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KLF6-mediated recruitment of the p300 complex enhances
H3K23su and cooperatively upregulates SEMA3C with FOSL2 to
drive 5-FU resistance in colon cancer cells
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Histone lysine succinylation, an emerging epigenetic marker, has been implicated in diverse cellular functions, yet its role in cancer
drug resistance is not well understood. Here we investigated the genome-wide alterations in histone 3 lysine 23 succinylation
(H3K23su) and its impact on gene expression in 5-fluorouracil (5-FU)-resistant HCT15 colon cancer cells. We utilized CUT&Tag assays
to identify differentially enriched regions (DERs) of H3K23su in 5-FU-resistant HCT15 cells via integration with ATAC-seq and RNA
sequencing data. The regulatory network involving transcription factors (TFs), notably FOSL2 and KLF6, and their downstream
target genes was dissected using motif enrichment analysis and chromatin immunoprecipitation assays. Our results revealed a
strong positive correlation between H3K23su DERs, differentially expressed genes (DEGs) and H3K27ac, indicating that H3K23su
enrichment is closely related to gene activation. The DEGs associated with the H3K23su GAIN regions were significantly enriched in
pathways related to colorectal cancer, including the Wnt, MAPK and p53 signaling pathways. FOSL2 and KLF6 emerged as pivotal
TFs potentially modulating DEGs associated with H3K23su DERs and were found to be essential for sustaining 5-FU resistance.
Notably, we discovered that FOSL2 and KLF6 recruit the PCAF-p300/CBP complex to synergistically regulate SEMA3C expression,
which subsequently modulates the canonical Wnt-p-catenin signaling pathway, leading to the upregulation of MYC and FOSL2. This
study demonstrated that H3K23su is a critical epigenetic determinant of 5-FU resistance in colon cancer cells, exerting its effects
through the modulation of critical genes and TFs. These findings indicate that interventions aimed at targeting TFs or enzymes
involved in H3K23su modification could represent potential therapeutic strategies for treating colorectal cancers that are resistant

to 5-FU treatment.
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INTRODUCTION

Colon cancer is one of the leading causes of cancer-related
morbidity and mortality worldwide'?. Currently, radiotherapy,
chemotherapy and surgery are the main strategies for treating
recurrent and metastatic colon cancer. Although chemotherapy
can relieve symptoms and improve the survival rate of patients,
acquired resistance develops in nearly all responsive patients with
colon cancer and represents one of the major causes of failure of
chemotherapeutic treatment®. The development of potential and
efficient therapeutic strategies for colon cancer is urgently needed
to improve the prognosis of patients.

Although several potential chemotherapeutic and biological
agents have been developed to improve the survival and quality
of life of patients with colon cancer, 5-fluorouracil (5-FU) remains
the recommended first-line therapeutic drug of choice after more
than 30 years of clinical research®?. 5-FU is the most widely used
chemical for colon cancer therapy and exerts its cytotoxic effects
through the inhibition of thymidylate synthase and incorporation

of its metabolites into RNA and DNA within cancer cells®. However,
acquired resistance to 5-FU frequently occurs in patients with
colon cancer®’. As such, a comprehensive understanding of the
mechanisms underlying 5-FU resistance, coupled with the
exploration of safe and effective pharmacological agents capable
of reversing this resistance, holds substantial clinical importance
and could substantially advance the therapeutic landscape for
colorectal cancer.

Despite the wealth of research on genes, noncoding RNAs,
histone modifications and signaling pathways associated with
5-FU resistance reported previously in colon cancer®'°, the
epigenetic regulatory mechanism of lysine succinylation, espe-
cially the role of H3K23su, in differential gene expression
associated with cancer drug resistance remains poorly under-
stood. As a newly discovered histone posttranslational modifica-
tion, lysine succinylation is similar to the well-known acetylation
modification and appears to accumulate at transcriptional start
sites (TSSs) to promote the expression of genes, including
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H3K79su and H3K122su (refs. ''"'3). In recent years, the extensive
application of cleavage under targets and tagmentation (CUT&-
Tag) has increased the convenience of detecting genome-wide
histone modifications and TF-binding sites (TFBSs) and s
increasingly being used for genome-wide profiling of histone
modifications owing to its relatively high signal-to-noise ratio,
good reproducibility and low input cell number requirements'*'>.

The present study aimed to decipher the molecular mechan-
isms underlying 5-FU resistance, a common challenge in colorectal
cancer treatment. We identified DERs of H3K23su and investigated
their associations with differentially expressed genes (DEGs) in 5-
FU-resistant cells using CUT&Tag coupled with assay for
transposase-accessible chromatin using sequencing (ATAC-seq)
and RNA sequencing (RNA-seq). Our findings indicate a positive
correlation between H3K23su differentially enriched regions
(DERs) and DEGs, suggesting a potential modulatory role for this
histone modification in gene expression patterns related to drug
resistance. Furthermore, our analysis of key signaling pathways
revealed that several pathways and DEGs are positively related to
H3K23su DERs, suggesting a complex interplay between histone
modifications and cellular signaling in the context of chemother-
apy resistance. We also observed an enrichment of transcription
factor (TF) motifs within H3K23su DERs, suggesting that potential
regulatory targets are influenced by H3K23su changes. Notably,
our results highlight the importance of two TFs, FOSL2 and KLF6,
in maintaining resistance to 5-FU. We found that FOSL2
collaborates with KLF6 to regulate the expression of SEMA3C, a
protein that has been implicated in cancer progression. Moreover,
we discovered that FOSL2 upregulates SEMA3C and c-Myc in 5-FU-
resistant HCT15 cells through the canonical Wnt-{3-catenin
signaling pathway, a critical pathway known to drive cancer
growth and survival. Finally, we elucidated the mechanism
whereby KLF6 recruits the p300 complex to increase
H3K23 succinylation, contributing to the transcriptional alterations
associated with 5-FU resistance. These findings underscore the
importance of histone succinylation in the epigenetic regulation
of the chemotherapy response and provide novel insights into the
molecular underpinnings of drug resistance in colorectal cancer.

MATERIALS AND METHODS

Cell culture and transfection

Parental (Pa) and 5-FU-resistant (FR) HCT15 cells (HCT15-Pa and HCT15-FR,
respectively) were cultured under standard conditions at 37 °C with 5% CO,
and 90% humidity as described previously'®. Both cell lines were cultured in
RPMI 1640 medium (Gibco), supplemented with 1% sodium pyruvate
(Gibco), 1% penicillin-streptomycin solution (Sangon Biotech) and 10%
fetal bovine serum (KEL Biotech). 5-FU was purchased from Sigma-Aldrich,
dissolved in dimethyl sulfoxide at a concentration of 20 mg/ml (1000x) and
stored at —20°C. According to the manufacturer's protocol (iCell
Bioscience), HCT15-Pa cells were cultured in drug-free medium, whereas
HCT15-FR cells were maintained in 5-FU at a concentration of 20 ug/ml. The
cells were seeded in a 10-cm culture dish, expanded to 80-90% confluency
and passaged every 5-7 days, with the medium changed every 2-3 days.
Before any further experiments were carried out, the HCT15-Pa cells were
cultured in parallel with the HCT15-FR cells for comparison, and the HCT15-
FR cells were maintained in 5-FU-free medium for 3 days. Lipofectamine
3000 (Invitrogen) was used for transfections. All the small interfering RNA
sequences used in this study are listed in Supplementary Table 7.

CUT&Tag

The CUT&Tag assay was performed as described previously'*'” with
modifications using the Hyperactive Universal CUT&Tag Assay Kit for lllumina
Pro (TD903, Vazyme Biotech) according to the manufacturer’s protocol. In brief,
for each capture experiment, approximately 50,000 fresh cells were incubated
with 10 pl of prewashed concanavalin-A-coated beads in single low-bind PCR
tubes. Fifty microliters of antibody buffer (20 mM HEPES pH 7.5, 150 mM Nadl,
0.5 mM spermidine, 0.05% digitonin, 2 mM EDTA, 0.1% bovine serum albumin
and 1x protease inhibitor cocktail) with 1ug of antibody was added. The
samples were further cultured overnight at 2-8 °C, and the beads were then
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washed twice with 200 pl of Dig-wash buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 0.5 mM spermidine, 0.05% digitonin and 1x protease inhibitor cocktail).
Then, 50 yl of Dig-wash buffer containing 1ug of secondary antibody was
added, and the mixture was cultured for 30-60 min at room temperature. After
washing three times with Dig-wash buffer, 100yl of pA/G-Tnp (a final
concentration of 0.04 uM) in Dig-300 buffer (20 mM HEPES pH 7.5, 300 mM
NadCl, 0.5 mM spermidine, 0.01% digitonin and 1x protease inhibitor cocktail)
was added to resuspend the beads. The samples were incubated with
continuous rotation for 1 h at room temperature and washed twice with 200 pl
of Dig-wash buffer. Then, 50 ul of prepared tagmentation mixture was added,
and the samples were incubated for 1 h at 37 °C. A constant amount of spike-in
control DNA was added to each library according to the manufacturer's
protocol. The DNA was subsequently extracted and purified with proteinase K
and DNA Extract Beads (TD903, Vazyme Biotech) for 30 min at 55°C. The
purified DNA fragments were resuspended in 20 pl of ddH,0, after which they
could be stored at —20°C for long periods. For library amplification, a total
volume of 50l of the sample was placed in a thermocycler using the
following program: 72 °C for 3 min; 95 °C for 3 min; 12-15 cycles of 98 °C for
10s and 60 °C for 55; 72°C for 1 min; and holding at 4 °C. To purify the PCR
products, 100 pl of VAHTS DNA Clean Beads (N411, Vazyme Biotech) were
added to the above PCR products, which were subsequently incubated at
room temperature for 10 min, washed twice with 200 pl of freshly prepared
80% ethanol and eluted in 30 pl of ddH,0. Finally, the libraries were sequenced
on an lllumina NovaSeq platform (Novogene Biotech), and 150-bp paired-end
reads were generated.

For H3K23su or H3K27ac, CUT&Tag was performed as described above
using H3K23su (PTM-422, PTM Biolabs) or H3K27ac (ab4729, Abcam)
primary antibodies and goat anti-rabbit IgG H&L (Ab206, Vazyme Biotech)
as the secondary antibody.

