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Abstract

Background

Histone post-translational modifications (HPTMs) play central roles in chromatin regulation and cancer
biology, yet their global and unbiased characterization in colon adenocarcinoma (COAD) remains limited.
This gap has hindered a comprehensive understanding of the epigenetic mechanisms that shape tumor-
specific transcriptional programs and influence clinical outcomes.

Methods

In this work we performed quantitative mass spectrometry—based profiling of HPTMs in paired tumor,
peritumoral, and normal colon tissues from patients with COAD. These data were integrated with
transcriptomic profiling and genome-wide CUT&RUN analyses to link chromatin modifications with gene
expression and chromatin organization. Multi-omic integration was employed to identify coordinated
histone marks crosstalk and candidate regulatory enzymes. Functional validation was carried out using
pharmacological inhibition and CRISPR/Cas9-mediated knockout in colorectal cancer cell lines. To
assess clinical relevance, machine learning approaches were applied to infer histone modification ratios
in the TCGA-COAD cohort and to evaluate potential associations with patient outcomes. Tumor ecotypes
were inferred using EcoTyper to contextualize epigenetic states within the tumor microenvironment.

Results

Comprehensive HPTM profiling revealed widespread tumor-specific epigenetic remodeling, whereas
peritumoral tissues largely retained a normal HPTM landscape. Correlation analyses identified a robust
inverse relationship between H3K14ac and H3K9me2, defining a previously underexplored epigenetic
axis in COAD. Further integrative analyses implicated EHMT2 and HDAC?7 as key regulators of this
imbalance, and functional perturbation of these factors demonstrated that EHMT?2 directly governs the
H3K14ac-H3K9me2 switch, modulating chromatin state, transcriptional programs, and metabolic
reprogramming in tumor cells. Genome-wide mapping supported a binary switch model within defined
chromatin domains. In addition, machine learning—based inference revealed that a low
H3K14ac/H3K9me?2 ratio is associated with poor overall survival, particularly in non-irradiated patients,
and correlates with more aggressive tumor ecotypes.

Conclusions

Our study provides a large-scale, unbiased proteomic characterization of HPTMs in COAD and identifies
a clinically relevant H3K14ac/H3K9me2 epigenetic switch regulated by EHMT2. This axis integrates
chromatin remodeling, transcriptional control, and metabolic reprogramming, stratifies patient
prognosis, and highlights epigenetic vulnerabilities with potential therapeutic relevance in COAD. These
findings reveal a new mechanism of tumor-specific epigenetic regulation and highlight opportunities for
targeted epigenetic interventions

Page 3/37



BACKGROUND

Colorectal cancer (CRC) accounts for ~ 10% of all cancers and remains the third leading cause of
cancer-related mortality worldwidel'l. CRC is a multifactorial disease driven by the interplay of genetic,
epigenetic, and environmental factors, which collectively contribute to its biological complexity and
clinical heterogeneity. Omics-based studies have substantially advanced our understanding of CRC,
revealing key molecular features and subclassifications, particularly in colorectal adenocarcinoma
(COAD), the most prevalent form of CRC. At the genomic level, CRC can be broadly categorized into
hypermutated and non-hypermutated subtypes. Hypermutated tumors frequently exhibit microsatellite
instability (MSI), often resulting from MLH1 promoter hypermethylation or inactivating mutations in
mismatch repair (MMR) genes or in POLE. In contrast, non-hypermutated tumors typically harbor
recurrent alterations in canonical driver genes, including APC, TP53, SMAD4, PIK3CA, and KRAS, as well
as mutations in ARID1A, SOX9, and FAM123B[2 3], Transcriptomic profiling has further refined this
classification into Consensus Molecular Subtypes (CMS), which classify CRC into four groups with
distinct biological characteristics and clinical implications (CMS1 — MSI-Immune; CMS2 - Canonical;
CMS3 - Metabolic; and CMS4 — Mesenchymal)l. Adding another layer of molecular complexity, recent
integrative proteogenomic analyses combining mass spectrometry—based proteomic data with genomic
and transcriptomic profiles have elucidated post-transcriptional and post-translational regulatory
mechanisms. These studies have uncovered distinct protein-expression signatures and signaling-related
post-translational modifications associated with CRC progression, metastatic behavior, and therapeutic
responsel?.

Although the epigenetic landscape of CRC has been extensively characterized at the level of DNA
methylation[6], the landscape of histone post-translational modifications (HPTMs) remains poorly
characterized. Antibody-based approaches have identified several dysregulated HPTMs in CRC, including
repressive marks such as H3K27me3 and H3K9me3!” 8], which are often associated with EZH2 activity
and transcriptional silencing, as well as activating marks such as H3K4me3, H3K36me3, H3K27ac, and
H3K9ac, which are perturbed through deregulation of histone-modifying enzymes[gl. These alterations
have been implicated in tumor progression, immune modulation, and therapeutic resistance. However, to
date, no large-scale proteomic study has comprehensively mapped HPTMs in colon adenocarcinomas
(COAD), even though similar approaches have successfully revealed epigenetic alterations in other
cancer types[1 o To address this gap, we performed unbiased quantitative profiling of HPTMs using
liquid chromatography—-mass spectrometry (LC-MS)' coupled with the EpiProfile softwarel'Z. This
approach enabled the simultaneous detection of a wide array of HPTMs and histone variants in a single
analysis, revealing novel modification patterns potentially involved in CRC pathogenesis. Notably, we
identified a binary epigenetic switch defined by an inverse relationship between H3K14ac and H3K9me2.
Integration with matched RNA-sequencing data implicated EHMT2 and HDAC7 as possible candidate
genes mediating this crosstalk, which we validated through pharmacological and genetic perturbation. A
machine learning—based inference model applied to the TCGA-COAD cohort showed that a low
H3K14ac/H3K9me2 ratio correlates with poor prognosis, particularly in non-irradiated patients.

Page 4/37



Moreover, digital cytometry via EcoTyper linked this epigenetic signature to aggressive tumor ecotypes
and reduced overall survival. These findings uncover a novel, clinically relevant HPTM axis in CRC,
supporting its potential as a prognostic biomarker and therapeutic target.

METHODS
Sample recruitment and ethics statement

A total of 24 matched tumor, peritumoral mucosa, and normal mucosa specimens were collected from
patients diagnosed with stage lI-11l CRC, restricted in this study to colon adenocarcinoma, at the
Hospital Universitario Central de Asturias (HUCA), Spain. All samples were obtained during surgical
resection, immediately snap-frozen in liquid nitrogen, and stored at - 80°C until processing. None of the
patients received neoadjuvant or adjuvant therapy prior to surgery. For each patient, three tissue types
were collected: (i) tumor tissue from the primary lesion, sampled from two spatially distinct regions of
the same tumor; (ii) peritumoral mucosa, defined as macroscopically normal mucosa located 2-5 cm
from the tumor margin; and (iii) normal mucosa obtained from a distant, uninvolved segment of the
colon. All specimens were histologically reviewed by a certified pathologist to confirm tissue identity and
to verify the absence of tumor cells in peritumoral and normal mucosa samples. Clinical data for the
TCGA-COAD cohort were obtained from the UCSC Xena Browser databasel'! (Additional File 1: Table
S1).

