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Multi-omics elucidation of KDM5C,
KDM6A, and KMT2B roles in cancer
epigenetic dysregulation and
transcriptional reprogramming
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Histone-modifying enzymes (HMEs) are critical regulators of tumorigenesis through epigenetic
reprogramming.While mutations in HMEs are recognized drivers of cancer epigenome dysregulation,
systematic comparative analyses of their mutational impacts and functional divergence across
malignancies remain underexplored. Here, we investigated three HMEs frequently mutated in diverse
cancers: KMT2B (H3K4me3 methyltransferase), KDM5C (H3K4me3 demethylase), and KDM6A
(H3K27me3 demethylase). Using CRISPR/Cas9-engineered HEK293T knockout cell lines, we
performed integrated multi-omics profiling that combined genome-wide chromatin accessibility,
transcriptomics, and chromatin-bound proteomics. Contrary to expectations that KMT2B loss
(H3K4me3 depletion) and KDM5C loss (H3K4me3 accumulation) would induce opposing
transcriptional programs, or that KDM6A deficiency (H3K27me3 accumulation) would exhibit distinct
regulatory effects, our analyses revealed distinct effect of all three HMEmodulations in terms of both
transcriptional output and chromatin-associated proteomic state. Functionally, KDM5C loss
upregulated FOXF2 and downregulated KLF5, implicating the dysregulation of G protein–coupled
receptor pathways; KDM6A loss upregulated JUNB and downregulated TP73, affecting extracellular
matrix regulation; and KMT2B loss upregulated JUN and downregulated HOXA10, impacting on
cytokine signaling. Notably, transcription factors such as PATZ1 and GATA2 were commonly altered
across knockouts. In PANC-1 pancreatic cancer cells, we further confirmed that KDM6A regulates
CDH family genes controlling cell adhesion, thereby promoting migration and invasion. Finally,
integrative analyzes demonstrated strong correlations between promoter accessibility, transcription
factor occupancy, and gene expression, and uncovered cooperation between epigenetic and genetic
drivers. Together, these findings reveal context-dependent functional hierarchies among HMEs and
underscore the necessity of multi-layered analyses to resolve the complexity of epigenetic regulation
in cancer.

Epigenetic dysregulation, particularly aberrant histone methylation, is a
hallmark of cancer1–4. Histone post-translational modifications (PTMs)
dynamically regulate chromatin architecture and transcriptional programs,
where site-specificmethylation acts as a binary switch for gene activation or
repression1,5,6. For example,H3K4me1marks active enhancers,H3K4me3 is

enriched at promoter7–9.H3K27me3 enforcesPolycomb-mediated silencing
to preserve cellular identity10–12. Bivalent domains carrying both H3K4me3
and H3K27me3 further maintain developmental plasticity in pluripotent
and adult stem cells13,14. Cancer cells exploit this plasticity by reshaping
chromatin landscapes through global DNA hypomethylation, focal
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hypermethylation, and redistributionof histonemarks2,15,16. The therapeutic
relevance of histone-modifying enzymes (HMEs) is highlighted by pre-
clinical successes such as EZH2 inhibition, yet their functional interplay in
cancer remains poorly resolved 4,17–19.

A paradoxical feature of cancer epigenetics is the recurrentmutation of
functionally opposing HMEs. For instance, both KMT2B (H3K4me3
methyltransferase) and KDM5C (its demethylase) are mutated in >10% of
squamous carcinomas, while KDM6A (H3K27me3 demethylase) is altered
in >25% of urothelial cancers20–22. These coexisting alterations suggest
oncogenic mechanisms beyond canonical histone mark homeostasis.
Indeed, HME mutations can exert lineage-specific and sometimes para-
doxical effects—for example, KDM5C loss can upregulate tumor sup-
pressors, whereas KMT2B lossmay either promote or block differentiation.
Such variability implies that HMEs act within broader transcription factor
(TF)–driven circuits, but the identity and hierarchy of these networks
remain elusive.

Multi-omics integration offers a powerful framework to address this
complexity by linking chromatin accessibility, transcriptional states, and
proteomic interactions into unified regulatory maps23,24. Landmark studies
have applied this paradigm tobreast, oral, andpan-cancer cohorts, revealing
enhancer activation, chromatin reorganization, and cancer-specific reg-
ulatory drivers25,26. Yet,most efforts focus on singleHMEs or heterogeneous
patient cohorts, leaving unresolved how distinct HME mutations compar-
ably reshape chromatin states and transcriptional programs in controlled,
isogenic settings. Systematic, head-to-head analyzes are essential to disen-
tangle context-dependent functions of HMEs and to reveal mechanistic
vulnerabilities that may be exploited therapeutically.

To systematically investigate how distinct histone-modifying enzymes
(HMEs) coordinate transcriptional regulation in oncogenesis, we generated
isogenic CRISPR/Cas9 knockout lines ofHEK293T cells targeting KDM5C,
KDM6A, and KMT2B. This experimental paradigm enables comparative
multi-omics profiling (ATAC-seq, chromatin-bound proteomics, and
transcriptomics) under controlled genetic backgrounds, circumventing
confounding intercellular heterogeneity. Our integrative analysis reveals
three fundamental insights. It shows that each HME governs unique
chromatin accessibility patterns at promoters and enhancers that extend
beyond canonical histonemark deposition/removal.Meanwhile, chromatin
proteomics revealed distinct sets of transcription factors (TFs) recruited by
each HME, implicating enzyme-specific mechanisms for chromatin reor-
ganization. These findings establish a paradigm for decoding context-
specific epigenetic regulation while providing mechanistic insights into
cancer-associated chromatin remodeling processes.