CUT&Tag data processing

Raw CUT&Tag data were assessed for quality control using FastQC (version
0.11.6). The sequencing read data were aligned to the human reference
genome assembly hg19 using Bowtie2 (ref. '®). Unmapped reads, secondary
alignments and duplicate reads were removed using SAMtools'®, and only
properly paired, uniquely mapped reads retained in the BAM files were
used for subsequent data analysis. Picard tools (v.2.9.4) and the ggplot2 R
package?® were used to calculate and plot the fragment length
distributions obtained from paired-end sequencing. Peak calling was
performed using MACS2 callpeak (version 2.1.2)%". For H3K27ac CUT&Tag
data, broad peaks were identified by MACS2 [18] with the --broad
parameter. The HOMER v4.10 (ref. %) annotatePeaks script was then used to
annotate the location of a given peak in terms of genomic features, such as
promoter TSSs, TESs (transcription end sites), introns and exons. For
normalization and visualization, the filtered, sorted and scaled BAM files
were converted to bigWig format using the bamCoverage script in
deepTools (v.2.0)* with —-normalizeUsing RPKM -bs 20; then, heatmaps
and profile plots were generated using the deepTools computeMatrix,
plotHeatmap and plotProfile functions.

Identification of DERs

To address genome-wide changes in H3K23su and H3K27ac, BEDTools v2.30.0
(ref. *) and deepTools 2.0 (ref. %) were used to compute average normalized
RPKM (Reads Per Kilobase of exon model per Million mapped reads) values for
CUT&Tag peaks in each group. The genomic regions were defined as GAIN if
the peak values (RPKM) showed a >2-fold change in HCT15-FR cells compared
with HCT15-Pa cells. The LOSS regions were inversely correlated with
decreased CUT&Tag signals in HCT15-FR cells, which presented a fold change
greater than 2 in HCT15-Pa cells. For visualization of DERs, ChiPseeker® was
used to display genomic loci, and the plotHeatmap and plotProfile functions in
deepTools 2.0 (ref. %) were applied to generate profile plots and heatmaps
expanded to +2,000 bp surrounding the DER center.

Correlation analysis between DERs and DEGs

To annotate genomic locations and assign each DER to the nearest genes
(within 100kb of the TSS), the annotatePeaks script from the HOMER
package v4.10 (ref. %) was used, which is based on the GENCODE human
release hg19. The nearest genes of DERs subsequently overlapped with the
DEGs identified from mRNA-seq data'®. Fold changes in DERs and their
nearest DEGs were used to calculate the Pearson correlation coefficient
and P values using the Hmisc R package (https://hbiostat.org/R/Hmisc/).
The VennDiagram®® and ggplot2 R (ref. 2°) packages were then applied to
generate Venn diagrams, box plots or scatter plots.
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KEGG pathway enrichment analysis and visualization
Enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway was performed using the clusterProfiler R package®” with
the hypergeometric distribution test. KEGG pathways with P values < 0.05
were considered significantly enriched. Cytoscape version 3.9.0 (http://
www.cytoscape.org/) was used to display links between significantly
enriched KEGG pathways and their related DEGs.

TF-binding motif enrichment and occurrence analysis
BEDTools v2.30.0 (ref. >*) was used to obtain the CUT&Tag peak summits
located in the GAIN or LOSS regions, and then the findMotifsGenome.pl
program of the HOMER package v4.10 (ref. 22) was used to find known
motifs and their corresponding TFBSs surrounding the peak summits
with the parameter -size —200,200. HOMER software (v4.10) was also
utilized to compute the P values for motif enrichment, with a threshold
of P<0.01 being designated as statistically significant by default. An
integrative analysis of CUT&Tag and RNA-seq datasets was conducted to
identify TFs with potential binding sites within H3K23ac GAIN regions,
correlating these with upregulated DEGs. Similarly, TFs with potential
binding sites within H3K23ac LOSS regions were correlated with
downregulated DEGs. TFs exhibiting notable differences in expression
levels between HCT15-FR and HCT15-Pa cells were defined as
differentially expressed TFs (DETFs). The annotatePeaks.pl function in
HOMER v4.10 (ref. 22) was then used to calculate the occurrence
probability of a certain DETF within a 1-kb region flanking peak summits
(from —500 to +500 bp) and to identify potential target DEGs of DETFs
(TFBSs located within 2 kb of the TSS), and the outputs were visualized
using the ggplot2 R package?°.

PPl network and coexpression analysis of DETFs

To obtain information regarding the predicted and experimental interac-
tions of DETFs associated with H3K23su changes, a protein—protein
interaction (PPI) network was constructed in Search Tool for the Retrieval
of Interacting Genes (STRING) (https:/string-db.org/)?%. Using the Markov
cluster algorithm with the default inflation parameter 3.0, we obtained the
network and subnetwork modules. Based on gene expression patterns and
protein coregulation derived from ProteomeHD?’, the coexpression scores
between DETFs were calculated.

Cell proliferation assay

The half-maximal inhibitory concentration (ICso) values were assessed in
CCK-8 assays (Beyotime). HCT15-FR cells with FOSL2 knockdown, KLF6
knockdown, and FOSL2 and KLF6 knockdown as well as HCT15-Pa cells with
FOSL2 overexpression, KLF6 overexpression, and FOSL2 and KLF6 over-
expression were collected after 48 h, and 1.5 x 10° cells were seeded in 96-
well plates and incubated further. Then, 90yl of complete medium
supplemented with 10pul of CCK-8 reagent was added after 5-FU
treatment, the mixture was incubated for 2h and the absorbance was
subsequently measured at 450 nm. The inhibition rate (%) was calculated
as (Ayeated — Ablank)/(Acontrol — Ablank) X 100%, and A represents the number
of colonies. For the colony formation assay, 1.5 x 10> HCT15-FR cells with
FOSL2 knockdown, KLF6 knockdown, and FOSL2 and KLF6 knockdown as
well as HCT15-Pa cells with FOSL2 overexpression, KLF6 overexpression,
and FOSL2 and KLF6 overexpression were seeded in six-well plates and
treated with 5-FU at 10 uM. After 14 days, 1% crystal violet solution was
added to fix the cells, and the number of colonies was counted. For the 5-
ethynyl-2’-deoxyuridine (EdU) assay, an EdU labeling kit (Epizyme) was
used to examine the proliferative ability of the cells. HCT15-FR cells with
FOSL2 knockdown, KLF6 knockdown, and FOSL2 and KLF6 knockdown as
well as HCT15-Pa cells with FOSL2 overexpression, KLF6 overexpression,
and FOSL2 and KLF6 overexpression (3 X 10%) were seeded in 12-well plates
for 48 h. Then, the cells were incubated with EdU reagent for 2 h, fixed with
4% paraformaldehyde and 0.5% Triton X-100, and subjected to Hoechst
staining. The EdU incorporation rate was defined as the proportion of EdU-
positive cells (red) to total Hoechst 33342-positive cells (blue).

Western blotting, immunofluorescence and
immunoprecipitation

Cell proteins were extracted with RIPA buffer, loaded, separated on 10% or
12.5% SDS-PAGE gels, transferred onto polyvinylidene fluoride mem-
branes and incubated with the indicated primary antibodies (Supplemen-
tary Table 8). Gapdh and a-tubulin were used as controls. ECL (enhanced
chemiluminescence) reagents were used to examine protein expression.
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Western blotting reagents were purchased from EpiZyme. Immunofluor-
escence assays were used to confirm the subcellular localization of FOSL2
and KLF6, KLF6 and p300/CBP-associated factor (PCAF), and KLF6 and p300
in HCT15-FR cells, as previously described’. PPIs were confirmed by co-
immunoprecipitation (co-IP), as previously described®.

Chip

The SimpleChlP Plus Sonication Chromatin IP Kit (CST) was used to perform
the chromatin immunoprecipitation (ChIP) assay according to the
manufacturer’s protocol. The cells were crosslinked with 1% formaldehyde
for 10min at room temperature to ensure that the proteins were
crosslinked with DNA. DNA fragments were sheared by sonication. The
nuclear lysate was immunoprecipitated with anti-FOSL2, anti-KLF6, anti-
H3K23su and anti-Pol Il or IgG antibodies. The purified DNA fragments
were analyzed by qRT-PCR. The ChIP-gPCR primers used are listed in
Supplementary Table 9.

Flow cytometric analysis

HCT1 cells were collected and incubated with fluorescein-isothiocyanate-
conjugated annexin V and propidium iodide for 30 min in the dark at room
temperature and were analyzed by flow cytometry, as previously
described®'.

Mouse model assay

Stably transfected FOSL2-knockdown, KLF6-knockdown and FOSL2- and
KLF6-knockdown cells were injected subcutaneously into mice (5x 10°
cells per site). The longest longitudinal diameter (a) and longest transverse
diameter (b) were measured every 3days. The tumor volume was
calculated as follows: volume =1/2(ax b?). The mice were killed after
33 days, and the tumors were weighed.

Public datasets

ATAC-seq and mRNA-seq data of HCT15-Pa and HCT15-FR cells, including
the DEGs and bigWig files used in this study, were obtained from our
previous publication and are available in the NCBI Gene Expression
Omnibus (GEO) repository under the accession number GSE190951
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE190951) (ref. '°).

Statistical analysis and data visualization

In this study, all differential analyses were conducted with HCT5-Pa cells
serving as the control group and HCT5-FR cells as the experimental group.
All the statistical analyses and plot generation were performed in R
(https://www.R-project.org/) unless otherwise specified. Significance was
tested between samples using the Wilcoxon signed-rank test or Student’s
t-test. P values, false discovery rates and fold changes were calculated in
the analysis. For correlation analyses, Pearson correlation tests were
performed. Differences between experimental groups were considered
significant when *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. The
representative sequencing tracks of CUT&Tag, ATAC-seq and mRNA-seq
were extracted and visualized using the WashU Epigenome Browser
(http://epigenomegateway.wustl.edu) (hg19 assembly).