Cell lines and culture conditions

The human colon cancer cell lines DLD1 (RRID:CVCL_0248), HCT116 (RRID:CVCL_0291), SW480
(RRID:CVCL_0546), SW1116 (RRID:CVCL_0544), LoVo (RRID:CVCL_0399), RKO (RRID:CVCL_0504), Caco-
2 (RRID:CVCL_0025), HT-29 (RRID:CVCL_0320), Colo205 (RRID:CVCL_0218) and human intestinal
colonocytes CCD112 (RRID:CVCL_6382) were obtained from the American Type Culture Collection
(ATCC). All cell lines were cultured in high-glucose Dulbecco's Modified Eagle Medium (DMEM) (Gibco,
#41965039) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, #F6178)
and 1% penicillin—-streptomycin (Gibco, #15240062). Cells were maintained in a humidified incubator at
37°C with 5% CO,. Subconfluent cultures were passaged routinely, and cells used for experiments were
between passages 3 and 6. Mycoplasma contamination was monitored monthly using standard PCR-
based assays.

Cell viability assay

Cell viability was assessed using the CellTiter-Blue assay (Promega, #G8080) according to the
manufacturer’s instructions. Colorectal cancer cell lines were seeded in 96-well plates at a density of 1 x
10% cells per well and allowed to adhere for 24 h before treatment. Cells were then exposed to increasing
concentrations of UNC0642 (1, 5, 10, and 25 uM; MedChemExpress, #HY-13980) or Apicidin
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(MedChemExpress, #HY-N6735), along with a vehicle control (0.5% DMSO0), for 48 h. Following
treatment, CellTiter-Blue reagent was added to each well and incubated for 3 h at 37°C. Fluorescence
was measured using an EnVision plate reader (PerkinElmer) at excitation/emission wavelengths of
560/590 nm. Cell viability was determined by normalizing fluorescence values to the Dimethyl Sulfoxide
(DMSO0) control. Proliferation assays in stable knockout lines (DLD1 EHMT2 KO, DLD1 HDAC7 KO,
SW1116 EHMT2 KO, and SW1116 HDAC7 KO) were performed similarly. Cells were seeded in 96-well
plates, and viability was measured at multiple time points. Fluorescence values were normalized to the
baseline (time 0), and growth rates were compared with the corresponding mock control lines (DLD1
mock and SW1116 mock).

Histone Extraction

Histones were obtained from approximately 5 x 10° cultured cells or 25 mg of snap-frozen human tissue.
For tumor samples, two tissue pieces obtained from distinct regions of the tumor were processed
independently to assess reproducibility (Additional File 2: Figure S1). Nuclei were first isolated by
resuspending samples in ice-cold nuclear extraction buffer (10 mM Tris-HCI, pH 7.4; 10 mM NaCl; 3 mM
MgCl,) supplemented with protease inhibitors (Roche, #12352204), followed by lysis with 0.2% NP-40.
For tissue samples, mechanical homogenization was performed after initial mincing to facilitate nuclear
release. Nuclei were collected by centrifugation at 1,000 x g for 5 min at 4°C and washed twice with
detergent-free nuclear extraction buffer. Histones were extracted as previously described™ with minor
modifications. Nuclei were first treated with 1 volume of 0.4 M H,S0O,, followed by 4 volumes of 0.2 M
H,SO, containing 1% B-mercaptoethanol. Samples were incubated with gentle agitation for 1 h at 4°C
and centrifuged at 10,000 rpm for 10 min to remove acid-insoluble material. A second extraction with 0.2
M H,S0, (1% B-mercaptoethanol) was performed under the same conditions. Supernatants from both
extractions were pooled, and histones were precipitated with ice-cold 100% acetone. Precipitated
proteins were collected by centrifugation at 10,000 rpm for 10 min, resuspended in distilled water, and
stored at - 20°C. Protein concentrations were determined using the Qubit Protein Assay Kit (Thermo
Fisher Scientific, #Q33212) according to the manufacturer’s instructions.

Histone Propionylation and Digestion

Acid-extracted histones (~ 50 pg) were processed for mass spectrometry as previously described!('],
Briefly, histones were resuspended in 40 pL of 50 mM ammonium bicarbonate (NH,HCO,, pH 8.0) and
mixed with 10 pL of freshly prepared derivatization solution (propionic anhydride:acetonitrile, 1:3 v/v;
final reaction ratio 1:4 v/v). Ammonium hydroxide was added immediately to restore the pH to 8.0.
Samples were incubated at 37°C for 15 min, dried under vacuum, and subjected to a second round of
derivatization. Proteins were then digested overnight at 37°C with trypsin (Promega, #V5280) at an
enzyme-to-substrate ratio of 1:20 in 50 mM NH,HCO,. Following digestion, a final derivatization step was
performed to modify peptide N-termini.
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Mass spectrometry and data analysis

Digested samples (500 ng equivalent) were loaded on Evotips (Evosep) following manufacturer’s
instructions, and were analyzed in a hybrid Q-TOF mass spectrometer (ZenoTOF 7600, Sciex) coupled to
a Evosep One (Evosep) liquid chromatography system. The peptide digests were separated using the 30
samples per day Evosep program (44 min total run time) with water and acetonitrile, both with 0.1%
formic acid, as solvent A and B, respectively. A 15 cm x 150 pm i.d. column (Performance, Evosep),
operated at 40°C, was used for peptide separation. An Optiflow electrospray ion source (Sciex) with a
low-micro electrode was used for peptide ionization, applying a voltage of 4200 V (positive mode). The
mass spectrometer was operated using a top 100 DDA mode, with cycles of one TOF MS scan (300 to
1400 m/z, 150 ms accumulation time) followed by 100 TOF MS/MS scans of the top 100 ions as found
in the previous survey TOF MS scan. For these MS/MS scans, ions with charge state 2 to 5 were
fragmented with collision induced dissociation (CID) using dynamic collision energy, and were acquired
from 100 to 1400 m/z for 20 ms, with Zeno pulsing activated. The following candidate ions were
included in an inclusion list: 528.30, 570.84, 754.93, 761.94, 768.95, 557.98, 543.98, 548.65, 563.32,
549.31, and 553.98 m/z. Data were acquired with the Sciex0OS software v3.1.6.44 (Sciex). Automatic
calibration at the TOF MS and MS/MS levels was performed after each sample with the X500 ESI
Positive Calibration Solution (Sciex) using the calibrant delivery system of the mass spectrometer.

Differential peptide / HPTM analysis

Differentially modified peptides or PTMs between tumor, peritumoral, and normal mucosa samples, as
well as between treated (pharmacological or genetic ablation) and corresponding control conditions,
were identified using processed Epiprofile ratios. Peptides or PTMs with zero variance across all
samples were excluded from downstream analyses. To ensure homoscedasticity, ratios were
transformed to M-values using the lumi R/Bioconductor package (v2.56.0)[1 6], Significant changes in
HPTMs were assessed using the moderated t-test implemented in the imma package (v3.60.6)[1 7l
incorporating patient pairing information (tumor vs. normal) in the model’s design matrix. A p-value <

0.05 was used to define statistically significant alterations in the conditions described above.
RNA sequencing and data analysis.