Results
KDM5C, KDM6A and KMT2B show high mutation frequency in
different tumors
KDM5C, KDM6A, and KMT2B exhibit frequent genetic alterations across
diverse human malignancies, as evidenced by their inclusion among the top
20 most frequently mutated genes in specific cancer types (Fig. 1a and
Supplementary Fig. 1a, b)27,28. The majority of these mutations are char-
acterized as truncating or missense variants, strongly suggesting functional
inactivation (Supplementary Fig. 1c). Analysis of expression patterns in
mutated samples reveals distinct trends: demethylases KDM5C andKDM6A
demonstrate prominent downregulation across most cancer types, while the
methyltransferase KMT2B shows upregulation in various malignancies
(Fig. 1b–d and Supplementary Fig. 2a–c), which is consistent with their high
mutations in cancer tissues as shown in Fig. 1a. Notably, these enzymes also
serve as prognostic biomarkers in multiple cancer contexts. For instance,
reduced expression of KDM5C and KDM6A correlates with adverse survival
outcomes in Bladder Urothelial Carcinoma (BLCA) patients from The
Cancer Genome Atlas (TCGA) cohort, whereas elevated KMT2B expression
predicts poor prognosis in Adrenocortical Carcinoma (ACC) (Supplemen-
tary Fig. 3a–c). These findings collectively implicate KDM5C, KDM6A, and
KMT2B as critical regulators of tumorigenesis, with their dysregulation
potentially driving distinct oncogenic processes through opposing expression

dynamics. The observed mutational patterns and prognostic associations
underscore the need for further mechanistic investigation into their roles in
chromatin remodeling and cancer progression.

CRISPR-mediated depletion of KDM5C, KDM6A, and KMT2B
alters histone modifications and drives phenotypic reprogram-
ming in cells
To elucidate the functional contributions of KDM5C, KDM6A, and
KMT2B to tumorigenesis, we employed CRISPR/Cas9 genome-editing
technology to generate knockout (KO) cell lines for each gene (Supple-
mentary Fig. 4a–c). Specifically, HEK293T cells were chosen as the model
system because they display moderate expression of the three HMEs
examined, making them well-suited for single-gene KO generation and
controlled comparison of their epigenetic functions. Given the enzymatic
activities of these proteins, we assessed the levels of their corresponding
histone modification targets via western blot analysis in the KO cell lines.
Consistent with their enzymatic roles, H3K4me3 levels were elevated in
KDM5CKO cells and reduced in KMT2BKO cells, while H3K27me3 levels
increased inKDM6AKO cells (Fig. 2a–c, Supplementary Fig. 5a–f). Biological
phenotypic analysis indicated that ablation of KDM5C, KDM6A, or
KMT2B uniformly suppressed cellular proliferation (Fig. 2d–g). However,
onlyKDM6Adeficiency enhanced cellmigration (Fig. 2h, i), whereas loss of
KDM5C or KMT2B had no discernible impact on migratory capacity
(Supplementary Fig. 6a, b). Our results indicate that although KDM5C,
KDM6A, and KMT2B exert distinct effects on histone methylation,
knockout of each enzyme consistently alters cell proliferation, implying
their involvement in divergent regulatory mechanisms.

CRISPR-mediated knockout of KDM5C, KDM6A, and KMT2B
induces genome-wide alterations in chromatin accessibility
To investigate the interplay between transcriptomic dysregulation and epi-
genetic remodeling induced by the knockout of KDM5C, KDM6A, and
KMT2B, we performed Assay for Transposase-Accessible Chromatin using
sequencing (ATAC-seq) on the three knockout cell lines to evaluate changes
in chromatin accessibility. Ablation of KDM5C resulted in genome-wide
alterations in chromatin accessibility at approximately 2029 loci
(|log2FC| > 0.263, FDR< 0.05), with 70% of these significantly altered
ATAC-seq peaks exhibiting increased accessibility and 30% showing
decreased accessibility (Fig. 3a and Supplementary Data 1). Similarly,
KDM6A deficiency led to chromatin accessibility changes at 2,077 sites
(|log2FC| > 0.263, FDR< 0.05), with 27% of peaks displaying increased
accessibility and 73% decreased accessibility (Fig. 3b and Supplementary
Data 1). Loss of KMT2B induced accessibility changes at 2753 loci
(|log2FC| > 0.263, FDR< 0.05), with 42% of peaks showing increased
accessibility and 58% decreased accessibility (Fig. 3c and Supplementary
Data 1). The majority of differentially accessible regions were localized to
promoters, introns, intergenic regions, and exons (Fig. 3d). Notably,
KDM5C depletion enhanced chromatin accessibility at promoter regions,
consistent with the observed elevation in H3K4me3 levels in KDM5CKO cells
(Fig. 3e). Conversely, KMT2B ablation reduced promoter accessibility,
mirroring the decrease in H3K4me3 levels in KMT2BKO cells (Fig. 3e).
KDM6A deficiency decreased accessibility at both promoter and intron
regions, reflecting the increased H3K27me3 levels in KDM6AKO cells
(Fig. 3e). These alterations in chromatin accessibility might indicate changes
in chromatin-binding proteins, which subsequently leads to modifications in
the transcriptional regulation of downstream genes.