RESULTS

Genome-wide changes in H3K23su were positively correlated
with differential gene expression in FR colon cancer cells

To elucidate the epigenetic modifications of H3K23su in the
context of 5-FU resistance in colorectal cancer and to decipher its
regulatory role in gene expression, we conducted CUT&Tag assays
to profile H3K23su in both the HCT15-Pa and HCT15-FR cell lines
(Fig. 1a and Supplementary Table 1). The H3K23su-enriched
chromatin was fragmented into patterns characteristic of mono-,
di- and trinucleosomes (Supplementary Fig. 1a). The consistency in
fragment sizes across samples suggests that chromatin is equally
accessible to antibody-directed transposases, and more than
60,000 H3K23su peaks were identified for each sample (Supple-
mentary Table 2). Further functional genomic annotation analysis
revealed that more than 90% of the H3K23su peaks were enriched
in the promoter TSSs, introns and intergenic regions (Supplemen-
tary Fig. 1b). Moreover, H3K23su was markedly enriched within
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the —2 kb to +2 kb region surrounding the gene TSSs (Fig. 1a),
implying a potential association between H3K23su and the
activation of target gene transcription.

Compared with HCT15-Pa cells, we identified 13,622 H3K23su
DERs in HCT15-FR cells. Among these regions, 7524 regions
presented a more than twofold increase in the H3K23su signal
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(RPKM), whereas 6098 regions presented a more than twofold
decrease in H3K23su; thus, we defined these DERs as GAIN and
LOSS (Fig. 1b, ¢ and Supplementary Table 3). The distribution of
H3K23su DERs was relatively consistent across particular chroma-
tin regions in HCT15-FR cells (Fig. 1c). Further genomic annotation
of H3K23su DERs indicated that largely the distal intergenic or

Experimental & Molecular Medicine (2025) 57:667 - 685



B. Zhang et al.

Fig. 1 Differential enrichment of H3K23su was positively correlated with differential gene expression in HCT15-FR cells. a Average
profiles (top) and density heatmaps (bottom) indicating H3K23su CUT&Tag signals across a genomic window 2 kb upstream of the TSS and
2 kb downstream of the TES. b Left: heatmap representation of greater (GAIN) and lower (LOSS) H3K23 with CUT&Tag DERs in HCT15-FR cells
versus Pa cells. The top panel shows the genomic distribution of 7524 H3K23su GAIN regions; the bottom panel shows the distribution of 6098
H3K23su LOSS regions. The signals are displayed in descending order within the 2-kb window from the center of each DER. Right: average tag
density profiles of H3K23su enrichment plotted onto 2-kb regions surrounding the center of DERs. ¢ The distribution of GAIN (red) and LOSS
(blue) regions for H3K23su enrichment across chromosomes. d The distance to the closest gene TSS of all regions and the new GAIN and LOSS
regions for H3K23su enrichment. e Proportions of GAIN (top) and LOSS (bottom) regions enriched in H3K23su at different genomic loci, such
as introns, exons, promoter TSSs, TESs and intergenic regions. f Venn diagram illustrating the overlapping genes between the nearest genes of
H3K23su DERs (GAIN and LOSS) revealed by CUT&Tag and the DEGs identified by mRNA-seq. g Box plots showing the relative mRNA
expression levels of DEGs associated with H3K23 in the GAIN (left) and LOSS (right) regions. The notches of boxes represent the medians, and
the P values were calculated using the Wilcoxon signed-rank test; ****P < 0.0001. h Pearson correlation analysis between H3K23su DERs and
their nearest DEGs identified in a. Each blue dot represents a DEG related to differential H3K23su enrichment. The top- and bottom-ranked 20
DEGs with the most substantial difference based on the log,fold change (FC) are shown in different colors. The Pearson correlation coefficient
value (r) and P value are shown in the figure. i, WashU Epigenome Browser tracks showing H3K23su (red), H3K27ac (orange), ATAC-seq (green)
and mRNA-seq (blue) signals of representative upregulated /L33 and PARM1 genes in both the HCT15-Pa and HCT15-FR cell lines, each with
two replicates. The H3K23su GAIN regions are shaded in red. The dark-blue arrows indicate the TSS and the direction of gene transcription.
j Genomic snapshots of H3K23su (red), H3K27ac (orange), ATAC-seq (green) and mRNA-seq (blue) signals of representative downregulated
KDM5D and NLRP2 genes. These data are presented for both the HCT15-Pa and HCT15-FR cell lines, with each cell line featuring two replicates.

The H3K23su LOSS regions are shaded in blue. The dark-blue arrows indicate the TSS and the direction of gene transcription.

intragenic (intron) regions presented differential H3K23su signals,
with a relatively high proportion located in distal regions more
than 1,000 bp away from a gene TSS (Fig. 1d, e and Supplemen-
tary Table 3), suggesting that H3K23su DERs presumably function
through distal regulatory elements such as enhancers.

To assess the impact of H3K23su changes on differential gene
expression, we examined the correlation between differential
gene expression and differential H3K23su enrichment on the basis
of RNA-seq and CUT&Tag data'®. H3K23su DERs were assigned to
nearby genes on the basis of their coordinates in the human
genome, and a total of 736 and 492 of the nearest DEGs were
found to be associated with the H3K23su GAIN and LOSS regions,
respectively (Fig. 1f). Notably, most of the DEGs related to
H3K23su GAIN regions were notably upregulated, whereas the
DEGs associated with H3K23su LOSS regions presented notably
downregulated mRNA levels in all the biological replicates (Fig.
1g), indicating that genes within increased H3K23su signals
tended to have increased transcription levels. Moreover, analysis
of the Pearson correlation coefficient confirmed that the changes
in gene expression were positively (r=0.68) correlated with
H3K23su DERs located within 100 kb of the TSS (Fig. 1h).

A previous study revealed that lysine succinylation extensively
overlaps with acetylation in prokaryotes and eukaryotes®2. Here,
we also performed CUT&Tag for H3K27ac in both HCT15-Pa and
HCT15-FR cells (Supplementary Fig. 1c), which is a robust indicator
of enhancer activity for transcriptional activation and is well
recognized as a marker for superenhancers®*>*. Similar criteria
were then used to identify H3K27ac DERs, and 8,143 GAIN and
7,636 LOSS regions were obtained from H3K27ac CUT&Tag data
(Supplementary Fig. 1d). As expected, the H3K27ac DERs also
presented a high correlation coefficient (r=0.73) with their
nearest DEGs (Supplementary Fig. 1e, f). Interestingly, we also
observed a positive correlation between the trends of gene
expression changes in H3K23su and H3K27ac (Supplementary
Figs. 1g and 2 and Supplementary Table 3). Combined with
previously published ATAC-seq and RNA-seq data'é, the altera-
tions in H3K23su enrichment, especially in the region near the
promoter TSS, were closely related to the differential expression of
critical genes involved in 5-FU resistance, including the upregu-
lated /L33, SLC22A31 and PARM1 genes with increased H3K23su
and H3K27ac and chromatin accessibility (Fig. 1i and Supplemen-
tary Fig. 3) and the downregulated KDM5D, DDX3Y and NLRP2
genes with decreased H3K23su and H3K27ac levels and a
hypoaccessible chromatin state (Fig. 1j and Supplementary Fig.
4). These results suggested that alterations in H3K23su enrichment
were accompanied by differential gene expression, H3K27ac
intensity and chromatin accessibility in FR colon cancer cells. To
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identify critical signaling pathways associated with H3K23su DERs
in HCT15-FR cells, previously identified DEGs correlated with
H3K23su GAIN and LOSS regions with an absolute value of
log,fold change >1 were used for KEGG pathway enrichment
analysis. In total, we obtained 53 key DEGs enriched in the top 10
KEGG pathways, including 35 upregulated and 18 downregulated
DEGs positively associated with H3K23su DERs (Fig. 2a, b and
Supplementary Fig. 5a). The upregulated DEGs associated with the
H3K23su GAIN regions, including RASGRP3, MET and FOXO1, were
markedly enriched in colorectal cancer, pancreatic cancer and the
Wnt, MAPK and p53 signaling pathways (Fig. 2a, Supplementary
Fig. 5b and Supplementary Table 4), whereas the H3K23su LOSS
regions associated with downregulated DEGs, such as NOTCH3,
MGST1 and GFPTI1, were involved mainly in insulin resistance,
colorectal cancer and the HIF-1 and ErbB signaling pathways (Fig.
2b, Supplementary Fig. 5c and Supplementary Table 4). These
findings were similar to those concerning the signaling pathways
enriched with DEGs associated with H3K27ac DERs (Supplemen-
tary Fig. 6). Integration of the H3K27ac CUT&Tag and ATAC-seq
datasets revealed that pervasive alterations in H3K23su could
modulate the differential gene expression of many components of
signaling cascades with concomitant changes in chromatin
accessibility and H3K27ac intensity.

