FOS transcript were as follows: siRNA-1:
GGAACAGUUAUCUCCAGAATT; siRNA-2: UCUCCAGUGCCAACUU-
CAUTT; siRNA-3: GACAGACCAACUAGAAGAUTT; and siRNA-4:
CCAACUAGAAGAUGAGAAGTT. The specific siRNA or negative con-
trol was transfected into ICC cells with Lipofectamine 2000 transfection
reagent (Invitrogen) according to the manufacturer’s instructions. For
establishment of stable c-JUN overexpressing cells, an overexpression
plasmid was constructed and packed with a lentivirus system by Gene-
Create Biological. After removing the medium, lentiviral supernatant
was added (with 6 pg/mL polybrene). After 24 h, the supernatant was
removed and cells were selected for 4 weeks using DMEM with 10 pg/mL
puromycin (Sigma-Aldrich, St. Louis, MO, USA).

2.3. RNA-seq

Total RNA was extracted from SSP-25, CCLP-1, TFK-1, HuCCT1, and
HIBEpic cells using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instructions. RNA quality was evaluated with a BioAnalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA). Small RNAs
had linkers ligated to them and bar-coded cDNAs were prepared using a
TruSeq Sample Prep Kit (Illumina, San Diego, CA, USA) according to the
manufacturer’s instructions. Individual libraries were analyzed for the
presence of linked ¢cDNA at the appropriate size (140-150 bp) as
determined by the BioAnalyzer. Subsequently, the amplified cDNA
constructs were agarose gel-purified in preparation for sequencing
analysis using the Illumina HiSeq 2500 platform (Illumina) according to
the manufacturer’s instructions at the Shanghai Biotechnology
Corporation.

The RNA sequence reads were pre-processed using the FASTXToolkit
to exclude low-quality reads (ambiguous N, quality <10 nt, and length
< 18 nt) and 3’ adapter, 5’ adapter, and poly(A) sequences. Further
annotation analyses were performed using the commercial software CLC
Genomic Workbench 5.5. After all the annotation steps, the sequencing
libraries were used for size distribution and saturation analysis.

2.4. ChIP and ChIP-seq
ChIP experiments were performed as previously described using the

anti-H3K4mel antibody (ab8895; Abcam, Cambridge, UK), anti-
H3K4me3 antibody (ab8580; Abcam), anti-H3K27ac antibody

242

Genomics 114 (2022) 241-252

(ab4729; Abcam) and anti-c-JUN antibody (ab32137; Abcam). The cells
were crosslinked with formaldehyde treatment and chromatin was
fragmented to 200-300 bp by sonication. Chromatin from 107 cells was
used for each ChIP experiment, which yielded approximately 200 ng of
DNA. Protein A dynabeads (product no. 100.02) were added to chro-
matin extracts for 2 h at room temperature with rotation. The beads
were washed twice with 1 x phosphate-buffered saline (PBS) and 1 x PBS
and 2 pg antibody was added to the beads. The samples were incubated
for 2 h on the mixer at 4 °C to allow complete antibody binding to the
beads. The beads were washed five times and resuspended in 1x TE.
Then, 10% SDS and 20 mg/mL proteinase K were added and the samples
were incubated at 65 °C overnight. ChIP DNA was extracted using
phenol/chloroform. ChIP DNA library construction was conducted with
the NEBNext Ultra DNA Library kit according to the manufacturer’s
instructions (E7370; NEB, Ipswich, MA, USA) [26].

2.5. MNase-seq

The cells were trypsinized and pelleted prior to washing and resus-
pension in digestion buffer (50 mM Tris-HCl, pH 7.6, 1 mM CaCl,, and
0.2% Triton X-100 or NP-40). Then, 5 mM butyrate, 1x proteinase in-
hibitor cocktail, and fresh 0.5 mM PMSF was added and cells were
digested with MNase (Sigma-Aldrich) for 5 min at 37 °C. The reactions
were terminated by the addition of an equal volume of stop buffer (10
mM Tris, pH 7.6, and 5 mM EDTA) and sonicated for 5 min in the cold
room in ice water. DNA was extracted using phenol/chloroform. The
isolated DNA was run out on a gel, and DNA fragments approximately
200 bp long were gel-selected. The libraries were prepared according to
the Illumina library preparation protocol. MNase-seq libraries were
sequenced at the Beijing Genomic Institute.