To identify key transcription factors (TFs) driving oncogenic gene
expression following KDM5C, KDM6A, or KMT2B loss, we conducted
motif analysis on differentially accessible ATAC-seq peaks at promoter
regions using MEME Suite (version 5.5.7)29. Regions with increased acces-
sibility upon KDM5C or KDM6A depletion were enriched for binding
motifs of the SP/KLF and STAT transcription factor families (Fig. 4a, b and
Supplementary Data 2), which contributed to oncogenesis in previously
report30–32, aligning with the upregulation of cancer-related pathways
(Fig. 5f, g). Although regions with increased accessibility upon KDM5C or
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Fig. 1 | KDM5C, KDM6A, KMT2B are frequently altered genes in various
cancer types. a The mutated frequencies of KDM5C, KDM6A, KMT2B in different
human tissue cancer types as described in COSMIC v101. b–d Frequency of

expression trends of KDM5C, KDM6A, KMT2B in different human tissue cancer
types. Data were obtained from the TCGA dataset via cBioPortal.
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Fig. 2 | The roles of KDM5C, KDM6A and KMT2B in epigenomic landscape, cell
proliferation and migration. a Immunoblot analyses of KDM5C and H3K4me3 in
KDM5CKO cells. b Immunoblot analyses of KDM6A and H3K27me3 in KDM6AKO

cells. c Immunoblot analyses of KMT2B and H3K4me3 in KMT2BKO cells.

d Representative microscopic images of KDM5CKO, KDM6AKO and KMT2BKO cells.
Bar: 100 μm. e–g Effect of KDM5C, KDM6A and KMT2B knockout on cell pro-
liferation was examined by MTT assays. h Representative images and
i quantification of cell migration of KDM6AKO cells. Bar: 200 μm. ****p < 0.0001.
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KDM6A depletion were both enriched for binding motifs of STAT tran-
scription factor families, KDM5C depletion enriched for three STAT
transcription factors STAT1, STAT2, STAT3, while KDM6A depletion
enriched for only STAT1 and STAT2 andmost of these bindingmotifs were
located at the different genes (Supplementary Fig. 7a, b). Whereas, regions
altered by KMT2B loss were enriched for SP/KLF and AP1 (JUN/FOS)
family TF motifs (Fig. 4c and Supplementary Data 2), consistent with the
upregulation of apoptosis-related transcriptional pathway (Fig. 5h). Col-
lectively, these data demonstrate that the loss of KDM5C, KDM6A, or
KMT2B induces chromatin accessibility changes that potentiate oncogenic
transcriptional programs.

Chromatin proteome remodeling in KDM5C, KDM6A, and
KMT2Bknockoutcells revealsalterations inchromatindynamics
and transcriptional regulation
Histone post-translationalmodifications (PTMs) serve as critical regulators
of chromatin dynamics by recruiting effector proteins that orchestrate

downstream processes such as transcription, recombination, replication,
DNA repair, and genomic architecture modulation33,34. Dysregulation of
these modifications has been implicated as oncogenic drivers1,6,10,33,35. Given
the genome-wide alterations in chromatin accessibility observed in
KDM5CKO, KDM6AKO, and KMT2BKO cells, particularly through changes
in H3K4me3 and H3K27me3 levels, we hypothesized that the loss of these
epigenetic modifiers would also induce substantial shifts in the chromatin-
binding proteome. To investigate this, we conducted proteomic profiling of
chromatin-associated proteins in KDM5CKO, KDM6AKO, and KMT2BKO

cells (Fig. 4d).
In KDM5CKO cells, we identified ~4610 chromatin-binding proteins,

with 248 proteins showing decreased abundance and 226 exhibiting
increased abundance (|log2FC| > 0.263, FDR < 0.05) relative to wild-type
(WT) cells (Fig. 4e and Supplementary Data 3). Similarly, KDM6AKO cells
displayed ~4820 chromatin-binding proteins, among which 836 were
downregulated and 733 were upregulated (|log2FC| > 0.263, FDR < 0.05)
(Fig. 4f and Supplementary Data 3). In KMT2BKO cells, ~4560 chromatin-

Fig. 3 | Loss of KDM5C, KDM6A or KMT2B induced a genome-wide changes in
chromatin accessibility that correlates with transcriptomic dysregulation. MA
plot of ATAC-seq peaks comparing KDM5CKO to WT cells (a), KDM6AKO to
WT cells (b), and KMT2BKO to WT cells (c). The numbers of peaks with significant
changes (|log2FC| > 0.263, FDR < 0.05, redpoints) were shown. d Pie charts showed
the percentage of differentially accessible ATAC-seq peaks (|log2FC| > 0.263,
FDR < 0.05) at promoter, intronic, intergenic and exonic regions. e Heat map of

differentially accessible ATAC-seq peaks described in a (|log2FC| > 0.263, FDR <
0.05) in a 5-kilobase (kb) window grouped by localization at promoter, intron and
intergenic regions. fDistribution of chromatin accessibility changes associated with
significantly upregulated (red) or downregulated (blue) genes comparing
KDM5CKO, KDM6AKO, KMT2BKO, with WT cells. p values were calculated using a
two-sided Kolmogorov–Smirnov (KS) test comparing peaks associated with dif-
ferentially expressed genes to all genes.
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binding proteins were detected, with 848 decreased and 1022 increased
proteins compared to WT cells (|log2FC| > 0.263, FDR < 0.05) (Fig. 4g and
Supplementary Data 3). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis of the chromatin-bound proteome
revealed widespread changes in transcription factors associated with cell
cycle regulation, hormone signaling, and infection-related pathways, indi-
cating that depletion of KDM5C, KDM6A, and KMT2B primarily
disrupts transcriptional regulation (Supplementary Fig. 8). Collectively,
these findings show that loss of KDM5C, KDM6A, and KMT2B induces
extensive reprogramming of the chromatin-binding proteome, highlighting
their critical roles in maintaining epigenetic and transcriptional
homeostasis.