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN, #QIA74106) according to the
manufacturer’s instructions. RNA sequencing was performed by Genewiz (Azenta Life Sciences) using
the NEBNext rRNA Depletion Kit and the NEBNext Ultra RNA Library Prep Kit for lllumina. Libraries were
clustered on an Illumina NovaSeq platform and sequenced using a 2 x 150 bp paired-end (PE)
configuration. We used fastp (v20.1)[1 8 for adapter removal, and the subsequent filtered reads were
aligned to the human GRCh38 genome using RSEM (v1 .3.3)[1 9 including the hisat2-hca PE mode. We
estimated the counts per gene using the RSEM output and the tximport function of the R/Bioconductor
package tximport (V1 .32.0)[201. We imputed the consensus molecular subtype CMS using the R package
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CMScaller (v2.0.1)2". Low-abundance genes with less than 10 counts (per sample) or less than 200
counts (all samples) were discarded for downstream analyses. Differential gene expression analyses
between paired tumor and control samples, or between KO vs control experiments were performed using
the R/Bioconductor package DESeq2 (v1 .44.0)[22]. The resulting P-values were corrected using the
Benjamini and Hochberg method, and we considered a threshold of adj. P-value < 10”2 to indicate
statistical significance in regard to differentially expressed genes (DEGs). Subsequent downstream
analyses were performed using the normalized gene expression matrix (VST approach) as described in
Santamarina-Ojeda and colleagues[23]. Gene set enrichment analyses (GSEA) were performed with GSEA
(v4.0.3)24 using the vst normalized gene expression matrixes and the C2 and C5 MSigDB collections!2%!.
Classical gene ontology analyses were performed using the GOrilla tool!2°! with the selected genes, and
all the genes with detectable expression in the RNA-seq experiment as background. Further
representation purposes were obtained using Revigo[27]. Survival data of COAD-TCGA patients was
obtained from the XenaBrowser database ['3! (Additional File 1 - Table S1 ). Survival estimates were
generated using Kaplan—Meier plots, and differences between groups were assessed using the log-rank
test.

Pairwise correlation analysis

Correlations between H3K14ac or H3K9me2 levels and gene expression were assessed using a robust
correlation method, the percent bend correlation coefficient (pbcor), implemented in the R/”CRAN WRS2
package (v1.1 .6)[28], using PTM ratios for these histone marks and the vst-normalized expression matrix
derived from the RNA-seq data. Candidate epigenetic regulators were further prioritized using data from
the EPIKOL CRISPR screening platform!2%. Correlations were considered significant when the absolute
correlation coefficient between PTM and genes exceeded 0.3 and the p-value was < 0.05 for H3K9me2,
H3K14ac, or both.

CRISPR/Cas9-mediated knockout of EHMT2 and HDAC?7 in
CRC cells line

Single-guide RNAs (sgRNAs) targeting human EHMT2 and HDAC7 were designed using the CRISPR-ERA
tool3%. Forward and reverse primers containing the sgRNA sequences targeting EHMT2 and HDAC7
(Additional File 3 — Table S2), along with flanking adaptor sequences, were annealed and cloned into
BamHI/BsmBl-linearized pLenti-Guide-Puro vectors (Origene, GE100032) using the In-Fusion® HD
Cloning Kit (Takara, #638911), according to the manufacturer’s instructions. The resulting sgRNA-
expressing pLenti-Guide-Puro constructs were transformed into E. coli DH5a via heat shock, and
plasmids were purified with the QIAprep Spin Miniprep Kit (Qiagen, #27104). A dual-vector system was
employed to deliver the sgRNAs and Cas9. Lentiviral particles were produced in Lenti-X™ 293T cells by
co-transfecting psPAX2 (Addgene, #12260), pMD2.G (Addgene, #12259), and either lentiCRISPR v2-Blast
(Addgene, #83480), scrambled control (Origene, #GE100032), or sgRNA-expressing pLenti-Guide-Puro
vectors using Lipofectamine™ 3000 (Invitrogen, #L3000015). Briefly, for each transfection, 1 x 10¢ Lenti-
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X™ 293T cells were seeded per 25 cm? flask and transfected with 5 ug psPAX2, 2 uyg pMD2.G, and 6 pg of
each transfer plasmid. Viral supernatants were harvested at 48 h and 72 h post-transfection, filtered
(0.45 pm), and used to co-transduce DLD1 or SW1116 cells with the sgRNA-expressing pLenti-Guide-
Puro constructs (targeting EHMT2, HDAC?7, or scramble control), together with the lentiCRISPR v2-Blast
vector. Stable CRISPR/Cas9 knockout cell lines were established using dual antibiotic selection with
puromycin (2 pg/mL) and blasticidin (10 pg/mL) for two weeks. This resulted in the generation of the
following stable cell lines: SW1116 EHMT2 Knockout (KO), SW1116 HDAC7 KO, DLD1 EHMT2 KO, DLD1
HDAC7 KO, as well as mock controls transduced with empty pLenti-Guide-Puro vectors: SW1116 mock
and DLD1 mock. Successful gene knockout was confirmed by Western blot analysis.

Immunoblot

Cell pellets were lysed in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with protease inhibitors (Roche, #11873580001). A total of 30
pg of protein per sample was separated by SDS-PAGE on an 8% gel and transferred via wet blotting to
0.45 ym PVDF membranes (Millipore, #IPVH00010). Membranes were blocked in 5% BSA for 1 hour at
room temperature and incubated overnight at 4°C with the following primary antibodies: rabbit anti—
EHMT2/G9A (1:1000, Abcam, #ab185050), rabbit anti—-HDAC7 (1:1000, Cell Signaling Technology,
#33418), and mouse anti—a-Tubulin (1:1000, Sigma-Aldrich, #T5168). The following day, membranes
were washed and incubated with the appropriate HRP-conjugated secondary antibodies: goat anti-rabbit
IgG H&L (Abcam, #ab6728) and goat anti-mouse IgG H&L (Jackson ImmunoResearch, #115-035-062).
Signal detection was performed using an ECL detection kit (Millipore, # WBLUC0100), and images were
acquired with the Odyssey Fc Imaging System.

Cut and Run

CUT&RUN assays were performed in SW1116 and DLD1 EHMT2 knockout cell lines, as well as in their
respective mock control (SW1116 mock DLD1 mock). The assay was conducted using the CUTANA®
ChIC/CUT&RUN Kit v4 (Epicypher, #14-1048), following the manufacturer’s instructions. Briefly,
approximately 500,000 cells per condition were harvested and incubated with activated ConA magnetic
beads for 10 minutes at room temperature. The cell-bead complexes were then incubated with 0.5 pg of
primary antibody targeting either H3K9me2 (Active Motif, #39239) or H3K14ac (Abcam, #ab52946). A
negative control antibody (CUTANA™ Rabbit IgG, Epicypher, #13-0042k) and a positive control antibody
(H3K27me3, SNAP-Certified™ for CUT&RUN, Epicypher, #13-0055) were also included in parallel
reactions. The mixtures were incubated overnight on a nutator at 4°C. On the second day, pAG-MNase
and calcium chloride were used to activate the cleavage of the target DNA. Chromatin digestion and
DNA release were performed according to the manufacturer’s protocol. DNA was purified using SPRI
magnetic beads as specified in the kit instructions. Approximately 5-10 ng of CUT&RUN-enriched DNA
per sample was used to generate sequencing libraries with the CUT&RUN Library Prep Kit (Epicypher,
#14-1001), following the manufacturer’s protocol. Library fragment size and quality were assessed using
an Agilent TapeStation system. High-throughput sequencing was performed by CD Genomics on an
lllumina NovaSeq 6000 platform, employing paired-end 150 bp reads (PE150). For each sample, a depth
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of approximately 20 million reads was obtained to ensure adequate genome coverage and resolution of
chromatin-bound regions.