Genome-scale identification of TFs potentially regulating
DEGs associated with H3K23su DERs

TFs are known to regulate gene expression through binding to
specific motifs in the promoters or enhancers of target genes,
which play critical roles in development and disease®™’. To
identify potential TFs located within H3K23su DERs, we performed
known motif enrichment analysis to scan TF motif occurrences
and TFBSs®2 By default, 277 and 157 potential TFs were identified
(P < 0.01) within the H3K23su GAIN and LOSS regions, respectively
(Supplementary Table 5). The results revealed that activator
protein-1 (AP-1) family members, including JUN, FOS, MAF and
ATF subfamily members, were notably enriched in both the
H3K23su GAIN and LOSS regions (Fig. 2c and Supplementary Fig.
7b), which preferentially bind to the DNA sequence 5’-TGACTCA-3’
and play critical roles in various cellular activities and cancer
development®®283°, Moreover, the H3K23su GAIN regions were
also notably enriched with FOX and GATA family members (Fig.
2¢), whereas the H3K23su LOSS regions were enriched with motifs
of TEAD family members (Supplementary Fig. 7b). To identify
potential regulators of certain DEGs associated with 5-FU
resistance, we analyzed the TFBSs for the top 50 TFs potentially
enriched in H3K23su DERs. The upregulated DEGs associated with
H3K23 in GAIN regions, such as IL33, LOXL4 and FLTI, were
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Fig. 2

Identification of signaling pathways, TFs and their target genes associated with H3K23su DEGs. a, b Top 10 KEGG pathway-

associated DEGs related to the H3K23su GAIN (a) and LOSS (b) regions. DEGs are shown in a color gradient based on their log,fold change (FC)
values. ¢ The top 25 enriched known TF motifs of the H3K23su GAIN regions, with P values estimated from HOMER (v.4.10). The AP-1, FOX and
GATA family members are colored blue, red and green, respectively. The percentages of target sequences of DERs with TF motifs are indicated
by polygonal chains in black. d Venn diagram showing the overlap between the corresponding TFs for each motif identified by HOMER
(v.4.10) in the H3K23su GAIN regions and the upregulated DEGs identified by RNA-seq. The dot plot (right) shows the identified upregulated
TFs. The color of each dot represents the P value of TF enrichment, and only TFs with P values < 0.01 were included. The size of each dot
represents the expression level of the corresponding TF, log,(FPKM + 1). FPKM, Fragments Per Kilobase of exon model per Million mapped
fragments. e Predicted TFBSs by HOMER analysis of representative DEGs positively correlated with H3K23su changes. The dark-blue arrows
indicate the TSS and the direction of gene transcription. f, g Top: line charts showing the distribution probability of representative FOSL2-
binding motifs around CUT&Tag peak summits in H3K23su DERs. Bottom: histograms indicating the expression levels of predicted TF (FOSL2)
target DEGs in H3K23su DERs identified by HOMER (v.4.10). Only DEGs with TFBSs in the promoter-TSS regions were included. DEGs are listed
in descending order based on the log,fold change.
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potentially regulated by FOX, GATA and KLF family members (Fig.
2¢, e and Supplementary Fig. 7a). Moreover, the downregulated
DEGs related to H3K23su LOSS regions, including NOTCH3, KDM5D
and MGST1, might be closely related to the loss of TEAD and KLF
family member binding (Supplementary Fig. 7b). These results
indicate that the presence or absence of critical TF binding is
closely related to the gain or loss of H3K23su and differential gene
expression.

To further identify DETFs associated with differential H3K23su
intensity and their potential target DEGs, the identified motif
cognate TFs with P values <0.01 were intersected with the DEGs
from the RNA-seq data. Ultimately, a total of 24 upregulated TFs,
including FOSL2, FOXA1, RUNX2 and MITF, were found to be
associated with H3K23 in GAIN regions (Fig. 2d), whereas H3K23
and LOSS regions were enriched in motifs of 11 downregulated
TFs, including HNF1B, KLF3 and GRHL2 (Supplementary Fig. 7c).
Analysis of the occurrence probability for a given motif confirmed
that FOSL2 and FOXA1 presented a greater binding probability
around the CUT&Tag peaks within H3K23su GAIN regions (Fig. 2f
and Supplementary Fig. 7a), whereas the motifs of HNF1B and
KLF3 were generally distributed more frequently in H3K23su LOSS
regions (Supplementary Fig. 7d, e). To identify the target DEGs
that are potentially regulated by these DETFs, we obtained the
corresponding DEGs of their TFBSs within 2-kb regions surround-
ing the TSS. The majority of the predicted target DEGs of FOSL2
and FOXAT, such as RAMP1, SEMA3C, EGFR and FOXP1, were
markedly upregulated in HCT15-FR cells (Fig. 2f, g and Supple-
mentary Figs. 7a and 8), whereas most HNF1B and KLF3 targets,
including AGT, AK4, CD44 and DDX3Y, were downregulated
(Supplementary Figs. 7d, e and 8). These results revealed that
DETFs and their potential target DEGs associated with H3K23su
are altered in HCT15-FR colon cancer cells.

FOSL2 and KLF6 are essential for maintaining resistance to
5-FU

We further sought to understand the molecular mechanisms of
certain critical DETFs, FOSL2 and KLF6, in FR colon cancer cells. The
ICso values were determined in GraphPad software after the
administration of 5-FU (Fig. 3a). The ICso value in HCT15-FR cells
was greater than that in HCT15-FR cells after the knockdown of
FOSL2 and KLF6 and the combined knockdown of FOSL2 and KLF6
(Fig. 3a). Notably, the ICsy value in HCT15-FR cells with FOSL2
knockdown exceeded that in HCT15-FR cells with simultaneous
FOSL2 and KLF6 knockdown (Fig. 3a). By contrast, the ICs, value in
HCT15-Pa cells was lower than that in HCT15-Pa cells with FOSL2
overexpression, KLF6 overexpression and concomitant overexpres-
sion of FOSL2 and KLF6 (Fig. 3a). Furthermore, the ICso value in
HCT15-Pa cells with FOSL2 overexpression was considerably lower
than that in HCT15-FR cells with FOSL2 and KLF6 overexpression
(P<0.05; Fig. 3a). To evaluate the viability of HCT15-FR cells,
HCT15-Pa cells and transfected cells after treatment with 5-FU, we
implemented colony formation assays in conjunction with EdU
incorporation. The results indicated that the viability of HCT15-FR
cells was notably enhanced after the administration of 5-FU. By
contrast, HCT15-FR cells with FOSL2 knockdown, KLF6 knockdown
and combined knockdown of FOSL2 and KLF6 presented a
diminished capacity for survival under the same conditions.
Conversely, the viability of HCT15-Pa cells overexpressing FOSL2,
KLF6 or both was greater than that of unmodified HCT15-Pa cells.
In addition, simultaneous knockdown of FOSL2 and KLF6 in HCT15-
FR cells resulted in a lower viability rate than that observed in cells
with FOSL2 knockdown alone. Furthermore, the overexpression of
both FOSL2 and KLF6 in HCT15-Pa cells increased the viability rate
after 5-FU treatment compared with that in cells overexpressing
only FOSL2 (P<0.05; Fig. 3b, c). Subsequently, HCT15-Pa and
HCT15-FR cells were incubated with fluorescein-isothiocyanate-
conjugated annexin V and propidium iodide, incubated in the
dark at room temperature for 30 min, and analyzed by flow
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cytometry. The knockdown of FOSL2 and KLF6 and the combined
knockdown of FOSL2 and KLF6 resulted in a substantial increase in
apoptotic events in HCT15-FR cells after 5-FU administration.
Conversely, the overexpression of FOSL2, KLF6 or both markedly
decreased the rate of apoptosis in HCT15-Pa cells compared with
that in their nonoverexpressing counterparts after treatment with
5-FU. Moreover, the apoptotic response in HCT15-FR cells with
FOSL2 knockdown alone was less pronounced than that in cells in
which both FOSL2 and KLF6 were knocked down. Similarly, the
overexpression of FOSL2 in HCT15-Pa cells led to a decrease in
apoptosis, which was further mitigated by the additional over-
expression of KLF6 (P < 0.05; Fig. 3d). These results indicated that
the targeted knockdown of FOSL2 and KLF6 markedly decreased
the resistance of HCT15-FR cells to 5-FU. Furthermore, our data
revealed a collaborative interaction between KLF6 and FOSL2 in
the maintenance of 5-FU resistance in HCT15-FR cells. In
accordance with these findings, individual and combined knock-
down of FOSL2 and KLF6 compromised the 5-FU resistance of
HCT15-FR cells in a nude mouse subcutaneous tumor model.
Notably, the dual knockdown of FOSL2 and KLF6 had a more
pronounced effect on diminishing 5-FU resistance than did the
single knockdown of FOSL2. (P < 0.05; Fig. 3e). In addition, by IHC,
we confirmed that the expression levels of Ki-67 and cyclin D1
(CCND1) were considerably decreased as the drug resistance of
colon cancer cells decreased (Supplementary Fig. 9a).

FOSL2 cooperated with KLF6 to regulate SEMA3C expression
To elucidate the PPl network and coexpression profiles of the
DETFs, the STRING database was utilized to dissect both
established and predicted direct physical interactions, as well
as indirect functional associations among proteins®. The PPI
network revealed that the clustered and upregulated FOSL2/
SMAD3/EGR1, ETS1/LEF1 and ZEB1/MEF2C proteins potentially
cooperate to regulate the expression of DEGs associated with
H3K23 in GAIN regions in HCT15-FR cells. Conversely, the
diminished binding affinity of HNF1B/HNF4A and KLF9/THRA
was implicated in the downregulation of key DEGs (Fig. 4a, b).
Moreover, relatively high coexpression scores were also
observed for FOSL2/KLF6, FOSL2/RUNX2 and GRHL2/FOXA1
(Fig. 4b), suggesting that the DETFs related to H3K23su DERs
might work together and be responsible for 5-FU resistance in
HCT15 colon cancer cells.

We detected that the protein levels of H3K23su, FOSL2 and
KLF6 in HCT15-FR cells were greater than those in HCT15-Pa cells
by western blot (Fig. 4c and Supplementary Fig. 14a). Notably,
compared with the differential protein levels of FOXA1, FOXA2
and BACH2, that of FOSL2 was more pronounced in HCT15-FR
cells, as shown in Fig. 4c and Supplementary Figs. 9a and 14a,
which aligns with the bioinformatics findings shown in Fig. 2d.
ChIP-gPCR was then used to examine the FOSL2 binding site.
We confirmed that the SEMA3C promoter enrichment factor was
notably higher in HCT15-FR cells than in control cells (P < 0.05;
Fig. 4d). We subsequently detected that the expression of
SEMA3C was greater in HCT15-FR cells than in HCT15-Pa cells
(Fig. 4e and Supplementary Fig. 14b). We then examined the
expression of SEMA3C in HCT15-FR cells with FOSL2 knockdown,
KLF6 knockdown, and FOSL2 and KLF6 knockdown. The results
indicated that SEMA3C expression decreased as FOSL2 or KLF6
was knocked down. In addition, SEMA3C decreased more
obviously when FOSL2 and KLF6 were knocked down together.
Similarly, SEMA3C increased as FOSL2 or KLF6 overexpression
increased, and SEMA3C increased more obviously as FOSL2 and
KLF6 were overexpressed together in HCT15-Pa cells. Notably,
FOSL2 decreased with KLF6 knockdown, whereas FOSL2
increased with KLF6 overexpression (Fig. 4f, g and Supplemen-
tary Fig. 14c, d). We conducted ChIP-seq and found that FOSL2
and KLF6 were highly enriched near the TSS (Fig. 4h). The
ChIP-seq peaks of KLF6 and FOSL2 were distributed at the
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promoter TSSs by 9.14% and 7.61%, respectively. In addition,
gene profile analysis revealed an intense colocalization relation-
ship between KLF6 and FOSL2 proteins (Fig. 4i). Compared with
wild-type KLF6 cells, KLF6 knockout impaired FOSL2 and

-

H3K23su binding to the promoter of SEMA3C (Fig. 4j).