Transcriptomic dysregulation arising fromKDM5C, KDM6A, and
KMT2B deficiency
To elucidate the impact of chromatin remodeling on cancer-related signaling
pathways, we conducted transcriptomic analyzes of the three knockout (KO)
cell lines and identified differentially expressed genes (DEGs) compared to
wild-type (WT) cells (Fig. 5a–e and Supplementary Data 4). Notably,
KDM5C knockout led to a distinct transcriptomic shift, with 1045 genes

significantly upregulated and 869 genes downregulated (|log2FC| > 0.585,
FDR< 0.05) (Fig. 5c and Supplementary Data 4). This pattern was consistent
with the observed elevation in the transcription elongation marker
H3K4me3 (Fig. 2a). In contrast, KDM6A knockout resulted in the upre-
gulation of 1119 genes and downregulation of 1317 genes (|log2FC| > 0.585,
FDR< 0.05) (Fig. 5d and Supplementary Data 4), aligning with the increased
levels of the transcriptional repressive marker H3K27me3 (Fig. 2b). Mean-
while, KMT2B deficiency induced 1222 upregulated genes and 1365
downregulated genes (|log2FC| > 0.585, FDR< 0.05) (Fig. 5e and Supple-
mentary Data 4), reflecting the decreased levels of the transcription elon-
gationmarker H3K4me3 (Fig. 2c). Gene Set Enrichment Analysis (GSEA) of
the RNA-seq data revealed significant enrichment of several cancer-related
signaling pathways in the KO cells, including the regulation of response to
type II interferon, cell-cell adhesion, and the regulation of endothelial cell
apoptotic processes (Fig. 5f–h). Moreover, KMT2B knockout led to com-
pensatory upregulation of several related HMEs, including KDM5A/B/C,
KDM6A, and KMT2C/D, at both RNA and chromatin-bound protein levels
(Supplementary Fig. 9). Venn analysis of RNA-seq differentially expressed
genes (DEGs) across KDM5C, KDM6A, and KMT2B knockouts further
revealed a subset of commonly regulated targets (Supplementary Fig. 10),

Fig. 4 | Loss of KDM5C, KDM6A or KMT2B induced genome-wide epigenetic
reprogramming by altering the chromatin binding proteome. The 15 most sig-
nificantly enriched transcription factor (TF) bindingmotifs in open (red) and closed
(blue) chromatin promoter region peaks comparing aKDM5CKO, bKDM6AKO, and
c KMT2BKO to WT cells. dHeatmap of chromatin binding proteome of KDM5CKO,
KDM6AKO or KMT2BKO cells. Volcano plots of chromatin binding proteome

comparing e KDM5CKO, f KDM6AKO, and g KMT2BKO to WT cells. The chromatin
binding proteins with significant changes are highlighted (|log2FC| > 0.263, FDR <
0.05); red, up-regulated; blue, down-regulated.hTheTFswith significant changes in
both chromatin binding proteome and differentially accessible chromatin regions.
The bubble size shows the -log10(p value) of TFs and the color conveys the fold
change of TFs in chromatin binding proteome.
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suggesting that these enzymes may function in cooperative or partially
redundant networks. Such interplay likely contributes to cancer initiation
and progression and warrants further investigation.

Collectively, these findings demonstrate that the loss of KDM5C,
KDM6A, and KMT2B triggers epigenetic remodeling and transcriptomic
dysregulation, thereby promoting oncogenic transformation.

Oncogenic transcriptional reprograming via chromatin-binding
proteome dysregulation in KDM5C, KDM6A, and KMT2B
knockout cells
To elucidate the interplay between chromatin accessibility dynamics and
transcriptional output, we integrated ATAC-seq data with RNA-seq pro-
files. Overall, we observed a clear correlation between alterations in chro-
matin accessibility and gene expression patterns: genes that were
upregulated were associated with increased chromatin openness, whereas
downregulated genes correlated with chromatin closure (Fig. 3f).

To identify the key TFs that regulate oncogenic transcriptional programs
induced by the loss of KDM5C, KDM6A, and KMT2B, we compared TFs
predicted from differential chromatin accessibility peaks at promoter regions
with differentially expressed proteins identified in the chromatin-binding
proteome (Supplementary Fig. 11a–c). In KDM5CKO cells, we identified 3 co-
upregulated and 2 co-downregulated TFs; in KDM6AKO cells, 12 co-
upregulated and 21 co-downregulated TFs were found; and in KMT2BKO

cells, 21 co-upregulated and 20 co-downregulated TFs were observed (Sup-
plementary Fig. 11a–c). The majority of these TFs exhibited cell-type speci-
ficity, while a few were common across all three knockout cell lines (Fig. 4h).
Examples of cell-specific TFs included FOXF2 and KLF5 in KDM5CKO cells,
KLF16, TP73, and JUNB in KDM6AKO cells, and JUN, NFIC, and HOXA10
in KMT2BKO cells. Notably, TFs such as PATZ1 and GATA2 were common
across all three knockout cell lines. It is important to highlight that several of
these TFs, including members of the JUN and HOX families, TP73, and
GATA2, have been implicated in cancer-related processes36–39.

Fig. 5 | Loss of KDM5C, KDM6A or KMT2B induced transcriptomic dysregu-
lation associated with cancer transition. aHeatmap and b PCA of gene expression
data of KDM5CKO, KDM6AKO or KMT2BKO cells. c A scatter plot comparing the
log2(TPM+ 1) values for RNA-seq data in HEK293T cells and KDM5CKO cells. A
total of 1045 and 869 transcripts were significantly (|log2FC| > 0.585, FDR < 0.05)
up- and downregulated, respectively, in KDM5CKO cells. dA scatter plot comparing
the log2(TPM+ 1) values for RNA-seq data in HEK293T cells and KDM6AKO cells.
A total of 1119 and 1317 transcripts were significantly (|log2FC| > 0.585, FDR < 0.05)