Cut and run analysis

CUT&RUN data for the histone marks H3K9me2, H3K14ac, and H3K27me3 were processed using the nf-
core/cutandrun pipeline (v3.2.2)[31] with the GRCh38 reference genome in SW1116 and DLD1 cells.
Mitochondrial reads and reads mapping to ENCODE blacklisted regions were removed prior to
downstream analyses. For visualization purposes, BigWig files were generated from BAM files using the
bamCoverage function in deepTools (v3.5.6)[32] with a bin size of 500 bp, read extension enabled, a
maximum fragment length of 2,000 bp, an effective genome size of 2,913,022,398, and normalization to
reads per genomic content (RPGC). Signals from chromosomes X and Y were excluded. Log, differences
between knockout and control samples were computed using the bigwigCompare function from
deepTools with a bin size of 500 bp and a pseudocount of 1. Differential peak analysis for H3K9me2,
H3K14ac, and H3K27me3 was performed using the ultra-fast implementation of SICER via epic2
(v0.0.52)[33]. BEDPE files were generated from sorted BAM files corresponding to each histone mark and
their respective 1gG controls using the bamtobed function from bedtools (v2.31.1), following the epic2
workflow. Sorted BED files were then used as input for the epic2-df function with a bin size of 500 bp and
allowing up to five gaps. Differential peaks were defined using a false discovery rate (FDR) < 0.001 and
an absolute log, fold change > 1 between knockout and control conditions. In parallel, differential broad
peaks for the same histone marks were identified using hidden Markov models implemented in the

HMMtBroadPeak R packagel®4.

To assess genome-wide signal overlap between H3K9me2-H3K14ac, H3K9me2-H3K27me3, and
H3K14ac-H3K27me3, the GRCh38 genome was segmented into 5-kb bins, and log, ratios (knockout
versus control) were extracted for each histone mark using bigWigCompare from deepTools. An
analogous analysis was conducted at the peak level using signal intensities assigned to each set of
differentially enriched peaks identified above. As a control, random sets of non-significant peaks were
generated using the shuffle function from bedtools, matching the number of significant peaks identified
by epic2 for each condition. Histone mark tracks were visualized using the UCSC Genome Browser.

Inference of H3K14ac/H3K9me2 ratio in TCGA samples

Inference of H3K14ac/H3K9me?2 ratio in TCGA samples was performed using machine learning (ML)
models implemented in the R/CRAN package caret (v6.0.94). For each sample in our local cohort, the
H3K14ac/H3K9me2 ratio was first calculated by dividing the corresponding PTM-level signals. Genes
significantly associated with this continuous ratio were then identified using DESeq2, applying an
adjusted p-value threshold of < 10-2 to define differentially expressed genes (DEGs). A normalized gene
expression matrix (log,(TPM + 1)) containing these DEGs was used for model training. Four ML
algorithms were evaluated for regression analysis: Random Forest, gimnet (lasso-based regularized
regression), linear regression, and gradient boosting (gbm). Each model was trained using the
normalized gene expression matrix and the H3K14ac/H3K9me?2 ratio as the outcome variable,
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employing repeated cross-validation (10 folds, 5 repeats). Model performance was assessed using
multiple metrics, including RMSE, R%, and MAE. The Random Forest model exhibited the best
performance and was therefore selected for downstream inference in TCGA-COAD. Predicted
H3K14ac/H3K9me2 ratio in TCGA samples were obtained using the predict function, applying the trained
Random Forest model to the normalized gene expression matrix (log,(TPM + 1)) restricted to the DEGs
of interest in the TCGA-COAD dataset.

Ecotyper analysis

Inference of molecular ecotypes was performed using EcoTyper, a machine learning framework designed
for large-scale identification of cell type—specific transcriptional states and their co-association patterns
from bulk RNA-seq datal®l. A normalized gene expression matrix containing TPM values from our local
cohort was used as input for the EcoTyper recovery bulk workflow, specifying “Carcinoma” as the
discovery dataset. EcoTyper results for the TCGA-COAD cohort were obtained from the original EcoTyper
publication[35]. For each State and Ecotype across all samples analyzed, robust correlations were
computed using the pbcor function from the R/CRAN package WRS2, as described above.

RESULTS

Global HPTM remodeling in colon adenocarcinoma
revealed by LC—-MS profiling

To define COAD-specific changes in the global histone post-translational modification (HPTM)
landscape, we analyzed paired fresh colorectal tumor, peritumoral and matched normal mucosa tissues
obtained from 24 patients recruited at the Hospital Universitario Central de Asturias (Fig. 1A) using
comprehensive LC-MS/MS profiling with the EpiProfile workflow. [ 4(Additional File 4 — Table S3). We
identified 12 HPTMs that were significantly altered between normal mucosa and tumor tissue, namely
H3K14ac, H3K9me1, H3K9me2, H3K9me3, H3K27me3, H4K20me3, H2B1F, H2AVK7ac, H1-3, H1-4,
H2B1C, and H2B1D (Additional File 5 — Table S4). In contrast, only a single HPTM (H2A19ac) was
significantly different between peritumoral tissue and its matched control (Fig. 1B), highlighting a
pronounced epigenomic remodeling specific to tumor samples in COAD. These tumor-associated
HPTMs robustly segregated colon cancer cell lines and tumor samples from peritumoral and normal
mucosa (Figs. 1C and 1D). In addition, this analysis revealed a significant anticorrelation between
H3K14ac and H3K9me?2 levels, detected both at the global PTM level (Figs. 1E and 1F) and at the
individual peptide level, specifically within histone H3 peptides spanning residues 9-17, and in peptides
carrying either K9me2 or K14ac as isolated modifications (Additional File 6 — Figure S2). In COAD
samples, H3K9me2 increased on K14-unmodified peptides, whereas H3K14ac decreased on K9-
unmodified peptides. Peptides carrying both K9me2 and K14ac did not exhibit this reciprocal pattern,
indicating that the observed shift occurs primarily between two mutually exclusive single-modified
states. The consistency of this pattern prompted us to further investigate the functional implications of
the H3K14ac and H3K9me2 modifications in COAD.
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Identification of chromatin regulators driving H3K14ac -
H3K9me2 imbalance in colon adenocarcinoma

To identify potential regulators mediating the observed alterations in H3K14ac and H3K9me2 levels, we
performed transcriptomic RNA-seq analyses on the same set of paired tumor and control samples
profiled by LC-MS/MS (Additional File 7 — Table S5). As expected, tumor and control samples exhibited
substantial differences in gene expression, with the 1,000 most variable genes clearly segregating
controls from tumors (Fig. 2A). Differential expression analysis identified 1,385 downregulated and 1,857
upregulated genes in COAD (Fig. 2B), forming two distinct clusters corresponding to control and tumor
samples, respectively (Fig. 2C). Validation using a publicly available dataset (TCGA-COAD) (Additional
File 8 — Table S6) revealed strong concordance with our results, including 1,025 commonly
downregulated and 1,419 commonly upregulated genes, demonstrating a strong correlation of fold
changes between tumor and control tissues across both cohorts. (Additional File 9 - Figure S3,
Additional File 10 — Table S7).

To infer potential links between gene expression and the global alterations in H3K14ac and H3K9me2,
we performed a robust pairwise correlation analysis examining all gene—HPTM pairs for these marks
(Fig. 2D). We focused on genes that were significantly correlated or anticorrelated with both histone
marks (highlighted in red) and those with known epigenetic functions according to the chromatin-
focused CRISPR/Cas9 screening platform EPIKOL2%. Within this subset, we prioritized genes exhibiting
significant gene expression changes in both our local cohort and the TCGA-COAD dataset (Fig. 2E,
Additional File 11 — Table S8). This analysis highlighted the chromatin regulators EHMT2 (G9a) and
HDAC7 as top candidates, based on the strength of their correlation with the respective histone marks
(Fig. 2F) and the reproducibility of their expression changes across cohorts (Additional File 9 — Figure
S3F). EHMT2 was overexpressed in tumor samples and showed a direct correlation with H3K9
methylation, while HDAC7 was also upregulated in tumors and inversely correlated with H3K14
acetylation, suggesting that these enzymes may directly drive the tumor-specific remodeling of these
two histone post-translational modifications.