SPRINGER NATURE

1000

Control

NC+5-FU
sh-FOSL2+5-FU
sh-KLF6+5-FU
sh-FOSL2+sh-KLF6+5-FU

800

trtdt

600

Tumor weight(mg)

400

Tumor volume(mm?®)

200 l

oy o
0 3 6 9 12 15 18 21 24 27 30 33

Time(days)

FOSL2 upregulated SEMA3C and c-Myc in HCT15-FR cells via
the canonical Wnt-f-catenin signaling pathway

Fluorescence confocal microscopy revealed the colocalization of
FOSL2 and KLF6 in the nuclei of HCT15-FR cells (Fig. 5a). We
provide images with larger magnification and their details in
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Fig.3 KLF6 cooperated with FOSL2 to maintain the 5-FR resistance of HCT15-FR cells. a The ICs, values of FOSL2, KLF6, FOSL2 and KLF6 in
HCT15-FR cells, FOSL2- and KLF6-knockdown HCT15-FR cells, and FOSL2- and KLF6-overexpressing HCT15-Pa cells were calculated after 5-FU
administration. These findings demonstrated that FOSL2 and KLF6 are essential for maintaining 5-FU resistance in a synergistic manner.
b HCT15-FR cells, HCT15-FR cells with FOSL2 knockdown, KLF6 knockdown, FOSL2 and KLF6 knockdown, HCT15-Pa cells, and HCT15-Pa cells
with FOSL2 overexpression, KLF6 overexpression, and FOSL2 and KLF6 overexpression were cultured in six-well plates with 5-FU administration.
The results showed that FOSL2 cooperated with KLF6 to increase the viability of HCT15-FR cells. ¢ An EdU assay was used to examine the
viability of HCT15-FR cells and HCT15-Pa cells after transfection and treatment with 5-FU. These results indicated that FOSL2 cooperated with
KLF6 to increase the percentage of EdU-positive HCT15-FR cells. d A flow cytometry apoptosis assay was performed to examine the apoptosis
rates of HCT15-FR cells and HCT15-Pa cells after transfection and treatment with 5-FU. HCT15-Pa and HCT15-FR cells were incubated with
fluorescein-isothiocyanate-conjugated annexin V and propidium iodide followed by incubation in the dark at room temperature for 30 min.
The results revealed that FOSL2 cooperated with KLF6 to decrease the apoptosis rates of HCT15-FR cells. e Subcutaneous tumors formed from
HCT15-FR cells, HCT15-FR cells with FOSL2 knockdown, KLF6 knockdown, and FOSL2 and KLF6 knockdown. The tumor volume was measured
every 3 days after injection. The tumor weights of the subcutaneous xenografts are shown. These results suggest that FOSL2 cooperated with

KLF6 to maintain 5-FU resistance in a synergistic manner.

Supplementary Fig. 11a. HCT15-FR cells were transfected with
Flag-FOSL2, and the proteins were immunoprecipitated with a
Flag monoclonal antibody. However, a co-IP assay indicated that
FOSL2 could not be precipitated with KLF6 (Fig. 5b). Previous
studies have shown that SEMA3C can activate the canonical Wnt
pathway®®. Numerous studies have shown that the
Wnt-B-catenin signaling pathway is abnormally activated in
various tumors and participates in tumor occurrence and
progression by regulating downstream target genes such as
c-Myc and cyclin D1 (refs. *'~*3). Sustained activation of the Wnt
signaling pathway is the fundamental cause of many colon
cancers. The activation of this pathway leads to the accumula-
tion of B-catenin in the nucleus and the formation of complexes
with lymphocyte enhancer factor 1 (LEF1) and TFs of the T cell
factor (TCF) family, thereby activating the transcription of target
genes such as MYC and CCND1 (ref. **). Previous studies have
shown that nitazoxanide can reverse drug resistance and inhibit
the proliferation of colorectal cancer cells by downregulating
the Wnt-B-catenin signaling pathway and reducing the expres-
sion of MYC and CCND1. These findings indicate that the Wnt-
-catenin signaling pathway plays an important role in tumor
development and drug resistance development®>. Western
blotting was then used to examine the expression of key target
Wnt genes, and the results revealed that TCF1 and c-Myc were
upregulated in HCT15-FR cells (Fig. 5c and Supplementary Fig.
14e). We subsequently detected that TCF1 and c-Myc decreased
as SEMA3C was knocked down (Fig. 5d and Supplementary Fig.
14f). In addition, the level of B-catenin obviously decreased in
the nucleus after SEMA3C knockdown (Fig. 5e and Supplemen-
tary Fig. 14g). A Rac1-GTP pulldown assay was used to confirm
that Rac1-GTP was reduced in HCT15-FR cells after SEMA3C
knockdown (Fig. 5f). Notably, we detected that the FOSL2 level
tended to be reduced in the nucleus of HCT15-FR cells with
SEMA3C knockdown (Fig. 5g and Supplementary Fig. 14h).
Previous studies have shown that FOSL2 is a target gene in the
Wnt-B-catenin signaling pathway*®*’. We hypothesized that
SEMA3C, which is the target gene of FOSL2, could increase the
expression level of FOSL2 via the Wnt-{-catenin signaling
pathway. Subsequently, HCT15-FR cells were treated with
Whnt3a-conditioned medium (Wnt3a-CM) to activate the Wnt-
-catenin signaling pathway. We then detected that FOSL2 was
upregulated by B-catenin, as Wnt-f-catenin was activated by
Wnt3a-CM. However, TCF1 was not influenced by -catenin (Fig.
5h). We speculated that, as previously reported, FOSL2 might be
regulated by B-catenin via TCF-independent transcriptional
regulation of Wnt-B-catenin target genes*®, which was distin-
guished from the way that FOSL2 regulates SEMA3C and c-Myc in
HCT15-FR cells via the canonical Wnt-B-catenin signaling
pathway. The HCT15-FR cells were then treated with trichostatin
A (TSA), an HDAC class I/Il inhibitor, at 20, 10, 5 or 1 uM. A recent
study showed that the inhibition of HDAC1/2/3 could result in
elevated levels of H3K23su*. Similarly, H3K23su, FOSL2, KLF6,
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SEMA3C, TCF1 and c-Myc increased as HDAC1T was suppressed
(Fig. 5i).

KLF6 recruited the p300 complex to enhance the succinylation
of H3K23

Immunoprecipitation (IP) followed by mass spectrometry (MS)
analysis revealed that TAF6L, a component of the PCAF histone
acetylase complex, was at the top of the list (Fig. 6a and
Supplementary Table 6). Co-IP was then performed to confirm that
KLF6 interacted with TAF6L (Fig. 6b). PCAF, a histone acetyl-
transferase (HAT), has binding activity with CBP and p300. In
addition, p300/CBP has been verified to succinylate histones'>.
Fluorescence confocal microscopy was performed to detect the
colocalization of KLF6 with PCAF or KLF6 with p300 in the nucleus
of HCT15-FR cells (Fig. 6¢c, d). We provide images with larger
magnification and their details in Supplementary Figs.
12a and 13a. Co-IP assays suggested that KLF6 interacted with
PCAF and p300 (Fig. 6e, f). HCT15-FR cells were then transfected
with si-PCAF, si-p300 and si-KLF6 (si, small interfering RNA). We
detected that H3K23su decreased as PCAF and p300 were
knocked down (Fig. 6g, h and Supplementary Fig. 14i-j). In
addition, H3K23su, p300 and PCAF decreased in the nucleus of
HCT15-FR cells with KLF6 knockdown but remained unchanged in
the cytosol (Fig. 6i and Supplementary Fig. 14k). These findings
suggest that p300 and PCAF are recruited to the nucleus by KLF6.
CBP and p300 are considered to function identically. They share a
high degree of sequence identity in structured domains, including
their enzymatic HAT domains and their bromodomains>°. Owing
to their high sequence homology, these two proteins are
commonly referred to as CBP/p300, and their activity is often
considered largely redundant®’. This redundant effect always
plays major roles in cells, such as in cell protection and
apoptosis®'>2. Moreover, CBP/p300 double knockdown also
causes the upregulation of HDACT (refs. >>%). Therefore, especially
with respect to H3K23su, it is indeed necessary to explore whether
pP300/CBP plays an important redundant role in enhancing tumor
cell survival rather than ignoring the role of CBP because of the
structural and functional similarities between p300 and CBP.
Consequently, we treated HCT15-FR cells with si-CBP and si-p300.
By western blotting, we detected that H3K23su decreased as p300
was knocked down, whereas H3K23su was not affected as CBP
was knocked down (Supplementary Fig. 9e). These findings
suggest that the H3K23su level is regulated only by p300, which
could be considered a preference of p300 for H3K23su in HCT15-
FR cells. However, compared with p300 or CBP knockdown,
HDAC1 expression was markedly decreased when p300 and CBP
were knocked down simultaneously (Supplementary Fig. 9e).
These findings indicate that HDAC1 is regulated by the redundant
effects of p300 and CBP. Interestingly, we found that both HDAC2
and HDAC3 were not affected by p300 or CBP, even when both
p300 and CBP were knocked down (Supplementary Fig. 9e). A
previous study reported that the inhibition of HDAC1/2/3 resulted
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in elevated levels of H3K23su, but inhibition of only HDAC1 did
not affect H3K23su®. These findings suggest that this redundant
roles of p300 and CBP limit the regulation of HDACs in HCT15-FR
cells. There are differences in substrate specificity between p300
and GCN5 (ref. >%. Although most studies have focused on
exploring their respective functions and mechanisms, p300 and
GCN5 can each play roles in the same gene regulatory network.
Therefore, it is necessary to explore whether GCN5 affects
H3K23su. We treated HCT15-FR cells with si-KAT2A (GCN5). We
subsequently found that there was no interaction between KLF6
and KAT2A and that KAT2A knockdown did not affect H3K23su
levels (Supplementary Fig. 9f, g).