up- and downregulated, respectively, in KDM6AKO cells. e A scatter plot comparing
the log2(TPM+ 1) values for RNA-seq data inHEK293T cells andKMT2BKO cells. A
total of 1222 and 1365 transcripts were significantly (|log2FC| > 0.585, FDR < 0.05)
up- and downregulated, respectively, in KMT2BKO cells. Bar plot of significantly
enriched pathways identified by Gene Set Enrichment Analysis (GSEA) comparing
KDM5CKO toWT cells (f), KDM6AKO toWT cells (g), and KMT2BKO toWT cells (h)
using the indicated gene sets; NES normalized enrichment score.
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To validate the target genes of each TF, we utilized TF-specific chro-
matin immunoprecipitation followed by sequencing (ChIP-seq) data from
the ENCODE project40 and investigated the regulatory relationships
between these TFs and their target genes, referred to as regulons, in
KDM5CKO, KDM6AKO, and KMT2BKO cells. This analysis revealed con-
cordant gene expression patterns between TFs and their targets (Fig. 6a–c),
with each analysis encompassing the top 1500 target genes. For instance,
compared to WT cells, the target gene sets of the upregulated TF GATA2
exhibited enhanced activity in KDM5CKO cells, while the target gene sets of
the downregulated TF TP73 showed decreased activity in KDM6AKO cells,
and the target gene sets of the upregulated TF JUNdisplayed altered activity
inKMT2BKO cells (Fig. 6a–c). Additionally, we found that the target genes of
knockout-specific regulons were enriched in cancer-specific pathways
(Fig. 6d–f), indicating their involvement in oncogenic processes. These
results validate the connections among target gene expression, chromatin
accessibility, and TF activity.

KDM6A depletion alters cell adhesion gene expression, enhan-
cing migration and invasion in PANC-1 Cells
Given that HEK293T-KDM6AKO cells exhibited enhanced cell migration
and enrichment of the cell-cell adhesion pathway in Gene Set Enrichment

Analysis (GSEA), we investigated the mRNA levels of several cell adhesion
genes. We observed upregulation of CDH2 and CDH12, whereas CDH3
expression was downregulated in KDM6AKO cells (Fig. 7b, c). Corre-
spondingly, the promoter regions of CDH2, and CDH12 displayed
increased chromatin accessibility, while the promoter region of CDH3
showed reduced accessibility in KDM6AKO cells (Fig. 7a). These findings
align with previous reports indicating that CDH2 and CDH12 act as
promoters41,42, while CDH3 functions as an inhibitor of cell migration43.
These results suggest that the loss of KDM6A mediates alterations in
chromatin accessibility at the promoter regions of cell adhesion genes,
thereby enhancing the migratory capacity of KDM6AKO cells.

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most
lethal malignancies, with a 5-year survival of less than 11%44, and recent
whole-genome sequencing analysis of PDAC showed frequentmutations in
KDM6A (Fig. 1b, e)45. We selected the PANC-1 cell line because it retains
functional KDM6A, providing a suitable model to generate knockout lines
and study its role in this cancer context. To further validate our findings, we
silenced KDM6A in pancreatic cancer PANC-1 cells using lentiviral
transduction (SupplementaryFig. 12a, b). Subsequently,we assessed the role
of KDM6A in pancreatic cancer cell migration and invasion. Wound
healing and transwell invasion assays demonstrated that KDM6A

Fig. 6 | Chromatin binding transcription factor changes in KDM5CKO,
KDM6AKO or KMT2BKO cells regulated oncogenic transcriptional output.
a Downstream genes of transcription factors (TF) GATA2 and FOXF2 were upre-
gulated at an overall level in KDM5CKO cells. The gene set are the top 1500 of TF
target genes. *0.01 ≤ p < 0.05; ****p < 0.0001. b Downstream genes of KLF16 were
upregulated, while downstreamgenes of TP73were downregulated at an overall level

in KDM6AKO cells. c Downstream genes of JUN and NFIC were upregulated at an
overall level in KMT2BKO cells. d Gene set enrichment analysis (GSEA) plots of
GATA2 and FOXF2 target genes comparing KDM5CKO toWT cells. eGSEA plots of
KLF16 and TP73 target genes comparing KDM6AKO to WT cells. f GSEA plots of
JUN and NFIC target genes comparing KMT2BKO to WT cells.
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Fig. 7 | KDM6A loss of function induces the promoter regions accessibility
changes of CDH2, CDH3, and CDH12 to promote PANC-1 migration and
invasion. a Integrative genomic viewer (IGV) snapshot of accessible chromatin
peaks at CDH2, CDH3, and CDH12 gene promoter regions in KDM6AKO and
WT cells. b Relative expression of CDH2, CDH3, and CDH12 genes from RNA-seq
data. Relative expression of CDH2, CDH3, and CDH12 genes was assessed in

c HEK293T-KDM6AKO and d PANC-1-shKDM6A cells by real-time fluorescent
quantitative PCR (RT–qPCR). e, f Representative images and quantifications of
migration capability of control and PANC-1-shKDM6A cells by wound healing
assay. Bar: 200 μm. g, h Representative images and quantifications of invasion
capability of control and PANC-1-shKDM6A cells by transwell assay. Bar: 100 μm.
****p < 0.0001.
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knockdown promoted bothmigration and invasion capabilities in PANC-1
cells (Fig. 7e–h). Consistently, the expression levels of CDH2, CDH3, and
CDH12 were also altered in KDM6A-knockdown PANC-1 cells (Fig. 7d).
Collectively, these data indicate that the loss of KDM6A induces changes in
the expression of cell adhesion genes, thereby promoting cell migration and
invasion.

Discussion
Classical tumor biology posits that transcriptomic dysregulation is a
defining feature of cancer, underpinning critical processes such as uncon-
trolled proliferation, invasion, and metastasis15. Epigenetic modifiers,
including KDM5C, KDM6A, and KMT2B, are frequently mutated across
diverse cancer types, yet their functional roles in shaping the cancer epi-
genome and transcriptome remain incompletely understood. In this study,
we systematically investigated the consequences of depleting KDM5C,
KDM6A, or KMT2B in a unified cellular context, revealing distinct yet
interconnected mechanisms by which these enzymes modulate chromatin
accessibility, transcription factor (TF) binding dynamics, and oncogenic
gene expression programs.