Pharmacological inhibition of EHMT2 or HDAC7 modulates
the H3K14ac/H3K9me2 ratio in colorectal cancer cell lines

To assess the functional contribution of EHMT2 and HDAC7 in COAD, we evaluated cell viability in a
panel of 10 CRC cell lines treated with either the histone deacetylase (HDAC) inhibitor Apicidin or the
EHMT2 (G9a) specific inhibitor UNC0642. Both compounds induced a dose-dependent decrease in cell
viability across multiple cell lines (Fig. 3A). We next performed an Epiprofile-based analysis in two
representative cell lines (SW1116 and DLD1), which revealed that both inhibitors altered the global
HPTM profile of the H3 peptide encompassing residues 9-17 (H3_9_17), containing the H3K14ac and
H3K9me2 marks (Fig. 3B, Additional File 12 — Table S9). Treatment with UNC0642 consistently reduced
H3K9me2 levels and increased H3K14ac levels in a dose-dependent manner (Fig. 3C), predominantly
affecting peptides with individual modification states, including K9me2, K14ac, and unmodified forms,
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indicating that pharmacological inhibition of EHMT2 selectively modulates the anticorrelation between
these two histone marks in CRC cells (Additional File 13 — Figure S4). In contrast, treatment with
Apicidin also reduced H3K9me2 and increased H3K14ac in a dose-dependent manner, but exerted a
broader effect by enhancing H3K14 acetylation across both unmodified and K9-methylated histone
contexts, consistent with a redistribution of combinatorial histone modification states and a global
hyperacetylation phenotype (Additional File 13 — Figure S4). These results indicate that pharmacological
inhibition of EHMT?2 effectively modulates the anticorrelation observed between these two histone
marks while inhibition of HDAC7 more broadly increased H3K14ac levels in CRC cells.

Genetic ablation of EHMT2 impairs the
H3K14ac/H3K9me2 ratio in colorectal cancer cell lines

As epigenetic drugs may exert unintended off-target effects, we sought to validate our findings using
CRISPR/Cas9-mediated knockout (KO) of EHMT2 or HDAC?7. Although both genes were efficiently
depleted under our experimental conditions (Additional File 14 - Figure S5A), loss of HDAC7 produced
no detectable effects on cell viability (Additional File 14 — Figure S5B) or on the HPTM landscape in
either DLD1 or SW1116 cells, as shown by Epiprofile analysis (Additional File 13 — Figure S4D, Additional
File 14 — Figures S5C-S5D, Additional File 15 — Table S10). In contrast, EHMT2 KO markedly reduced cell
viability in SW1116 cells and led to a robust alteration of the H3K14ac/H3K9me2 axis. Specifically,
EHMT2 KO caused a significant decrease in H3K9me?2 levels in both cell lines, accompanied by a
selective increase in H3K14ac and in the unmodified H3_9_17 peptide (Figs. 4A—B, Additional File 13 -
Figure S4C, Additional File 15 — Table S10), while other PTM combinations remained largely unaffected.
These results confirm the direct contribution of EHMT2 to the regulation of the H3K14ac/H3K9me2
imbalance observed in CRC. To investigate potential pathways regulated by EHMT2, we performed
differential gene expression profiling in EHMT2 KO DLD1 and SW1116 cells relative to their respective
controls. In SW1116 cells, EHMT2 KO led to 1,046 significantly downregulated and 1,871 significantly
upregulated genes, whereas in DLD1 cells, 2,078 transcripts were downregulated and 1,938 upregulated
(Fig. 4C, Additional File 16 — Table S11). Given that EHMT2 is overexpressed in CRC and may drive
tumor-specific transcriptional programs, we sought to determine which genes are directly responsive to
its modulation. We focused on transcripts exhibiting consistent directional changes in both EHMT2 KO
cell lines, and displaying opposite trends in tumor versus normal mucosa in our local cohort and TCGA-
COAD dataset. This analysis identified 89 genes that were upregulated upon EHMT2 depletion but
downregulated in CRC, and 62 genes downregulated upon EHMT2 KO but upregulated in CRC (Fig. 4D).
The first group of genes was enriched for pathways involved in metabolic rewiring, including lipid
catabolism and mitochondrial function (Fig. 4E; Additional File 17 — Figures S6B-S6C). In contrast, the
second group showed significant enrichment for cell-cycle regulation and DNA replication pathways (Fig.
4F; Additional File 17 — Figures S6A-S6C). Together, these findings indicate that EHMT2-mediated
epigenetic remodeling reprograms tumor cell biology toward a more proliferative and replication-
competent state.
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EHMT?2 loss drives genome-wide redistribution of
H3K9me2 and H3K14ac signals

Considering the global impact observed in EHMT2-knockout cells, we performed a more comprehensive
analysis to evaluate the extent of the genome-wide correlation between H3K9me2 and H3K14ac. To this
end, we conducted CUT&RUN profiling of H3K14ac and H3K9me2 in SW1116 and DLD1 cells with or
without functional EHMT2 (see Methods). After obtaining CUT&RUN signals and peak calls, we
segmented the genome into 5,000 bp bins (global signal quantification, Fig. 5A) to quantify changes in
fold-signal correlations between these histone marks in EHMT2-knockout versus wild-type cells. We
observed that EHMT2 knockout resulted in a global reduction of H3K9me2 signal, accompanied by a
compensatory global increase in H3K14ac signal, particularly in DLD1 cells (Fig. 5A). These signal
distributions were specific, as profiling of other histone marks, such as H3K27me3, produced distinct
correlation patterns. We next examined these correlations at the level of significantly detected peaks
across conditions. As expected, loss of EHMT2 caused a genome-wide depletion of H3K9me2 peaks
and a substantial increase in H3K14ac peaks, as detected by multiple computational algorithms (EPIC2,
HMMBroadPeak; Fig. 5B, Additional File 18 — Table S12, Additional File 19 — Table S13). The global shifts
between H3K14ac and H3K9me2 signals within these peaks recapitulated the genome-bin analysis,
whereas randomly selected genomic regions showed no consistent, distinct pattern following EHMT2
knockout (Additional File 20 — Figure S7). Together, these results highlight that the global increase in
H3K14ac upon EHMT2 loss occurs at the expense of H3K9me2 across the genome. To recapitulate
these findings, we focus on two genes with potential clinical relevance in COAD. We highlighted the
mitochondrial genes, ATP5F1B and ATP5MC3, whose genomic regions display reduced H3K9me2 and
concomitant gains in H3K14ac in EHMT2-knockout cells (Fig. 5C). These epigenomic changes lead to
restored gene expression in the knockout cells. Consistently, in COAD, where EHMT?2 is overexpressed
and associated with the H3K14ac/H3K9me?2 axis, these genes are downregulated in tumors versus
normal tissue in both our local cohort and the TCGA-COAD dataset (Fig. 5D). Importantly, higher
expression of both mitochondrial genes is associated with improved prognosis in COAD patients (Fig.
5E), suggesting a potential prognostic relevance for global H3K14ac and H3K9me?2 levels in colorectal
cancer.