The decrease in 5-FU resistance induced by FOSL2 knockdown
and the increase in 5-FU resistance caused by KLF6
overexpression could be reversed through KLF6
overexpression and p300 knockdown

FOSL2 knockdown in HCT15-FR cells downregulated the 5-FU-
resistance-promoting proteins SEMA3C, {-catenin, TCF1 and
c-Myc. When KLF6 was overexpressed, this downregulation was
impaired (Fig. 7a and Supplementary Fig. 15a). Next, we found
that the decrease in 5-FU resistance induced by FOSL2 knockdown
in HCT15-FR cells could be reversed by KLF6 overexpression
through colony formation assays and ICso values (Fig. 7b, c).
Moreover, an identical rescue effect was observed in the nude
mouse subcutaneous tumor model. The tumor volume was
measured every 3 days after injection (Fig. 7d). To examine the
rescue effect between KLF6 and p300, we knocked down EP300 in
HCT15-FR cells. SEMA3C, B-catenin, TCF1 and c-Myc, which led to
an increase in 5-FU resistance in HCT15-FR cells, were down-
regulated. This downregulation was impaired by KLF6 over-
expression (Fig. 7e and Supplementary Fig. 15b). Colony
formation assays then revealed that the decrease in viability of
HCT15-FR cells induced by p300 knockdown could be rescued by
KLF6 overexpression (Fig. 7f). Moreover, the effect of p300 activity
was examined by C646-p300 inhibitor and OE-KLF6 (OE, over-
expression). By western blotting, we found that C646 decreased 5-
FU-resistance-promoting proteins KLF6, SEMA3C, -catenin, TCF1
and c-Myc, and this decrease was reversed by KLF6 overexpression
(Supplementary Fig. 10a). The colony formation assays suggested
that KLF6 overexpression could reverse the C646-induced
decrease in 5-FU resistance in HCT15-FR cells (Supplementary
Fig. 10b). Moreover, the nude mouse subcutaneous tumor model
indicated that KLF6 overexpression could rescue the decrease in
5-FU resistance in HCT15-FR cells induced by C646. The tumor
volume was measured every 4 days after injection (Supplementary
Fig. 10c). The ICso value in HCT15-FR cells with p300 knockdown
was lower than that in HCT15-FR cells, which was reversed by KLF6
overexpression (Fig. 7g). This rescue effect was also observed in a
nude mouse subcutaneous tumor model. The tumor volume was
measured every 4 days after injection (Fig. 7h). Based on these
findings, we investigated the collaboration between KLF6 and
FOSL2 via the recruitment of p300 to increase 5-FR resistance in
HCT15-FR cells.

FOSL2 or KLF6 knockdown induced a decrease in 5-FU

resistance, which could be rescued by SEMA3C overexpression
To verify the molecular mechanism underlying SEMA3C-mediated
modulation of or KLF6 functions in 5-FU resistance in HCT15-FR
cells, we knocked out FOSL2 or in HCT15-FR cells. FOSL2
knockdown downregulated the 5-FU-resistance-promoting pro-
teins SEMA3C, B-catenin, TCF1 and c-Myc. When SEMA3C was
overexpressed, this downregulation was impaired (Fig. 8a and
Supplementary Fig. 15c). We then observed that the decrease in
5-FU resistance induced by FOSL2 knockdown in the nude mouse
subcutaneous tumor model could be rescued by SEMA3C
overexpression. The tumor volume was measured every 4 days
after injection (Fig. 8b). Moreover, through colony formation
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assays, we found that the decrease in viability of HCT15-FR cells
induced by FOSL2 knockdown could be reversed by SEMA3C
overexpression (Fig. 8c). To confirm how the coagent FOSL2
promotes 5-FU resistance in HCT15-FR cells via SEMA3C, we next
knocked out KLF6 in HCT15-FR cells. We subsequently observed
that KLF6 knockdown downregulated the 5-FU-resistance-
promoting proteins SEMA3C, B-catenin, TCF1 and c-Myc. This
downregulation was impaired by SEMA3C overexpression (Fig. 8d
and Supplementary Fig. 15d). The results of the EdU assay
revealed that SEMA3C overexpression rescued the decrease in
viability of HCT15-FR cells induced by KLF6 knockdown (Fig. 8e).
Colony formation assays suggested that SEMA3C overexpression
reversed the KLF6-knockdown-induced decrease in 5-FU resis-
tance in HCT15-FR cells (Fig. 8f). Moreover, a nude mouse
subcutaneous tumor model indicated that SEMA3C overexpression
could rescue the decrease in 5-FU resistance in HCT15-FR cells
induced by KLF6 knockdown. Tumor volumes were measured
every 4days after injection (Supplementary Fig. 9b). We then
treated HCT15-FR cells with 0 or 10uM TSA to increase the
expression level of H3K23su. We detected that the 5-FU-
resistance-promoting proteins KLF6, FOSL2, H3K23su, SEMA3C
and c-Myc were upregulated. This upregulation could be reversed
by KLF6 or FOSL2 knockdown (Fig. 8g and Supplementary Figs.
9c and 15e). This rescue effect confirmed that KLF6 mediated the
regulatory effect of H3K23su on c-Myc to increase 5-FU resistance
in HCT15-FR cells. To verify the molecular mechanism underlying
the ability of B-catenin to modulate SEMA3C function in 5-FU
resistance in HCT15-FR cells, we knocked down SEMA3C in HCT15-
FR cells. SEMA3C knockdown downregulated the expression of the
5-FU-resistance-promoting proteins -catenin and c-Myc. When
[-catenin was overexpressed, this downregulation was impaired
(Fig. 8h and Supplementary Fig. 15f). Furthermore, we found that
B-catenin overexpression impaired the SEMA3C-knockdown-
mediated increase in apoptosis in HCT15-FR cells (Fig. 8i). Overall,
we demonstrated that FOSL2 cooperated with KLF6, which
recruited the p300 complex to promote the succinylation of
H3K23, which upregulated SEMA3C to activate the TCF1-
dependent or TCF1-independent Wnt-B-catenin pathway to
upregulate MYC and FOSL2, respectively (Fig. 9).

DISCUSSION

Lysine succinylation, a recently discovered posttranslational
modification of histones, is evolutionarily conserved and is
ubiquitous across various species''. This epigenetic mark has
been implicated in a myriad of cellular regulatory processes,
including gene transcription, chromatin structure modulation and
metabolic pathway regulation. Notably, specific lysine succinyla-
tion sites, such as H3K79su and H3K122su'**>*®, have garnered
attention; however, the role of lysine succinylation in cancer drug
resistance remains largely elusive. In our current study, we
investigated the role of genome-wide alterations in H3K23su
and its associated DETFs in regulating gene transcription in
HCT15-FR colon cancer cells.

Using the CUT&Tag assay'*, we identified an abundance of high-
quality, enriched sites (or peaks) for H3K23su and H3K27ac in both
HCT15-Pa and HCT15-FR cells. The majority of these peaks were
located within active cis-regulatory regions, encompassing promo-
ter TSSs and distal enhancers. This observation is consistent with
previous reports suggesting that nucleosome succinylation pro-
motes transcription'#'>32, indicating a potential link between the
alteration of H3K23su and differential gene transcription in HCT15-
FR cells. Comparative analysis between Pa and FR cells led to the
identification of DERs for H3K23su and H3K27ac, encompassing
GAIN and LOSS reé:]ions, characterized by over twofold changes in
CUT&Tag signals'®. A strong positive correlation was revealed
through Pearson correlation coefficient analysis between H3K23su
DERs and their nearest DEGs. The upregulated DEGs associated with
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Fig. 7 FOSL2 overexpression or knockdown induced an increase or decrease in 5-FU resistance, which could be reversed by KLF6
knockdown or overexpression. a FOSL2 knockdown in HCT15-FR cells downregulated the 5-FU-resistance-promoting proteins SEMA3C,
B-catenin, TCF1 and c-Myc. When KLF6 was overexpressed, this downregulation was impaired. b The decrease in 5-FU resistance induced by
FOSL2 knockdown in HCT15-FR cells could be rescued by KLF6 overexpression through colony formation assays. ¢ The ICso values suggested
that KLF6 overexpression could reverse the FOSL2 knockdown-induced decrease in 5-FU resistance in HCT15-FR cells. d A nude mouse
subcutaneous tumor model indicated that KLF6 overexpression could rescue the decrease in 5-FU resistance induced by FOSL2 knockdown.
The tumor volume was measured every 3 days after injection. The tumor weights of the subcutaneous xenografts are shown. e SEMA3C,
B-catenin, TCF1 and c-Myc, which induce an increase in 5-FU resistance in HCT15-FR cells, were downregulated by si-p300. This
downregulation was reversed by KLF6 overexpression. f Colony formation assays indicated that KLF6 overexpression reversed the p300
knockdown-induced decrease in 5-FU resistance in HCT15-FR cells. g The ICsq values suggested that KLF6 overexpression reversed the p300
knockdown-induced decrease in 5-FU resistance in HCT15-FR cells. h A nude mouse subcutaneous tumor model indicated that KLF6
overexpression rescued the decrease in 5-FU resistance induced by p300 knockdown. The tumor volume was measured every 4 days after
injection. The tumor weights of the subcutaneous xenografts are shown.
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Fig. 9 The mechanistic diagram illustrates that KLF6 cooperates with FOSL2 to promote H3K23su levels and enhance 5-FU resistance in
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leads to the recruitment of the PCAF-p300/CBP complex, which, in turn, increases the succinylation of H3K23su. The increased succinylation
enhances chromatin accessibility, thereby exposing more promoter regions of the FOSL2 gene. As a result, the expression of the FOSL2 target
gene SEMA3C is upregulated. This upregulation promotes the accumulation of p-catenin in the nucleus by increasing Rac1-GTP levels. Within
the nucleus, p-catenin forms a complex with TCF1, leading to the upregulation of c-Myc expression and, consequently, enhancing the 5-FU
resistance of colon cancer cells. Moreover, p-catenin also upregulates FOSL2 expression through a TCF1-independent pathway, creating a
positive feedback loop that further strengthens the drug resistance of colon cancer cells.
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H3K23su GAIN regions were principally associated with pathways
related to colorectal cancer, MAPK, Wnt and p53 signaling, whereas
the downregulated DEGs associated with H3K23su LOSS regions
were notably enriched in the HIF-1 and Hippo signaling pathways.
Recent studies have indicated that /L33, which is secreted by
fibroblasts, promotes the establishment of a proinflammatory
microenvironment conducive to breast cancer metastasis to the
lungs, a process characterized by a type Il inflammatory response®’.
Furthermore, the suppression of KDM5D expression confers
resistance to docetaxel in prostate cancer cells cultured with
dihydrotestosterone®®. Our findings reveal a substantial overlap
between DERs marked by H3K23su and differentially accessible
regions identified through ATAC-seq, revealing concurrent trends in
their alterations. This convergence suggests a potential synergistic
role for H3K23su, H3K27ac and chromatin accessibility in modulat-
ing differential gene expression, including the upregulation of /L33
and the downregulation of KDM5D.