Our findings reveal that depletion of KDM5C, KDM6A, or KMT2B
produces distinct but interconnected effects on chromatin and transcrip-
tion. This is consistentwith priorwork showing that individualHMEsoften
act in pathway- and context-specific manners rather than through broad,
global shifts in histone methylation. For example, Leng et al. demonstrated
that KDM6A cooperates with KMT2B to regulate transcriptional networks
in lung cancer46, while Seehawer et al. uncovered a KDM6A–MMP3 axis
driving metastasis upon KMT2C/D loss in breast cancer47. Our study
extends these findings by showing that, even in isolation, each enzyme
directs unique TF networks and cancer-relevant pathways, yet also displays
compensatory and overlapping functions, reflected in the upregulation of
related HMEs and shared sets of differentially expressed genes.

Importantly, our multi-omic approach highlights the central role of
TFs as mediators between chromatin remodeling and oncogenic gene
expression. The observation that TFs such as PATZ1 and GATA2 are
regulated in opposite directions depending on the HME context under-
scores both the therapeutic potential and complexity of targeting TF net-
works. Rather than acting as universal oncogenic or tumor-suppressive
switches, their activity is highly context dependent, echoing recent calls for
precision epigenetic strategies that take cellular state into account.

Functionally, KDM6A knockdown in PANC-1 cells enhanced
migration and invasion, accompanied by dysregulation of cadherin family
genes (e.g., CDH2, CDH3, CDH12). Chromatin proteomics revealed
marked shifts in TF occupancy upon HME loss, consistent with changes in
chromatin accessibility. For instance, SATB1, JUNB, and JUND were
upregulated in KDM6A-deficient cells, likely driving CDH2 activation and
epithelial–mesenchymal transition48–50. These observations highlight how
HME perturbations reshape TF binding landscapes, thereby amplifying or
attenuating oncogenic transcriptional programs.

In summary, our work provides a comprehensive resource that
situates KDM5C, KDM6A, and KMT2B within the broader landscape of
epigenetic control of oncogenesis. By defining how these enzymes reshape
chromatin accessibility and TF occupancy, we highlight candidate reg-
ulatory nodes thatmay serve as therapeutic entry points. At the same time,
the observed context dependence cautions against simplistic targeting
strategies and underscores the need for further in vivo anddisease-specific
studies to translate these mechanistic insights into precision epigenetic
therapies.

Methods
Cell lines
HEK293T and PANC-1 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Thermo fisher) with 10% fetal bovine serum (FBS,
Adamas life) and 1% (v/v) penicillin-streptomycin solution (Beyotime).
AsPC1 cells were cultured in RPMI-1640 medium which contained with
10% fetal bovine serum (FBS, Adamas life) and 1% (v/v) penicillin-

streptomycin solution (Beyotime). All cells were maintained at 37 °C in a
humidified incubator containing 5% CO2.

KDM5CKO, KDM6AKO or KMT2BKO cells were generated by CRISPR/
Cas9-mediated genome editing. The phenotype of knockout isolated clones
was analyzed by western blots and their genotype was confirmed by Sanger
DNA sequencing.

RNA sequencing and quantitative real-time RT-PCR
Total RNAwas extracted using PromegaTotal RNAKit (Promega, LS1040)
and quantified. Reverse transcription was performed using Reverse Tran-
scriptase (Bioshare, SB-RT001) for cDNAsynthesis. The sequencing library
was prepared by Novogene company, and the RNA sequencing was per-
formed on a Novaseq-PE150 (Novogene, Beijing).

Raw paired-end sequencing data were processed as follows: First,
FastQC (v0.7.2) was employed to assess the quality of the sequences. Next,
cutadapt (v5.0) was utilized to remove sequencing adapters and low-quality
bases. The cleaned reads were then aligned to the human reference genome
(hg38) using the STAR aligner (v2.7.11a) and annotated with the GEN-
CODE v46. Raw read counts values were generated with featureCounts
(v2.1.1). To identify differentially expressed genes (DEGs) between control
and treatment conditions, raw RNA-seq count data were processed using
the DESeq2 R package (v1.46.0) with the following statistical cutoff: |
log2FC| > 0.585, FDR < 0.05.

RT-qPCR was carried out using 2×Universal SYBR Green qPCR
Premix (Vazyme,Q312-02)on theCFXOpus96RT-qPCRdetection system
(Bio-Rad), following the manufacturer’s recommended procedures. Pri-
mers used for RT-qPCR are listed in Supplementary Data 5.

GSEA analysis
All genes were first ranked based on expression patterns. Gene Set
Enrichment Analysis (GSEA) was then conducted using the clusterProfiler
R package (v 4.14.4), primarily focusing on Gene Ontology (GO) enrich-
ment to identify key biological processes associated with the RNA-seq data.

ATAC-seq library preparation and sequencing
ATAC-seq librarieswere generated as previously described51. Briefly, 50,000
cells were collected at 500 × g for 5min, whichwas followed by awash using
50 µl of cold 1×PBS and centrifugation at 500 × g for 5min. Cells were lysed
using cold lysis buffer (10mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM
MgCl2 and0.1%IGEPALCA-630), then centrifuged for 10min at 500 × g to
collect nuclei. Resuspend cell pellet in 50 ul of transpositionmixture (25 µl 2
× TD buffer, 2.5 µl transposase (100 nM final), 16.5 µl PBS, 0.5 µl 1% digi-
tonin, 0.5 µl 10% Tween-20, 5 µl H2O) by pipetting up and down 6 times.
Incubate reaction at 37 °C for 30min in a HUXImixer (HUXI, Shanghai)
with 1000 RPM mixing. Transposition reactions were cleaned up with a
UNIQ-10 Column MicroDNA Gel Extraction Kit (Songon Biotech,
Shanghai). Libraries were amplified with Illumina Nextera sequencing
primers in the same manner as previous52. Libraries were sequenced on a
Novaseq-PE150 (Novogene, Beijing). Primers used for ATAC-seq are listed
in Supplementary Data 5.