Prognostic value of H3K14ac/H3K9me2 levels in colon
adenocarcinoma

Based on the evidence described above, we hypothesized that the H3K14ac/H3K9me2 ratio may hold
prognostic value in COAD. To evaluate this, we leveraged the independent TCGA-COAD cohort. As TCGA
data do not include direct measurements of histone PTM abundance, we inferred the
H3K14ac/H3K9me2 ratio using an indirect machine-learning-based approach (Fig. 6A). Given the strong
concordance in gene expression patterns between our local cohort and TCGA-COAD, we derived a gene-
expression signature associated with the H3K14ac/H3K9me2 ratio in our dataset, identifying 76
negatively and 51 positively correlated genes (Fig. 6B). Using these genes and the corresponding
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histone-ratio values in the local cohort, we trained several machine-learning models to predict the
H3K14ac/H3K9me2 ratio; selecting Random Forest for downstream analyses due to its superior
performance across multiple evaluation metrics (Additional File 21 — Figure S8). When applied to TCGA-
COAD transcriptomic data, the model inferred H3K14ac/H3K9me2 ratio was consistently reduced in
tumor samples compared with normal tissue (Fig. 6C). This result indicates that the inferred signature
not only discriminates tumor from control samples but also captures variation in the relative balance of
these two histone marks across CRC tumors.

To explore the biological pathways associated with this epigenetic axis, we performed gene set
enrichment analyses (GSEA) using all genes correlated with the inferred H3K14ac/H3K9me?2 ratio in
both cohorts. We identified a robust and reproducible enrichment for pathways involved in metabolic
regulation, including multiple canonical pathways (MSigDB C2; Figs. 6D-E) and gene-ontology terms
related to metabolic processes (MSigDB C5; Additional File 22 - Figures S9A-S9B). To further assess the
prognostic relevance of the inferred H3K14ac/H3K9me?2 ratio in the TCGA-COAD cohort, we performed
survival analyses stratifying patients according to the median value of this histone score. Notably,
patients with higher inferred H3K14ac/H3K9me?2 ratio exhibited significantly improved overall survival
compared with those with lower ratio, an association that was particularly evident in tumors not treated
with radiotherapy (Fig. 6F, Additional File 23 — Table S14). To evaluate whether this prognostic signal
could be attributed to the expression of the regulatory enzymes themselves, we examined survival as a
function of EHMT2 or HDAC7 expression. While elevated EHMT2 expression showed a trend toward
poorer survival, this association became statistically significant specifically in non-irradiated patients
(Additional File 22 - Figure S9C, Additional File 23 — Table S14,), supporting the notion that EHMT2
contributes to the imbalance of this epigenetic axis in CRC.

Finally, we assessed the prognostic relevance of the inferred H3K14ac/H3K9me?2 ratio in the context of
tumor ecotypes using the EcoTyper framework, applied to both our local cohort and TCGA-COAD
samples. Among the significant ecotypes shared across cohorts, we observed a negative correlation
between the histone ratio and the lymphocyte-deficient CE2 and age-associated CE8 ecotypes, and a
positive correlation with more benign ecotypes such as CE6 and CE10, which are enriched in normal
tissue or characterized by higher B-cell content (Additional File 24 — Figure S10). Together, these findings
indicate that increased H3K14ac/H3K9me?2 ratio is associated with more benign tumor ecotypes,
consistent with the improved overall survival observed in these patients.

DISCUSSION

Although histone post-translational modifications play critical roles in colorectal cancer, their
comprehensive and unbiased characterization remains limited, leaving the epigenetic landscape only
partially defined. In this study, we performed high-resolution mass spectrometry—based profiling of
HPTMs in tumor, peritumoral, and normal colon mucosa, enabling a systematic assessment of global
HPTM patterns and potential crosstalk between distinct histone marks. This analysis revealed multiple
statistically significant alterations in tumor samples compared with matched controls tissues,
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encompassing both previously reported modifications (including H4K20me3, H3K9me3, and H3K27me2)
[36-391 and previously uncharacterized HPTMs, thereby expanding the known epigenetic complexity of
COAD. Although peritumoral regions are often considered early sites of molecular reprogramming, we
observed minimal differences between peritumoral and normal tissues at the HPTM level, suggesting
that the peritumoral compartment largely retains a normal histone modification profile. Nevertheless,
subtle alterations cannot be excluded, particularly at other molecular layers or in larger cohorts.
Importantly, tumor-specific HPTM patterns robustly distinguished malignant tissue from both
peritumoral and control samples in unsupervised clustering analyses, underscoring the specificity of
these epigenetic alterations to cancer cells. Notably, correlation analyses uncovered potential functional
interactions between histone marks, most prominently a consistent inverse relationship between
H3K14ac and H3K9me2.

Bivalent modifications involving H3K9 methylation (me1/2/3) and H3K14 acetylation have been
previously described*?], although most studies have historically focused on the H3K9me3/H3K14ac
combination, due to the well-established role of H3K9me3 as a canonical mark of constitutive
heterochromatin and transcriptional repression!*'l. The H3K9me3/H3K14ac state is generally associated
with transcriptional silencing; in mouse models, the coexistence of these marks has been proposed to
establish a poised, transcriptionally repressed chromatin state, with loss of one or both modifications
triggering transcriptional reprogramming[42]. Importantly, these marks are not strictly antagonistic.
H3K14ac is required for SETDB1-mediated trimethylation of H3K9, which is subsequently followed by
HDAC-dependent removal of H3K14ac to establish stable heterochromatin 143 441, This dynamic
coordination suggests that while the presence of H3K14ac is necessary to license trimethylation at
H3K9, it simultaneously primes the acetyl group for removal, highlighting a tightly regulated chromatin
transition. Beyond this well-characterized interplay, the regulatory significance of H3K9me2 and its
relationship with H3K14ac remain far less extensively characterized than those of the trimethylated
state. In our COAD samples, we observed an increase in H3K9me2 accompanied by a concomitant
reduction in H3K14ac, suggesting a shift toward a globally more repressive chromatin environment,
which may constrain canonical gene activation while enabling tumor-specific transcriptional programs.
H3K14ac and H3K9me2 exhibited a complementary pattern, with regions enriched in one mark generally
showing lower relative levels of the other. In fact, peptide-resolved mass spectrometry revealed that this
pattern results from a redistribution between H3K14ac unmodified/H3K9me2 and H3K9
unmodified/H3K14ac peptides, whereas the double-modified H3K14ac/H3K9me?2 fraction remained
largely unchanged. Notably, this pattern mirrors observations in induced pluripotent stem cells (iPSCs)
and mouse embryonic fibroblasts (MEFs), where H3K14ac levels were markedly higher in iPSCs than in
MEFs specifically when H3K9 was unmodified or acetylated on the same histone tail, further supporting
a direct influence of H3K9 modifications on H3K14 acetylation[*%!.

The inverse relationship between H3K14ac and H3K9me2 observed in our colon adenocarcinoma
models suggests the existence of a previously underexplored regulatory axis that may contribute to the
establishment of tumor-specific transcriptional programs, underscoring the importance of
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systematically dissecting the functional crosstalk between these modifications. Our integrative
multiomic analysis combining RNA sequencing and mass spectrometry data identified EHMT2 and
HDAC7 as candidate regulators underlying the H3K14ac/H3K9me2 imbalance in CRC, both of which
were significantly upregulated in tumor samples. Consistent with previous reports ¢ 47l EHMT2
expression and its catalytic product H3K9me2 were elevated in CRC; however, our data additionally
reveal a novel inverse association between EHMT2 expression and H3K14ac levels, suggesting that
EHMT2 may indirectly influence acetylation dynamics at neighboring residues. Gene expression
analyses in the TCGA-COAD cohort confirmed the robustness of these transcriptional patterns and the
conserved upregulation of both EHMT2 and HDAC?7, reinforcing the generalizability of our findings and
highlighting these enzymes as potential epigenetic therapeutic targets in COAD.