TF motif enrichment analysis within H3K23su DERs suggested
the potential involvement of FOX, GATA and TEAD family
members. By integrating these data with RNA-seq data, we further
identified DETF associations with H3K23su changes, including the
upregulation of FOSL2 and FOXAT and the downregulation of
HNF1B and GRHL2, which demonstrated increased binding
probabilities within the H3K23su GAIN and LOSS regions,
respectively. TFs are known to engage in synergistic regulatory
mechanisms, exerting their influence on the chromatin state and
transcription®®. A well-documented example of such collaboration
occurs when multiple TFs come together to recruit p300/CBP
HATs®®. Our PPI network and coexpression analyses suggest that
certain key DETFs associated with H3K23su modifications may
collaborate to mediate resistance to 5-FU in HCT15 colorectal
cancer cells. To elucidate the mechanism of the identified DETFs,
we performed co-IP followed by western blot analysis to detect
PPIs. This analysis revealed the absence of an interaction between
KLF6 and FOSL2 in HCT15-FR cells. Through IP-MS analysis, we
subsequently discovered that TAF6L, a constituent of the PCAF-
KAT2B complex, which collaborates with p300 to form the histone
acetylase complex, interacts with KLF6. Previous investigations
have demonstrated that KLF4 interacts with p300 and recruits the
KLF4-p300 complex to the target gene promoter’s KLF4 binding
site®"%2, It is reasonable to hypothesize that KLF6 interacts with
TAF6L to recruit PCAF and the p300 acetylase complex. Earlier
studies have indicated that a few HATs, including HAT1, KAT2A and
CBP/p300, are capable of catalyzing site-specific lysine succinyla-
tion of histones®>®*, Notably, histone succinylation has been
implicated in the regulation of transcription and tumor develop-
ment®®. Consequently, we used various techniques, including
fluorescence confocal microscopy, co-IP and western blot analysis,
to investigate the molecular events involved. Our findings revealed
that KLF6 recruits PCAF and p300 to increase the succinylation of
H3K23, thereby facilitating FOSL2-mediated upregulation of
SEMA3C. Thus, we successfully confirmed the collaborative
mechanism between KLF6 and FOSL2 in HCT15-FR cells.

Previous studies have demonstrated that SEMA3C mediates the
activation of the Wnt-B-catenin pathway in glioblastoma®.
Moreover, FOSL2 functions as a downstream target gene of the
Wnt-B-catenin pathway*®*’. Based on these findings, we hypothe-
sized that FOSL2 mediates the upregulation of SEMA3C, which, in
turn, stimulates the Wnt-B-catenin signaling axis. To substantiate
this hypothesis, western blot analysis was used to confirm that
SEMA3C indeed triggers the activation of the Wnt-B-catenin/TCF1
pathway and enhances the expression of c-Myc, thereby fostering
resistance to 5-FU in HCT15-FR cells. Furthermore, our data
revealed a decrease in FOSL2 expression after SEMA3C knockdown.
Upon stimulation with Wnt3a-CM, which induces Wnt/B-catenin
activity, we observed the upregulation of FOSL2. However, TCF1
levels remained unaltered despite the increase in FOSL2 after
activation of the Wnt-f-catenin pathway. Based on these
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observations, we deduced that SEMA3C may modulate both
TCF1-dependent and TCF1-independent branches of the
Wnt-B-catenin pathway, leading to the respective upregulation
of ¢-Myc and FOSL2.

Subsequently, rescue assays were performed to determine the
mechanism by which SEMA3C cooperatively affects the interaction
between KLF6 and FOSL2 and the molecular mechanism under-
lying SEMA3C-mediated modulation of FOSL2 or KLF6 functions in
5-FU resistance in HCT15-FR cells.

In conclusion, our study provides deep insights into the
importance of histone posttranslational modifications, notably
the succinylation of histone H3 at lysine 23, within the context of
resistance to 5-FU. Our findings underscore that perturbations in
H3K23 succinylation are intimately associated with differential
gene expression and can modulate key signaling cascades
implicated in oncogenesis. Specifically, the elucidated interplay
between KLF6, TAF6L and FOSL2, along with their regulatory
influences on SEMA3C and the Wnt-f-catenin pathway, enhancing
our understanding of the complex networks underlying cancer
drug resistance. These findings emphasize the critical role of
histone succinylation in oncology and set the stage for future
investigative pursuits and therapeutic developments.

DATA AVAILABILITY

All data supporting the findings of this study are available within the Article and its
Supplementary Information or from the corresponding author upon reasonable
request. All sequencing data have been deposited in the GEO repository under
accession number GSE234735.

REFERENCES

1. Dekker, E., Tanis, P. J,, Vleugels, J. L. A, Kasi, P. M. & Wallace, M. B. Colorectal
cancer. Lancet 394, 1467-1480 (2019).

2. Sung, H. et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71,
209-249 (2021).

3. Hu, T, Li, Z, Gao, C. Y. & Cho, C. H. Mechanisms of drug resistance in colon
cancer and its therapeutic strategies. World J. Gastroenterol. 22, 6876-6889
(2016).

4. Marmol, |, Sanchez-de-Diego, C,, Pradilla Dieste, A., Cerrada, E. & Rodriguez Yoldi,
M. J. Colorectal carcinoma: a general overview and future perspectives in col-
orectal cancer. Int. J. Mol. Sci. 18, 197 (2017).

5. Longley, D. B., Harkin, D. P. & Johnston, P. G. 5-Fluorouracil: mechanisms of action
and clinical strategies. Nat. Rev. Cancer 3, 330-338 (2003).

6. Vodenkova, S. et al. 5-fluorouracil and other fluoropyrimidines in colorectal
cancer: past, present and future. Pharmacol. Ther. 206, 107447 (2020).

7. Sethy, C. & Kundu, C. N. 5-Fluorouracil (5-FU) resistance and the new strategy to
enhance the sensitivity against cancer: Implication of DNA repair inhibition.
Biomed. Pharmacother. 137, 111285 (2021).

8. Liu, J, Huang, Y., Wang, H. & Wu, D. MiR-106a-5p promotes 5-FU resistance and
the metastasis of colorectal cancer by targeting TGFBR2. Int. J. Clin. Exp. Pathol.
11, 5622-5634 (2018).

9. Lai, Q. et al. CTCF promotes colorectal cancer cell proliferation and chemotherapy
resistance to 5-FU via the P53-Hedgehog axis. Aging 12, 16270-16293 (2020).

10. Zhuy, Y. et al. LncRNA NEAT1 remodels chromatin to promote the 5-Fu resistance
by maintaining colorectal cancer stemness. Cell Death Dis. 11, 962 (2020).

11. Zhang, Z. et al. Identification of lysine succinylation as a new post-translational
modification. Nat. Chem. Biol. 7, 58-63 (2011).

12. Liu, J,, Shangguan, Y., Tang, D. & Dai, Y. Histone succinylation and its function on
the nucleosome. J. Cell Mol. Med. 25, 7101-7109 (2021).

13. Zorro Shahidian, L. et al. Succinylation of H3K122 destabilizes nucleosomes and
enhances transcription. EMBO Rep. 22, €51009 (2021).

14. Kaya-Okur, H. S. et al. CUT&Tag for efficient epigenomic profiling of small samples
and single cells. Nat. Commun. 10, 1930 (2019).

15. Kaya-Okur, H. S., Janssens, D. H., Henikoff, J. G, Ahmad, K. & Henikoff, S. Efficient
low-cost chromatin profiling with CUT&Tag. Nat. Protoc. 15, 3264-3283 (2020).

16. Zhang, B, Lin, J,, Zhang, J., Wang, X. & Deng, X. Integrated chromatin accessibility
and transcriptome landscapes of 5-fluorouracil-resistant colon cancer cells. Front.
Cell Dev. Biol. 10, 838332 (2022).

17. Liu, B. et al. The landscape of RNA Pol Il binding reveals a stepwise transition
during ZGA. Nature 587, 139-144 (2020).

SPRINGER NATURE

683



B. Zhang et al.

684

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.

Methods 9, 357-359 (2012).

. Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25,

2078-2079 (2009).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer, 2009).
Zhang, Y. et al. Model-based analysis of ChIP-seq (MACS). Genome Biol. 9, R137
(2008).

Heinz, S. et al. Simple combinations of lineage-determining transcription factors
prime cis-regulatory elements required for macrophage and B cell identities. Mol.
Cell 38, 576-589 (2010).

Ramirez, F., Dundar, F., Diehl, S., Gruning, B. A. & Manke, T. deepTools: a flexible
platform for exploring deep-sequencing data. Nucleic Acids Res. 42, W187-W191
(2014).

Quinlan, A. R. BEDTools: the Swiss-Army tool for genome feature analysis. Curr.
Protoc. Bioinformatics 47, 11.12.1-34 (2014).

Yu, G, Wang, L. G. & He, Q. Y. ChIPseeker: an R/Bioconductor package for ChIP peak
annotation, comparison and visualization. Bioinformatics 31, 2382-2383 (2015).
Chen, H. & Boutros, P. C. VennDiagram: a package for the generation of
highly-customizable Venn and Euler diagrams in R. BMC Bioinformatics 12, 35
(2011).