2.6. Apoptosis analysis

Apoptotic cells were stained with Annexin V/PI Staining Kit (Key-
GEN BioTECH, Shanghai, China) and detected by CytoFLEX (Beckman
Coulter). The experiments were performed in triplicate. The results
represent the means + standard deviation. FlowJo7.6.1 software was
used to analyze the ratio of apoptotic cells.

2.7. Western blotting

Proteins from ICC cell extracts were separated by SDS poly-
acrylamide gel electrophoresis. Proteins were transferred onto a poly-
vinylidene fluoride membrane and incubated for 60 min in 0.05%
Tween-20 in phosphate-buffered saline with 5% dried skim milk at room
temperature. Immunoblot analysis was performed using the appropriate
primary antibody at 4 °C for 12 h. After three washes, the membranes
were incubated with a horseradish peroxidase-conjugated secondary
antibody for 60 min. Immunoreactive bands were visualized with an
enhanced chemiluminescent detection kit (Beyotime Biotechnology Co.,
Ltd.).

2.8. Quantitative real-time PCR

Total RNA was isolated from cell lines using an RNA isolation kit
(Takara Biomedical Technology (Beijing) Co., Ltd.). We used MMLV
reverse transcriptase to synthesize cDNA. A SYBR Green reaction system
(Takara Biomedical Technology (Beijing) Co., Ltd.) was used to amplify
the cDNA. The differences in c-JUN, c-FOS, and CCND2 mRNA expres-
sion were normalized to GAPDH RNA levels. Primers we designed are
shown in Supplementary Table S1.

2.9. Data analysis

RNA-seq data was mapped to hgl9 using hisat2 and cufflinks were
used to calculate the gene expression level in all samples [27,28].
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Fig. 1. Different ChIP-seq profiles between normal and cancer cell lines. a-c. H3K4me3, H3K4me1l, and H3K27ac profiles from one normal and four intrahepatic
cholangiocarcinoma (ICC) cell lines, illustrating an example of lost variant promoter loci and variant enhancer loci. Heatmaps show the corresponding ChIP-seq
signals +2 kb of variant promoter loci and variant enhancer loci midpoints. d. Bar plot representing CCND2 expression in these samples. e. H3K4me3,
H3K4mel, and H3K27ac ChIP-seq signals across the CCND2 locus, associated with a lost variant promoter loci and variant enhancer loci in these samples.
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Fig. 2. Associates with lineage-specific super enhancers (SEs). a. Identification of human ICC cancer cell line SE by H3K27ac ChIP-seq signal. b. Transcriptome
profiling of the cell lines shows significantly higher gene expression in SEs. c. H3K27ac ChIP-seq signals across the SMAD3 and STAT1 loci, associated with lost
variant enhancer loci in these samples. d. Heatmap representing the expression levels of SMAD3, STAT1, and STAT4 in the cell lines. e. Motif enrichment analysis at

variant promoter loci and variant enhancer loci.

Quantile normalizations of the gene expression level were performed.
FDR < 0.1 and |log2 (fold change) > 1 were set as the cutoff for DEGs. A
total of 2195 DEGs were identified between the cancer cell lines and the
normal cell line.