Treatment with the EHMT2-specific inhibitor UNC0642 selectively reduced H3K9me1 and H3K9me2
levels, while H3K9me3 remained largely unaffected, and promoted H3K14 acetylation predominantly on
peptides harboring unmodified K9. In contrast, peptides retaining K9 methylation were minimally
affected. These findings support our hypothesis and highlight a preferential crosstalk between
H3K14ac/H3K9me2. Genetic ablation of EHMT2 recapitulated this pattern, supporting that EHMT2
directly contributes to the balance between H3K9 methylation and H3K14 acetylation, with loss of
methylation being sufficient to shift chromatin toward a more acetylated state. Consistent with our
observations, independent studies have reported that knockout of EHMT2!8! or SETDB 143! not only
reduces H3K9me1/2 or H3K9me3, respectively, but also markedly increases H3K14ac. Together, these
data support a dynamic and reciprocal crosstalk between H3K9 methylation and H3K14 acetylation, in
which the modification state of one residue directly influences the other, thereby shaping chromatin
states.

By contrast, broad HDAC inhibition globally increased H3K14ac across peptides with both unmodified
and methylated H3K9, suggesting a redistribution of acetylation rather than residue-specific modulation.
This pattern likely reflects the non-selective activity of pan-HDAC inhibitors, which promotes acetylation
independently of H3K9 methylation status, or an intrinsic flexibility in the methylation-acetylation
interplay that permits H3K14ac even in the presence of H3K9 methylation. Of note, HDAC7 knockout did
not alter global acetylation levels or the H3K14ac/H3K9me?2 ratio in our CRC models, indicating a lack of
intrinsic deacetylase activity in this context. Despite this, HDAC7 was consistently upregulated in CRC,
suggesting a non-enzymatic role in chromatin regulation. This observation aligns with previous reports
demonstrating that class lla HDACs, including HDAC7, are catalytically inactive*® 5% and function
primarily as scaffolding proteins that recruit transcriptional regulatorslsﬂ. In this context, HDAC7 may act
as a chromatin-associated factor that stabilizes EHMT2-dependent repressive states rather than serving
as a classical histone deacetylase. Additionally, functional redundancy among HDAC family members

may compensate for HDAC7 loss[52, thereby maintaining the altered H3K14ac/H3K9me2 balance
observed in CRC cells. Our genome-wide mapping of H3K14ac and H3K9me?2 reinforces the hypothesis
that these marks function as a binary epigenetic switch within defined chromatin regions. Consistent

with our mass spectrometry data and previous reports(®3, H3K9me2 signal was globally reduced in
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EHMT2 knockout cells, and this reduction coincided with a marked increase in H3K14ac at the same
genomic regions, supporting a bivalent switching model in which modulation of one mark directly
influences the other. Importantly, unlike H3K9me3, which marks constitutive pericentromeric
heterochromatinl®* 55 and forms compact clusters at both the nuclear periphery and the nuclear
compartment, H3K9me2 defines broader and more plastic repressive domains known as Large
Organized Chromatin H3K9 modifications (LOCKS)[56]. These domains are predominantly located at the
nuclear periphery and frequently overlap with lamina-associated domains (LADs) and inactive B
compartmentsl®”l. Although our dataset does not directly resolve higher-order chromatin
compartmentalization, Smith et al. %%, demonstrated that H3K9me2 levels within LADs inversely
correlate with H3K14ac, highlighting a compartment-specific antagonism between these marks. In
contrast, H3K9me2-marked regions outside LADs exhibit increased chromatin accessibility and enriched
acetylation, suggesting that the functional consequences of H3K9me2 deposition are highly context
dependent. Future studies will be required to delineate how these compartment-specific effects
contribute to transcriptional regulation in COAD.

To examine the context-specific role of EHMT2 in COAD, we integrated transcriptomic data from EHMT2
knockout CRC cell lines with patient-derived expression profiles from our local cohort and the TCGA-
COAD dataset. This analysis indicates that EHMT?2 is associated with transcriptional programs linked to
proliferation and metabolic adaptation in CRC, promoting DNA replication and repair while concurrently
suppressing oxidative metabolism and lipid catabolism in favor of glycolytic pathways. Such metabolic
reprogramming is consistent with a Warburg-like phenotype that supports tumor growth under hypoxic
conditions!58l, Although H3K9me2 primarily establishes broad repressive chromatin domains rather than
locus-specific silencing, the integration of genome-wide CUT&RUN and RNA-seq datasets enabled the
identification of candidate genes within these megabase-scale regions that are directly influenced by
H3K14ac-H3K9me2 crosstalk. Among these candidates, ATP5F1B, previously associated with increased
metastatic potential and poor prognosis across multiple cancer types[59'6”, was highly expressed in
CRC tumors and correlated with reduced overall survival in the TCGA-COAD cohort, supporting its
potential utility as a prognostic biomarker.

Building on these mechanistic insights, we assessed the prognostic relevance of the
H3K14ac/H3K9me2 axis. Using a machine learning approach, we inferred the H3K14ac/H3K9me?2 ratio
in the TCGA-COAD cohort and observed that, consistent with our local cohort, tumors exhibited a lower
ratio than normal tissue, reflecting increased H3K9me2 and reduced H3K14ac levels. Importantly, a low
H3K14ac/H3K9me2 ratio was associated with poorer overall survival, particularly in patients who did not
receive radiotherapy, whereas this prognostic signal was attenuated in radiotherapy-treated patients.
These findings suggest that the H3K14ac/H3K9me?2 ratio captures chromatin states that stratify patient
prognosis in the absence of radiotherapy, while treatment may mitigate the clinical impact of these
epigenetic vulnerabilities. Collectively, our data support a model in which H3K14ac and H3K9me2 act as
a bivalent epigenetic switch controlling transcriptional programs relevant to CRC biology, and suggest
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that chromatin states defined by this axis may serve as prognostic markers while highlighting potential
vulnerabilities for targeted therapeutic intervention.

CONCLUSIONS

This study provides a comprehensive characterization of histone post-translational modifications in
colorectal cancer, uncovering a previously underexplored regulatory axis between H3K14ac and
H3K9me2. Our results support a model in which EHMT2 contributes to the establishment of this bivalent
chromatin switch, influencing transcriptional programs associated with proliferation, metabolism, and
tumor-specific gene expression. Notably, the H3K14ac/H3K9me2 ratio reflects distinct chromatin states
that are associated with patient prognosis, particularly in the absence of radiotherapy, suggesting its
potential value as a prognostic biomarker and an indicator of epigenetic vulnerability. Together, these
findings provide a mechanistic framework linking epigenetic regulation to COAD progression and
highlight the H3K14ac/H3K9me?2 axis as a potential targetable node for future epigenetic strategies in
precision oncology.
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Identification of global histone posttranslational modifications in colon adenocarcinoma. A) Schematic
overview of patient cohort and sample types included in the study. B)Scatter plot showing the fold change
and the statistical significance of the HPTMs identified in the context of peritumor (left) or tumor (right)
versus control samples. Significantly altered HPTMs (p.adj < 0.05) are shown in blue. C) PCA based on the
significant HPTMs between tumor and control samples from the local cohort, including matched peritumor
tissue and 10 CRC cell lines. The percentage of variance explained by the first two principal components, is
indicated in the corresponding axes. D)Heatmap representing the relative ratio of the significant HPTMs
included in the above comparisons. The color scale represents the relative abundance of the indicated
HPTMs. Relevant clinical information for each sample is indicated in the legend. E) Boxplot showing the
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observed ratio of the indicated HPTMs (H3K14ac and H3K9me2) across the samples included in this study.
Statistical significance between each condition and its corresponding normal colon mucosa was assessed
using limma analysis (*p < 0.05; **p < 0.01; ***p < 0.007, ns, not significant). F) Scatter plot illustrating the
robust correlation score between the histone marks H3K714ac and H3K9me2 in the context of tumor and