ATAC-seq data analysis
Paired-end sequencing reads were processed using Cutadapt (v4.9) to
remove adapter sequences and bases with quality scores below 30. Read
quality was assessed before and after trimming using FastQC (v0.7.2).
Trimmed reads were aligned to the human reference genome (hg38) using
Bowtie2 (v2.5.3). Resulting BAM files were filtered with BAMTools (v2.5.2)
to remove alignments with mapping quality (MAPQ) scores below 30 and
reads mapped to the mitochondrial genome. PCR duplicates were subse-
quently removedusingPicardMarkDuplicates (v3.1.1.0). FilteredBAMfiles
were converted to BED format, and peak calling was performed using
MACS2 (v2.2.9.1, parameters --shift -100 --extend 200). The adjusted p-
value cut-off for peakdetectionwas 0.05. For genomic annotationofATAC-
seq peaks, the ChIPseeker R package (v1.42.1) was applied, using the
TxDb.Hsapiens.UCSC.hg38.knownGene database to associate peaks with
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proximal genes. Promoters were defined as the 3000 bp region upstream of
the transcription start site. BigWig files were generated using bamCoverage
(--bin-50) from the deeptools (v3.5.4), with normalization to counts per
million mapped reads. For genome-wide visualization, we utilized the
Integrated Genome Browser (v2.19.1).

To identify differentially accessible regions (DARs) betweenHEK293T
and other groups, we used the R package DiffBind (version 3.16.0). Data
normalization was applied prior to analysis using the DBA_NORM_LIB
method implemented in DiffBind. Differential accessibility analysis was
then performed using the edgeR statistical method. The following criteria
were applied to define significantly differentially accessible regions: |
log2FC| > 0.263, FDR < 0.05.

The computematrix fromdeeptools(v3.5.4)was used in referencePoint
“center”mode to calculate read enrichment in a5000 bpwindowaround the
center of each region. Accessibility levels were visualized as heatmaps with
the plotHeatmap function in deeptools.

Identifying differentially accessible TF motifs using ATAC-
seq data
For transcription factormotif prediction fromATAC-seqdata, we extracted
DNA sequences from the differentially accessible regions and performed
motif enrichment analysis using the Automated Motif Extraction (AME)
module in theMEME Suite (version 5.5.7). The JASPAR database was used
formotif enrichment.Otherparameterswere set to default. The significance
of the identified transcription factor motifs was assessed based on p value,
and only motifs with p < 0.01 were considered statistically significant.

Direct binding profiling of TFs to target genes using ENCODE
ChIP–seq datasets
Transcription factor (TF) target gene sets were curated from publicly
available ChIP-seq datasets in the ENCODE Transcription Factor Targets
Database (ENCODE Project Consortium, 2012) and Cistrome DB. Speci-
fically, the following ENCODE datasets were used: ENCFF109ADF,
ENCFF409YKQ, ENCFF303TSY, ENCSR747VUU, and ENCSR000BQX.
Additionally, the dataset GSM501690 from Cistrome DB was integrated
into the analysis. Peak files (BED format) were annotated using the ChIP-
seeker R package. Peakswhich overlapping promoter regionswere retained,
and their associated genes were compiled as candidate TF targets for
downstream analysis.

Proteomics of chromatin-binding proteins
Chromatin fractionation was performed following the previously
described procedures53. The cells were lysed using a cytoplasmic lysis
buffer (10 mM Tris-HCl, pH 8.0, 0.34M sucrose, 3 mM CaCl2, 2 mM
MgCl2, 0.1 mM EDTA, 1 mM DTT, 0.5% NP-40, protease inhibitor
mixture) for 30 min on ice. The intact nuclei were subsequently collected
by centrifugation at 5000 rpm for 2 min. The nuclear pellets were then
homogenized in a nuclear lysis buffer (20mM HEPES, pH 7.9, 1.5 mM
MgCl2, 1 mM EDTA, 150mM KCl, 0.1% NP-40, 1 mM DTT, 10% gly-
cerol, protease inhibitor mixture). After centrifugation at 14,000 rpm for
30min, the chromatin-enriched pellet fraction was incubated in a chro-
matin isolation buffer, which contained 20mMHEPES (pH 7.9), 1.5 mM
MgCl2, 150mM KCl, 10% glycerol, protease inhibitor mixture and 0.15
unit/μl benzonase (Sigma), on ice for 2 hwith gentle resuspension in every
10min. After centrifugation at 5000 rpm for 2 min, the supernatant was
collected as the chromatin fraction.

Protein digestion and peptide clean-up. Then the chromatin fraction
proteins were digested, following a previously published protocol54. For each
sample, 100 μg of protein were run in 10% SDS-PAGE gels until the dye
front was 1 cm from the bottom for higher reproducibility. Dehydrated gel
pieces were reduced with 10mM dithiothreitol (DTT, Adamas, China) at
37 °C for 60min, alkylated with 30mM iodoacetamide (IAA) (Sigma-
Aldrich, 16125-25G) in the dark at room temperature for 30min, and
digested with 2 ng/μl of trypsin (Thermo Fisher Scientific) in 25mM
NH4HCO3 overnight at 37 °C. Resulting peptide mixtures were cleaned

using Empore Stage Tips (6091, CDS Analytical, US) and dried using the
SpeedVac Vacuum concentrator (ThermoFisher Scientific).

LC-MS/MS analyzes. The dried peptide samples were re-dissolved with
0.1% FA and further analyzed by electrospray liquid chromatography-
tandemmass spectrometry using an Orbitrap Eclipse™Tribrid™ coupled with
Vanquish™ Neo UHPLC (Thermo Fisher Scientific). A total of 500 ng of
samples were injected onto the peptide trap column and washed with a
loading buffer (0.1% formic acid in water). The samples data were acquired
using Data Independent Acquisition (DIA). DIAMS parameters were set to:
(1) MS: scan range (m/z), 350–1500; orbitrap resolution, 60,000; ACG target,
standard; cycle time (s), 3. (2) HCD-MS/MS: orbitrap resolution, 30,000;
scan range (m/z), 200–2000, time (ms), 54; normalized AGC target (%),
1000; HCD CE (%), 32; 60 DIA isolation windows of 10m/z from m/z
400–1000.