We used the MACS2 call peak tool to identify peaks along the
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genome, HOMER software was used for motif enrichment analysis [29].
We analyzed the MNase-seq data with Bowtie2 and Danpos tools
[30,31]. Then, R software and the bioconductor package “diffbind” and
a one sample t-test were used to calculate the variance of epigenetic
modifications in different samples [32]. To view peak details, IGV
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software was used to view the specific track [33]. The raw sequence
reads have been deposited at https://www.ncbi.nlm.nih.gov/sra
(accession nos. PRINA588522 and SUB6386682 Reviewer link: https:
//dataview.ncbi.nlm.nih.gov/object/PRINA588522?reviewer=j5aahcv
j3aj9gqmlbg9q649g2e7). ICC patients with liver cancer in the The Cancer
Genome Atlas (TCGA) were used as the validation data. Gene function
annotations were performed using the DAVID database [34], and Gen-
eMANIA software and TCPA databases were also used as validation data.
Kaplan-Meier survival analysis was performed to examine the survival
of patients. A two-tailed Student’s t-test was used to analyze differences
between two groups. P-values were provided for each comparison. Blind
analysis was not involved in this study.

2.10. Tissue specimens

This research was conducted under the approval and supervision of
the Ethics Committee of Guangdong Second Provincial General Hospital.
41 ICC patients without any preoperative chemotherapy or radiation
therapy had signed the written informed consent before study. The
cancer and paracancerous tissues were obtained after surgery, and each
patient’s cancer was confirmed by pathological diagnosis as intrahepatic
cholangiocarcinoma. ICC tissues were instantly stored at —80 °C in
liquid nitrogen till RNA extraction. All cancer and paracancerous were
subjected to qPCR to detect c-JUN, c-FOS, and CCND2 mRNA expression
levels, and were divided into high and low groups according to the
median qPCR relative expression value of cancer tissues. Kaplan-Meier
survival analysis was performed to examine the survival of patients.

2.11. Immunohistochemical staining

The cancer and paracancerous tissues from all cases were diagnosed
by two certificated pathologists without discrepancy. The paraffin-
embedded tissues were first stained with hematoxylin and eosin (HE)
for histological examination. Subsequently, deparaffinized sections
were treated with 3% H30 and subjected to antigen retrieval by citric
acid (pH 6.0). After overnight incubation with primary antibody (anti- c-
JUN antibody; Abcam, Cambridge, UK) by 1:200 at 4 °C, sections were
incubated for 15 min at room temperature with horseradish peroxidase-
labeled polymer conjugated secondary antibody (MaxVision Kits) and
incubated for 1 min with diaminobenzidine. The sections were then
lightly counterstained with hematoxylin. The sections without primary
antibody served as negative controls. Expression level of c-JUN was
determined according to the average score of two pathologists’
evaluations.

3. Results and discussion

3.1. ICC cell lines have increased histone modification compared with a
normal cell line

SSP-25, HUCCT1, CCLP-1, and TFK-1 are the most common cancer
cell lines used in ICC. Human Intrahepatic Biliary Epithelial Cells
(HIBEpiC) is normal cholangiocyte cell line. To obtain epigenetic
modification profiles in ICC cell lines and the normal cell line, we per-
formed ChIP sequencing (ChIP-seq) in these cell lines. Interestingly, the
results showed different modification profiles between the ICC cell lines
and the normal cell line using the “diffbind” package (Supplementary
Fig. S1). H3K4mel, H3K4me3, and H3K27ac marks were low-enriched
in ICC cell lines, compared with the normal cell line (Fig. 1a-c). The
GO enrichment analysis of the differently enriched H3K4mel,
H3K4me3, and H3K27ac sites in ICC indicated that GO function for three
histone modifications types are nephron tubule epithelial cell differen-
tiation, glomerular filtration, and cell differentiation (Fig. S1). These
differently enriched histone modifications targets a number of genes
including CCND2. The cell cycle-related gene CCND2 has been shown to
be important in phosphorylation of the tumor suppressor protein Rb.
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Previous studies have suggested this gene plays an essential role in many
types of cancers [35,36,37,38]. High expression of this gene was
observed in ovarian tumors [39]. It has also been reported that CCND2
may play a key role in cholangiocarcinoma and could be regulated by
transcription factors (e.g., TCF/LEF family members) [39]. Expression
level of CCND2 was lower in the cancer cell lines than the normal cell
line (Fig. 1d). As showed in ChIP-seq, CCND2 had higher H3K4mel,
H3K4me3, and H3K27ac signal compared with the normal cell line
(Fig. le).