Yu, G, Wang, L. G, Han, Y. & He, Q. Y. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS 16, 284-287 (2012).

Szklarczyk, D. et al. The STRING database in 2017: quality-controlled protein-
protein association networks, made broadly accessible. Nucleic Acids Res. 45,
D362-D368 (2017).

Kustatscher, G. et al. Co-regulation map of the human proteome enables iden-
tification of protein functions. Nat. Biotechnol. 37, 1361 (2019).

Lin, J. et al. Hypoxia-induced exosomal circPDK1 promotes pancreatic cancer
glycolysis via c-myc activation by modulating miR-628-3p/BPTF axis and
degrading BIN1. J. Hematol. Oncol. 15, 128 (2022).

Lin, J. et al. Oncogene APOL1 promotes proliferation and inhibits apoptosis via
activating NOTCH1 signaling pathway in pancreatic cancer. Cell Death Dis. 12,
760 (2021).

Weinert, B. T. et al. Lysine succinylation is a frequently occurring modification in
prokaryotes and eukaryotes and extensively overlaps with acetylation. Cell Rep. 4,
842-851 (2013).

Heintzman, N. D. et al. Histone modifications at human enhancers reflect global
cell-type-specific gene expression. Nature 459, 108-112 (2009).

Whyte, W. A. et al. Master transcription factors and mediator establish super-
enhancers at key cell identity genes. Cell 153, 307-319 (2013).

Denny, S. K. et al. Nfib promotes metastasis through a widespread increase in
chromatin accessibility. Cell 166, 328-342 (2016).

Lambert, S. A. et al. The human transcription factors. Cell 175, 598-599
(2018).

Wang, D. et al. The transcription factor Runx3 establishes chromatin accessibility
of cis-regulatory landscapes that drive memory cytotoxic T lymphocyte forma-
tion. Immunity 48, 659-674 (2018).

Eferl, R. & Wagner, E. F. AP-1: a double-edged sword in tumorigenesis. Nat. Rev.
Cancer 3, 859-868 (2003).

Papoudou-Bai, A., Hatzimichael, E., Barbouti, A. & Kanavaros, P. Expression pat-
terns of the activator protein-1 (AP-1) family members in lymphoid neoplasms.
Clin. Exp. Med. 17, 291-304 (2017).

Hao, J. et al. Sema3C signaling is an alternative activator of the canonical WNT
pathway in glioblastoma. Nat. Commun. 14, 2262 (2023).

Chen, L. et al. Guizhi Fuling Capsule inhibits uterine fibroids growth by mod-
ulating Med12-mediated Wnt/B-catenin signaling pathway. J. Ethnopharmacol.
290, 115115 (2022).

Gehrke, I, Gandhirajan, R. K. & Kreuzer, K. A. Targeting the WNT/beta-catenin/TCF/
LEF1 axis in solid and haematological cancers: multiplicity of therapeutic options.
Eur. J. Cancer 45, 2759-2767 (2009).

Yochum, G. S., Sherrick, C. M., Macpartlin, M. & Goodman, R. H. A beta-catenin/
TCF-coordinated chromatin loop at MYC integrates 5’ and 3’ Wnt responsive
enhancers. Proc. Natl Acad. Sci. USA 107, 145-150 (2010).

Hovanes, K. et al. Beta-catenin-sensitive isoforms of lymphoid enhancer factor-1
are selectively expressed in colon cancer. Nat. Genet. 28, 53-57 (2001).
Hemmati-Dinarvand, M., Ahmadvand, H. & Seghatoleslam, A. Nitazoxanide and
cancer drug resistance: targeting Wnt/B-catenin signaling pathway. Arch. Med.
Res. 53, 263-270 (2022).

Nayakanti, S. R. et al. Targeting Wnt-f-catenin-FOSL signaling ameliorates right
ventricular remodeling. Circ. Res. 132, 1468-1485 (2023).

Sarode, P. et al. Reprogramming of tumor-associated macrophages by targeting
beta-catenin/FOSL2/ARID5A signaling: a potential treatment of lung cancer. Sci.
Adv. 6, eaaz6105 (2020).

Doumpas, N. et al. TCF/LEF dependent and independent transcriptional regula-
tion of Wnt/B-catenin target genes. EMBO J 38, 98873 (2019).

SPRINGER NATURE

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Li, J. et al. HDAC1/2/3 are major histone desuccinylases critical for promoter
desuccinylation. Cell Discov. 9, 85 (2023).

Kalkhoven, E. CBP and p300: HATs for different occasions. Biochem. Pharmacol.
68, 1145-1155 (2004).

Fauquier, L. et al. CBP and P300 regulate distinct gene networks required for human
primary myoblast differentiation and muscle integrity. Sci. Rep. 8, 12629 (2018).
Ogiwara, H. et al. Targeting p300 addiction in CBP-deficient cancers causes
synthetic lethality by apoptotic cell death due to abrogation of MYC expression.
Cancer Discov. 6, 430-445 (2016).

Bandyopadhyay, D. et al. Down-regulation of p300/CBP histone acetyltransferase
activates a senescence checkpoint in human melanocytes. Cancer Res. 62,
6231-6239 (2002).

Han, Z., Chou, C. W,, Yang, X, Bartlett, M. G. & Zheng, Y. G. Profiling cellular
substrates of lysine acetyltransferases GCN5 and p300 with orthogonal labeling
and click chemistry. ACS Chem. Biol. 12, 1547-1555 (2017).

Wang, X. et al. Global analysis of lysine succinylation in patchouli plant leaves.
Hortic. Res. 6, 133 (2019).

Jing, Y. et al. Semisynthesis of site-specifically succinylated histone reveals that
succinylation regulates nucleosome unwrapping rate and DNA accessibility.
Nucleic Acids Res. 48, 9538-9549 (2020).

Shani, O. et al. Fibroblast-derived IL33 facilitates breast cancer metastasis by
modifying the immune microenvironment and driving type 2 immunity. Cancer
Res. 80, 5317-5329 (2020).

Komura, K. et al. Resistance to docetaxel in prostate cancer is associated with
androgen receptor activation and loss of KDM5D expression. Proc. Natl Acad. Sci.
USA 113, 6259-6264 (2016).

Lambert, S. A. et al. The human transcription factors. Cell 172, 650-665 (2018).
Ortega, E. et al. Transcription factor dimerization activates the p300 acetyl-
transferase. Nature 562, 538-544 (2018).

Tao, H. et al. KIf4 promotes dentinogenesis and odontoblastic differentiation via
modulation of TGF-f signaling pathway and interaction with histone acetylation.
J. Bone Miner. Res. 34, 1502-1516 (2019).

He, M. et al. KLF4 mediates the link between TGF-B1-induced gene transcription
and H3 acetylation in vascular smooth muscle cells. FASEB J. 29, 4059-4070 (2015).
Wang, Y. et al. KAT2A coupled with the a-KGDH complex acts as a histone
H3 succinyltransferase. Nature 552, 273-277 (2017).

Yang, G. et al. Histone acetyltransferase 1 is a succinyltransferase for histones and
non-histones and promotes tumorigenesis. EMBO Rep. 22, e50967 (2021).

ACKNOWLEDGEMENTS

We are grateful for the support of the National Research Center for Translational
Medicine (NRCTM) at Shanghai Rui Jin Hospital. We are grateful for the technical
support of Shanghai Biogene Co., Ltd. 200240.

AUTHOR CONTRIBUTIONS

B.Z. and T.Q. conceived the idea and generated the data. L.Z. and J.L. prepared the
samples and generated the data. T.Q. and B.Z. analyzed the data with assistance from
X.W. and S.Z. T.Q, B.Z. and X.W. wrote the manuscript. X.D. supervised the study and
revised the manuscript. All the authors reviewed and edited the manuscript and
approved the final manuscript.

FUNDING

This study was supported by the National Natural Science Foundation of China (grant
no. 81802369), the National Nature Science Foundation of China (grant no.
82303294), the Shanghai Sailing Program (grant no. 23YF1435400), the Shanghai
Pulmonary Hospital Elite Sailing Program (grant no. fkjy2308) and the Shanghai
Clinical Research Center of Traditional Chinese Medicine Oncology, Science and
Technology Commission of Shanghai Municipality (21MC1930500).

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/512276-025-01424-1.

Correspondence and requests for materials should be addressed to Xuelong Wang,
Leqi Zhou or Xiaxing Deng.

Experimental & Molecular Medicine (2025) 57:667 - 685


https://doi.org/10.1038/s12276-025-01424-1

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Experimental & Molecular Medicine (2025) 57:667 - 685

B. Zhang et al.

SPRINGER NATURE

685


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	KLF6-mediated recruitment of the p300 complex enhances H3K23su and cooperatively upregulates SEMA3C with FOSL2 to drive 5-FU resistance in colon cancer cells
	Introduction
	Materials and methods
	Cell culture and transfection
	CUT&#x00026;Tag
	CUT&#x00026;Tag data processing
	Identification of DERs
	Correlation analysis between DERs and DEGs
	KEGG pathway enrichment analysis and visualization
	TF-binding motif enrichment and occurrence analysis
	PPI network and coexpression analysis of DETFs
	Cell proliferation assay
	Western blotting, immunofluorescence and immunoprecipitation
	ChIP
	Flow cytometric analysis
	Mouse model assay
	Public datasets
	Statistical analysis and data visualization

	Results
	Genome-wide changes in H3K23su were positively correlated with differential gene expression in FR colon cancer cells
	Genome-scale identification of TFs potentially regulating DEGs associated with H3K23su DERs
	FOSL2 and KLF6 are essential for maintaining resistance to 5-FU
	FOSL2 cooperated with KLF6 to regulate SEMA3C expression
	FOSL2 upregulated SEMA3C and c-Myc in HCT15-FR cells via the canonical Wnt–β-catenin signaling pathway
	KLF6 recruited the p300 complex to enhance the succinylation of H3K23
	The decrease in 5-FU resistance induced by FOSL2 knockdown and the increase in 5-FU resistance caused by KLF6 overexpression could be reversed through KLF6 overexpression and p300 knockdown
	FOSL2 or KLF6 knockdown induced a decrease in 5-FU resistance, which could be rescued by SEMA3C overexpression

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




