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Abstract

Background Lactate, traditionally regarded as a metabolic waste product of glycolysis, has recently emerged as a
critical signaling molecule and epigenetic modifier via protein lactylation. However, the functional consequences of
histone lactylation in cancer progression remain poorly understood.

Methods We integrated transcriptomic data from TCGA and GEO (GSE188900) with bulk and single-cell RNA-seq
analyses to identify lactylation-associated histone variants involved in esophageal squamous cell carcinoma (ESCC).
Functional assays, immunoprecipitation (IP), western blotting (WB), chromatin immunoprecipitation (ChIP)-gPCR,
and luciferase reporter assays were employed to investigate the role of H2BC9 and its lactylation in ESCC. A xenograft
tumor model was used to validate in vivo relevance.

Results We identified H2BC9, a histone H2B variant, as a lactylation-associated oncogene that is overexpressed in
ESCC and correlates with poor prognosis. Lactate stimulation induced H2BC9 lactylation, particularly at lysine 44
(K44), as confirmed by mass spectrometry and IP-WB assays. Mechanistically, K44 lactylation of H2BC9 enhanced
the transcriptional activity of Wnt7b, leading to activation of the Wnt/3-catenin pathway. Mutation of K44 (K44R)
abolished H2BC9 lactylation and significantly impaired its ability to promote ESCC cell proliferation and Wnt7b
transcription, as demonstrated by ChIP-gPCR and dual-luciferase assays. In vivo, H2BC9 K44R-expressing cells
exhibited reduced tumor growth in xenograft models. Furthermore, H2BC9 expression was associated with an
immunosuppressive tumor microenvironment and chemoresistance.
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Conclusion Our study reveals a novel regulatory axis in which H2BC9 K44 lactylation activates Wnt7b transcription
and downstream Wnt/f3-catenin signaling, driving ESCC progression. Targeting H2BC9 lactylation may offer a
promising therapeutic strategy to overcome tumor growth and immune evasion in ESCC.
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Introduction

Esophageal cancer (EC) remains a significant global
health burden, with 510,716 new cases and 445,129
deaths reported in 2022 according to the Global Cancer
Observatory (GLOBOCAN) [1, 2]. In the Chinese pop-
ulation, esophageal squamous cell carcinoma (ESCC)
accounts for more than 90% of all EC cases [3]. Despite
advances in diagnosis and treatment over the past
decades, the 5-year survival rate of EC remains below
30%, and its underlying molecular mechanisms are still
not fully understood [4].

Among the hallmarks of cancer, aberrant metabolism
has emerged as a key contributor to tumor progres-
sion [5, 6]. One of the most well-characterized meta-
bolic alterations in cancer is the Warburg effect, which
describes the preference of tumor cells for glycolysis
even in the presence of oxygen [7]. Tumor cells exhibit
enhanced glycolytic activity, converting glucose to lactate
even under normoxic conditions—a phenomenon that
distinguishes them from normal cells [8—10]. Tradition-
ally, lactate was regarded merely as a metabolic byprod-
uct [11, 12]. However, emerging evidence suggests that
lactate functions not only as a metabolic substrate but
also as a signaling molecule involved in diverse cellular
processes [13]. Notably, in 2019, lactate was identified as
a donor for lysine lactylation, a novel post-translational
modification with regulatory potential [13, 14]. However,
the biological functions and regulatory mechanisms of
protein lactylation in cancer remain largely unexplored.

H2BC9 is a member of the histone H2B family and a
variant of the core histone H2B, involved in nucleosome
assembly and chromatin stabilization [15]. Structurally,
it contains a highly conserved H2B-fold domain that
enables the formation of histone octamers with H2A,
H3, and H4, thereby regulating DNA packaging and tran-
scriptional activity [16, 17]. H2BC9 plays a critical role in
epigenetic regulation, participating in chromatin remod-
eling, DNA repair, and gene expression [18]. In various
cancers, upregulation of H2BC9 has been associated with
abnormal cell proliferation, increased invasiveness, and
poor prognosis, suggesting that it may promote tumori-
genesis by modulating chromatin accessibility and tran-
scriptional programs [19]. However, most histone-related
studies have focused on the H3 family, and the biologi-
cal functions of H2B variants, including H2BC9, remain
poorly understood [20, 21]. To date, the lactylation of
H2BC9 and its potential biological implications have not
been reported.