3.2. ICC-specific super enhancers affect gene expression in ICC and the
region of different histone modification patterns are enrichment in sites of
AP-1 motif

As shown in Fig. 2, we first identify Super-Enhancers (SEs) using
H3K27ac in the genomes of HIBEpiC, SSP-25, HUCCT1, CCLP-1, and
TFK-1 cells, H3K27ac is an indicator of active enhancers. The algorithm
ROSE was used to stitch peaks within 12.5 kb and ranked them by signal
intensity [40]. We plotted the H3K27ac signal against stitched enhancer
rank and used the tangent of the resulting curve to distinguish between
SEs and typical enhancers (TEs) (Fig. 2a). Among 894 SEs defined in
HIBEpiC cells. 355 super targeted genes showed particularly high
expression levels, while 50 cancer-specific super targeted genes
exhibited much lower expression in HIBEpiC cells (Fig. 2b).

HIBEpiC-SE-associated tumor suppressor genes SMAD3, STAT1, and
STAT4 showed much higher expression in the normal cell line and much
lower expression in cancer cell lines (Fig. 2¢). The H3K27ac signal in ICC
is lower than normal cell line in SMAD3, STAT1, STAT4. Besides, there
are large amounts of AP-1 motifs in SMAD3, STAT1, STAT4 (Fig. 2d).
Cancer cell line SE-associated genes exhibited low expression in the
normal cell line and high expression in the cancer cell lines. These re-
sults demonstrate highly specific and robust establishment of ICC-SEs in
ICC cells and a strong correlation between SE activity and associated
gene expression, which suggests important roles of ICC SEs in ICC spe-
cific gene transcription. Motif scan analysis showed changed sites of
H3K4me3, H3K4mel, and H3K27ac, which are enriched with
“TCGAGTCA”. Using homer software, we predicted the transcription
factor AP-1 family, which consists of proteins belonging to the c-FOS, c-
JUN, ATF, and JDP families, is the most likely protein binding to this site
[41]. Previous studies have reported that AP-1 is associated with histone
H3 modification, and AP-1 has also been reported to play a key role in SE
selection and chromatin accessibility [42]. Using the ENCODE database,
we found almost half of the HIBEpiC-targeted SE genes are c-JUN /AP-1
targeted genes (Supplementary Fig. S2).

3.3. ¢c-JUN plays a key role in cell death-related differentially expressed
genes

Differentially expressed gene (DEG) analysis of the different cell lines
was performed to identify changes in transcript levels in ICC (Fig. 3a).
We annotated DEGs between the cancer cell lines and the normal cell
line, and identified many cancer-related pathways including regulation
of cell death and regulation of apoptosis (Fig. 3b). Among the DEGs, c-
JUN demonstrated the greatest change and had obvious effects on ICC
[2]. Fig. 3c shows a predicted cell death-related DEG interaction,
generated using GeneMANIA software [43], that includes genomic,
proteomic, and molecular network interactions from different online
sources. We found c-JUN has the most nodes and edges, so c-JUN played
a key role in ICC cell death (Supplementary Table S2). These results
suggested changes between the ICC cell lines and the normal cell line are
both cancer cell death-related and c-JUN-related. Additionally, we also
found c-JUN expression had significant effects on patient survival based
on prognosis analysis of ICC in TCGA datasets (Fig. 3d and Supple-
mentary Fig. S3), as low expressions of c-JUN decreased the the median
survival by more than half.
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Fig. 3. c-JUN plays a key role in cell death and is associated with differentially expressed genes (DEGs) in ICC. a. Heatmaps representing the Z scores of gene
expression levels (upper panel) across all cell lines. b. GO and KEGG analysis showing pathways associated with DEGs. c. DEGs involved in cell death (striped circles)
and associations predicted by GeneMANIA. Each gene is represented by a node (circles). The node size is proportional to the degree of connectivity and the node
colors represent the functions in which genes are involved. Lines represent the relationship between genes, and the line width is proportional to the confidence of the
Eormection. d. Overall survival in ICC patients grouped by c-JUN expression level. e. Bar plot representing c-JUN expression level in these samples.