DIA data processing using DIANN. Raw DIA-MS datasets were pro-
cessed usingDIANN (version 1.8.1) in library-freemode with the following
search settings: The analysis was performed in “Robust LC (high precision)”
withprecursorm/z values ranging from300 to1800, fragment ionm/z range
from 200 to 1800, precursor charges between 1 and 4, trypsin with a max-
imum of 1 missed cleavage, peptide length range between 9 and 50 amino
acids. Protein identities were assigned by searching against the in-silico
tryptic digestion using the UniProt Homo sapiens reference database
(UP000005640_9606, download December 9, 2024). Quantitative data
analysis and visualization was performed using RStudio (version 4.3.1)
within the R environment. The data was normalized using the DiaNN R
package. The differentially expressed peptides and proteins were identified
using the limma R package, with the following statistical cutoff: |
log2FC| > 0.263, FDR < 0.05.

Western blot
Samples forwesternblotwere separationona SDS-PAGE, theproteinswere
transferred to a 0.45 μmPVDFmembrane (Millipore). After blocking with
blotting-grade blocker (Bio-Rad), the membrane was incubated in a solu-
tion containing primary antibody and 5%BSA for 2 h at room temperature,
and then incubated in a 5% blotting-grade blocker containing HRP-
conjugated secondary antibody. The western blot signal was detected using
ECL western blotting detection reagent (Bio-Rad, CFX Opus 96). Primary
antibodies used in this study included histone H3 (Cell Signaling Tech-
nology, 9715S; 1:10,000), GAPDH (Share-bio, SB-AB0038; 1:5000),
KDM5C (Abmart, TD13631; 1:1000), KDM6A (Abmart, TD13286;
1:1000), KMT2B (Abmart, TD8886; 1:1000), Anti-Histone H3 (tri methyl
K4) antibody (Abcam,Ab8580; 1 µg/ml), Anti-HistoneH3 (trimethyl K27)
antibody (Abcam, Ab6002; 5 µg/ml).

Virus preparation and transduction
Lentivirus were generated using psPAX2 and VSV-G packaging plasmids.
For virus production, 5 × 106 HEK293T cells were plated into 10 cm dishes
and transfected with the plasmids of interest using Lipo293™ (Beyotime,
Shanghai, China) and appropriate packaging plasmids. Medium was
changed 24 h later. Supernatants were collected at 48 h and 72 h, passed
through 0.2 μm filters and applied at 50% concentration to target cells.
2 days after infection, cells were subjected to selected with Puromycin
(2 μg/ml).

Cell proliferation assay
Proliferation assay was performed by Cell Counting Kit-8 method. Briefly,
the cells were seeded at a density of 2000 cells per well with 100 μl complete
medium in 96-well cell culture plates, and incubated at 37 °C and humidified
5% CO2. At 24 h, 48 h, 72 h, and 96 h after seeding, 10 µl CCK8 reagent
(ShareBio, Shanghai, China) was added and incubated for 75min at 37 °C.
The absorbance values were then measured at a wavelength of 450 nm.

Wound healing and transwell assays
Wound healing and transwell assays were performed as previously
described55. Briefly, for the wound healing assay, the cells were plated in
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6-well plates to form a full monolayer. A wound was created by scratching
with a 200 μl pipette tip, and the intercellular distance was measured at 0 h,
24 h, 48 h, and 72 h.

For transwell invasion analysis, pretreated cells were cultured with
200 μl of serum-free DMEMmedium in the upper chamber that had been
loadedwith orwithoutMatrigel (BDbiosciences,USA). The lower chamber
was filled with 600 μl DMEM and 10% fetal bovine serum as chemoat-
tractant. The cells were incubated for 24 h at 37 °C and 5% CO2 and then
non-migrated cells were removed from the top of the chamberwith a cotton
swab. The rest cells were fixed by absolute methanol, stained with Crystal
Violet, and photographed using a microscope.

Statistics and reproducibility
Two-tailed t-testwas performed to compare two experimental groups.One-
way ANOVA was used to determine whether three or four groups are
statistically different from each other. For bioinformatic analyzes, as
described in the Methods, chromatin proteomics data were analyzed for
differential expression using the limma R package (v3.62.6), transcriptomic
datawere analyzedusingDESeq2 (v1.46.0)withnegative binomial tests, and
ATAC-seq data underwent differential accessibility analysis using the
DiffBind R package (v3.16.0). A two-sided Kolmogorov–Smirnov (KS) test
was performed to calculate p-values by comparing the distribution of peaks
associated with differentially expressed genes to those associated with all
genes. Box plots were used to visualize the expression levels of transcription
factor-regulated downstreamgenes.Differences in expressionwere assessed
for statistical significance using paired t-tests, and p-values were calculated
accordingly.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Raw ATAC-seq and RNA-seq sequencing data support the findings of this
study have been deposited in the Gene Expression Omnibus (GEO) data-
base under GSE295761 andGSE295762.Mass spectrometry data have been
deposited to the ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the iProX partner repository56 with the dataset
identifier PXD063475. All relevant data generated and analyzed during this
study can be found in Supplementary Information and in Supplementary
Data1-6.All the other data supporting thefindings of this study are available
from the corresponding author upon reasonable request.

Code availability
R scripts used for the bioinformatics analyses can be accessed at https://
github.com/archer2-34/code.git. Additionally, the code related to the ana-
lysis described in this manuscript, along with the specific versions of the
software tools detailed in the “Methods” section, has been archived in
https://doi.org/10.5281/zenodo.1763108957.
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