control samples.
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Figure 2

Identification of candidate genes involved in H3K14ac / H3K9me2 imbalance in colon adenocarcinoma. A)
PCA generated using the 1,000 most variable genes expressed in a cohort of 24 paired control-tumor
samples from the local COAD dataset. The percentage of variance explained for the first two dimensions is
indicated in the corresponding axes. B) Scatterplot showing the number of up- or downregulated genes
identified between paired control and tumor samples from the local COAD cohort. The total number of
significant up- and downregulated genes is indicated (p.adj < 0.007). C) Heatmap illustrating the
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hierarchical clustering of samples using the differentially expressed genes (DEGs) identified in the local
COAD dataset. Color scale represents the relative expression of the genes displayed. Additional clinical
information is indicated in the legend. D) Scatter plot illustrating pairwise robust correlation scores
between gene expression and H3K9me2 (x-axis) or H3K14ac (y-axis) levels for all the significant DEGs
identified in previous analyses. Colored dots indicate genes with significant correlations (p < 0.05) with both
H3K9me2 and H3K14ac (red), only H3K9me2 (blue), or only H3K14ac (yellow). The name of significant,
epigenetic-related genes is indicated. E)Barplot representing the log2 fold changes in gene expression
between paired tumor and control tissue of the epigenetic DEGs highly correlated with H3K9me2 and
H3K14ac levels in the local COAD cohort. Color indicates the statistical significance (adj.p.value) obtained
from DeSeq2 comparisons. F) Scatter plots illustrating the robust correlation score between the indicated
histone marks (H3K14ac and H3K9me2, x-axis) and EHMT2 or HDAC7 gene expression levels (y-axis) in the
context of tumor and control

samples from the local COAD cohort.
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Figure 3

Pharmacological modulation of H3K9me2 and H3K14ac affects the viability of colon adenocarcinoma cell
lines. A) Line plots illustrating the reduced cell viability in 10 colon adenocarcinoma cell lines after 72 h
incubation with increasing doses of the HDAC inhibitor Apicidin (top) or the EHMT2 inhibitor UNC0642
(bottom). B) Heatmaps showing relative abundance ratios of the indicated H3_9_17 peptide modifications
following 72 h treatment with the indicated concentrations of Apicidin (top) or UNC0642 (bottom) in
SW1116 (left) and DLD1 (right) cell lines. C) Bar plot showing relative abundance ratios of H3_9_17 K9me2
and H3_9_17 K14ac peptides in the experiments described above. A dose-dependent effect is observed for
both treatment conditions in the cell lines tested.
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Figure 4

Genetic ablation of EHMT2 modulates H3K14ac / H3K9me2 ratio in SW1116 and DLD1 colon
adenocarcinoma cell lines. A) Heatmaps showing relative abundance ratios of the indicated peptide
modifications included in the peptide H3_9_17 following CRISPR/Cas9-mediated EHMT2 knockout in
SW1116 (top) and DLD1 (bottom) cells. B)Bar plot showing relative abundance ratios of H3_9_17 K9me2
and H3_9_17 K14ac peptides. Data represent mean + standard deviation of biological replicates. C) Scatter
plots showing the number of up- and downregulated genes following EHMT2 knockout in SW1116 (top) and
DLD1 (bottom) cells (n = 4 biological replicates per condition). The total number of significant up- and
downregulated genes is indicated (p.adj < 0.0001). D) UpSetR plot showing the total number of DEGs (left)
and their potential overlaps —main plot— between control and tumor samples from the local COAD cohort,
the TCGA COAD cohort and the genes altered upon EHMT2 KO in SW1116 and DLD1 cell lines. Genes
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exhibiting opposite expression trends between patient samples and knockout models are highlighted in

yellow. E) Gene ontology network analysis derived from genes upregulated upon EHMT2 knockout and
downregulated in colon cancer patients relative to paired normal tissue. F) Same as E, but for genes

downregulated upon EHMT2 knockout and upregulated in colon cancer patients.
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Figure 5
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Correlation between H3K9me2 and H3K14ac levels in colon cancer cell lines following genetic modulation
of EHMT2. A) Density plots indicating the genome-wide, pairwise relationships between H3K9me2-
H3K14ac (left), H3K9me2-H3K27me3 (middle) or H3K14ac-H3K27me3 (right) signals in the context of
SW1116 (Top) or DLD1 cells (Bottom). Each axis represents the log2 fold change of the CUT&RUN signal
per genomic bin observed between EHMT2 KO and control conditions. B) Barplot illustrating the number of
significant up or downregulated peaks between EHMT2 KO and control conditions in the context of SW1116
(Top) or DLD1 (Bottom) cell lines. Two peak-calling algorithms (EPIC - leftt HMMtBroadPeak - right) were
used. C) UCSC Genome Browser tracks representing the CUT&RUN profiles of H3K9me2 or H3K14ac in the
tested cell lines at the ATP5MC3 (left) and ATP5F1B (right) loci. The log2 fold change between EHMT2 KO
and control conditions is indicated for each experiment. D)Boxplots and barplots depicting expression
levels of ATP5F1B and ATP5MC3 in patient samples (local and TCGA cohorts) and in SW1116 and DLD1
cells upon EHMT2 knockout. Statistical significance was calculated using limma analysis (** = p < 0.01; ***
=p < 0.0017). E) Kaplan-Meier curves showing overall survival for patients with low or high expression of
ATP5MC3 (top) or ATP5F1B (bottom) in the TCGA cohort. P-value refers to differences in event rates
between Kaplan-Meier curves and was calculated with the log-rank test.
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Figure 6
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Figure 6

Prognostic potential of the H3K14ac / H3K9me2 signature in colon cancer patients. A)Schematic
depicting the protocol used to infer H3K14ac / H3K9me2 ratio in TCGA COAD samples based on data from
our local cohort. B) Scatterplot showing the number of positive or negative correlated gene expression
changes with the H3K14ac / H3K9me2 ratio observed in control and tumor samples from the local COAD
cohort. Significant up- and downregulated genes are indicated (p.adj < 0.007). The total number of
significant up and downregulated genes is indicated (p.adj < 0.001). C) Boxplots illustrating the H3K14ac /
H3K9me2 ratio signals in the local cohort (left) or the inferred values in the TCGA COAD cohort (right).
Statistical significance was calculated using the Welch's t-test (*** = p < 0.001). D)Scatterplot showing the
GSEA normalized enrichment scores (NES) in canonical pathways (C2) for the patient’s data associated to
the H3K14ac / H3K9me?2 ratio (treated as continuous variable) in the context of the local cohort (x-axis) or
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the TCGA cohort (y-axis). Colored dots indicate significance in both cohorts (red), local only (blue), or TCGA
only (yellow) (p.val < 0.05). E)Barplot showing NES scores for significantly enriched pathways in both
cohorts (MSigDB C2 - canonical pathways). F) Kaplan-Meier curves illustrating overall survival of patients
with low or high inferred H3K14ac / H3K9me2 ratio in TCGA cohort. The left panel includes all the samples
selected for these comparisons; the middle panel includes only samples that received radiotherapy
treatment and the right panel includes only samples that were not treated with radiotherapy. P-value refers
to differences in event rates between Kaplan-Meier curves and was calculated with the log-rank test.
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