3.4. DEGs are associated with nucleosome occupancy profiles in ICC cell
lines and the HIBEpic cell line

As previous studies have reported, MNase-seq signals variation
shows up in different cell lines especially around transcription start sites
(TSSs) for expressed (left) and silent (right) genes [44]. AP-1 plays an
essential role in chromatin accessibility [42]. We profiled nucleosome
occupancy of ICC cell lines by MNase-seq, which can determine precise
nucleosome positioning. We performed nucleosome mapping in differ-
entially expressed genes from RNA-Seq in ICC and control cell lines.
There is a more stable nucleosome profile in ICC cell lines than the
HIBEpic cell line of down-regulated ICC genes. Variable nucleosomes
were enriched in up-regulated ICC-related genes (Fig. 4a, b). Especially
in TSSs, different nucleosome profiles imply gene expression, which
occurs through an effect of different binding sites of transcription
factors.

Many cancer-related genes, including NRAS, MAPKS8, and BRCAI,
have different nucleosome occupancy profiles, suggesting that nucleo-
some profiles have essential roles in the development of ICC (Fig. 3c, d,
Supplementary Fig. S4). Histone modification regulates nucleosome
remodeling through Setl as previously described [45]. Therefore, it is
possible there is crosstalk between histone modification and nucleosome
occupancy.

3.5. ¢-JUN influences cell death and plays a key role in ICC

AP-1 could regulate many key genes, including CCND2, ATF4,
IL22RA22, MT1F, NFATC2, and NTRK2 [46]. Those target genes which
includes a c-JUN binding site in close proximity to its TSS play a key role
in ICC [47]. To investigate c-JUN binding site on the CCND2 promoter
region in the ICC cell lines, signal enrichment of H3K27ac and c-JUN
were detected by ChIP-qPCR. By analyzing the different peaks of ChIP-
H3K27ac  (Supplementary  Table S3), we found that
chr12:4378329-4378902 and chr12:4380202-434382936 were located
in the CCND2 promoter region. According to the binding base site
sequence of c-JUN, it is predicted that the CCND2 promoter region
chr12: 4378329-4378902 and chrl2: 4380202-434382936 may bind
the sequence 5-ATGTCCTTATCCG-3 (Promoter 1), 5-TGTCTGAGGT-
CACCCC-3 (Promoter 2), 5- CTTGCGTCACCGC -3 (Promoter 3), 5-
CTTGCGTCACCGC -3 (Promoter 4). We designed the corresponding
primers based on the above sequence, and randomly selected a sequence
at the far end to design a pair of primers as a negative control (Sup-
plementary Table S1). As shown in Fig. 5a, H3K27ac and c-JUN were
enriched at the putative promotor regions of CCND2 in CCLP-1 and SSP-
25 cell lines.

To determine whether c-JUN affects cell death and apoptosis in ICC,
we overexpressed c-JUN genes in SSP-25 cell line and CCLP-1 cell line
(Fig. 5b). Interestingly, after overexpression of c-JUN, significant
apoptosis of intrahepatic cholangiocarcinoma tumor cells was observed
(Fig. 5¢). At the same time, knockdown of c-FOS inhibited apoptosis.
There were significant phenotypic differences between empty vector-
transfected and transgene-transfected cells (Supplementary Fig. S5).

3.6. AP-1 plays a key role in patient OS and PFS in ICC

We also examined the expression levels of c-JUN in cancer and
paracancerous tissue using immunohistochemical staining. c-JUN was
expressed in nucleoplasm and cytoplasm, which was consistent with
previous reports. Our results indicated that c-JUN exhibited low
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expression in cancer tissues (Fig. 6a). Moreover, we found that c-JUN, c-
FOS, and CCND2 mRNA expression levels were significantly different
between cancer and paracancerous tissues, and exhibit low expression in
cancer tissues (Fig. 6b)0.41 ICC patients were divided into high and low
groups according to the median qPCR relative expression value of cancer
tissues. Survival analysis found that low expression of c-JUN and c-FOS
significantly affected patients’ OS and PFS (Fig. 6¢). The data demon-
strate that AP-1 may play an essential role in the development of ICC.

4. Conclusion

Epigenetic disruption of progenitor cells is a common early event in
many types of cancer, including colorectal cancer, glioma, and liver
cancer [48]. Epigenetic changes also promote chromosomal instability
in the development of cancer [49]. However, there is little knowledge of
the role of epigenetic and transcript profiles in ICC. In this study, we
analyzed histone modification profiles, transcript profiles, and MNase-
seq in ICC cell lines. Our results suggest that AP-1 may play a key role
in ICC. Previous studies have used the histone mark H3K4mel to analyze
gain and loss of enhancer activity in primary colon cancer lines relative
to normal colon crypts and identified thousands of variant enhancer loci.
Reproducible changes at enhancer elements have been shown to drive a
specific transcriptional program to promote colon carcinogenesis [13].
It has also been reported that the histone mark H3K4me3 is associated
with increased transcription elongation and enhancer activity of tumor-
suppressor genes [50]. H3K27 acetylation is altered in many types of
cancers [51,52].

SEs regulate cancer cell proliferation and cell identity as well as
survival through the transcriptional regulation of genes that confer
oncogenic traits and lineage specificity. Many SE-associated genes pro-
vide novel therapeutic targets for cancers [53].Through H3K27ac
analysis, we determined ICC-associated SEs. MNase-seq assays all nu-
cleosomes comparing ATAC-seq are concentrated at regulatory nucleo-
somes [54]. As previous studies have reported, MNase-seq profiles is
different in genome especially around TSSs between expressed and silent
genes. For expressed genes, the nucleosome profiles are relatively dy-
namic. For silent genes, the nucleosome profiles are more stable [42].
Therefore, MNase-seq had an advantage over nucleosome profiles. Using
MNase-seq, we found that the expression levels of many cancer-related
genes are associated with the nucleosome profiles. Moreover, ChIP-
gPCR experiments showed that c-JUN binding site on the CCND2 pro-
moter region in the ICC cell lines. We found that c-JUN, c-FOS, and
CCND2 mRNA expression levels are low expression in cancer tissue,
compared to paracancerous tissue. Survival analysis found that low
expression of c-JUN and c-FOS significantly affected patients’ OS and
PFS.

This study is the first report showing the global features of histone
modification, transcript, and nucleosome profiles in ICC; we also show
that the transcription factor AP-1 might be a key target gene in ICC by
targeting oncogene such as CCND2.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygeno.2021.12.008.
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Fig. 4. Nucleosome occupancy profiling is associated with gene expression. a, b. Analysis of occupancy in the chromatin of downregulated and upregulated genes of
ICC cell lines. ¢, d. MNase signals across the NRAS and MAPKS loci associated with lost variant enhancer loci in these samples.
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Fig. 5. AP1 influences cell death and plays a key role in ICC. a. H3K27ac and c-JUN enrichment in SSP-25 and CCLP-1 cells, as assessed by ChIP-qPCR and expressed
as fold change over input normalized to the NC. b. Expression levels of CCND2 and c-JUN in SSP and CCLP cells after c-JUN overexpression. c. Flow cytometry
analysis was used to detect apoptosis. Overexpression of c-JUN induced apoptosis in SSP-25 and CCLP-1 cells. Cells with c-JUN overexpression had greater rates of
apoptosis compared with the cells transfected with empty vector.
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