Here, we demonstrate that histone lactylation plays a
crucial role in the progression of ESCC. Mechanistically,
H2BC9 undergoes lactylation at lysine 44 in response to
elevated lactate levels in the tumor microenvironment.
This modification facilitates transcriptional activation of
the Wnt/B-catenin signaling pathway, notably through
upregulation of Wnt7b. Functionally, H2BC9 lactylation
promotes tumor cell proliferation, cell cycle progression,
and immune evasion. Mutation of the K44 site abro-
gates these effects, highlighting its regulatory specific-
ity. In vivo xenograft models and clinical tissue analysis
further corroborate the oncogenic role of H2BC9 lacty-
lation. Collectively, our findings uncover a novel epigen-
etic mechanism by which lactylation of H2BC9 drives
ESCC progression, and propose H2BC9 as a potential
biomarker and therapeutic target.

Materials and methods

Bulk RNA-seq datasets

The bulk RNA-seq data of ESCC and their corresponding
phenotype data were downloaded from the TCGA data-
base, while the bulk RNA-seq data of normal esophageal
tissues and their phenotype data were obtained from the
GTEx database. The sequencing data were in FPKM for-
mat and were log2(fpkm + 1) transformed. Batch effects
were removed using the ComBat function from the “sva”
(v 3.20.0) package.

ScRNA-seq datasets

The GSE188900 dataset was obtained from the Gene
Expression Omnibus (GEO) database. This dataset was
submitted in 2021 and publicly released in 2022. It was
generated using the Illumina NovaSeq 6000 platform
(GPL24676), and contains single-cell RNA sequencing
data from 7 tumor tissues and 1 adjacent non-tumor tis-
sue derived from 5 patients with ESCC.

In the present study, we utilized sequencing data from
the 7 tumor tissue samples. Quality control and down-
stream analyses were performed using the Seurat pack-
age. Low-quality cells or empty droplets with fewer than
200 detected genes, as well as doublets or multiplets with
more than 5000 detected genes, were excluded. Addition-
ally, cells with high mitochondrial gene content (>10%)
were considered low-quality or dying and were removed.
Batch effect correction across patient samples was con-
ducted using the Harmony package. Highly variable
genes were identified following standard procedures, and
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data normalization was subsequently performed based
on these genes.

Gene set variation analysis (GSVA)

GSVA is a method employed to assess the variation in
gene set activity across different samples. This approach
reflects the activity differences of a gene set under vari-
ous biological states by calculating the degree of variation
for specific gene sets in each sample. In this study, glycol-
ysis-related and lactate-related gene sets were collected
from the MSigDB database, and scores were generated
and visualized for tumor samples and normal tissues [22].

Differential gene expression analysis

The “limma” (v3.54.0) package was utilized for differ-
ential gene expression analysis. It is a widely used R
package for both microarray and RNA-seq differential
analysis, providing robust linear model fitting capabilities
to effectively handle complex experimental designs and
data structures. Differentially expressed genes between
tumor tissues and normal tissues were identified based
on the criteria of |log2FC|>2 and a false discovery rate
(FDR) < 0.05. For the epithelial cell subpopulations in sin-
gle-cell data, differential analysis was performed with the
threshold of |log2FC|>1 and FDR<0.05.

Obtain of lactate-related genes

The GeneCards database was queried using " lactate " as
the keyword, and the results were filtered to include only
protein-coding genes. A total of 115 related genes were
identified [23].

Random forest model

Random forest, a decision tree-based machine learning
algorithm, was employed to assess the contribution of
variables to heterogeneity. In this study, random forest
was utilized to identify lactate-related genes with hetero-
geneous expression between tumor and normal tissues.

Survival analysis and clinical correlation analysis

Survival data and phenotype information of ESCC
patients were downloaded from the TCGA database.
The “survival” (v3.6—4) and “survminer” (v0.4.9) pack-
ages were utilized for survival analysis and visualization
of Kaplan—Meier (KM) curves. The “rms”(v6.8—2) pack-
age was applied to fit regression models and construct
a nomogram based on the Cox proportional hazards
model. Calibration curves were generated using boot-
strap resampling to assess the accuracy of the Cox regres-
sion model.

Protein-protein interaction (PPI) analysis
PPI networks were analyzed using the STRING database,
and the results were exported. The interaction data were
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then refined and visualized using Cytoscape software to
enhance the presentation of the network.

Gene set enrichment analysis (GSEA)

To explore the biological functions and signaling path-
ways of differentially expressed genes, enrichment anal-
ysis was performed using the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases. The “clusterProfiler” (v4.8.2) package was
employed for enrichment analysis, with a significance
threshold of P-value<0.05. The Benjamini—Hochberg
method was applied to adjust for multiple testing, allow-
ing the identification and visualization of significantly
enriched pathways among the differentially expressed
genes.

Prediction of drug sensitivity

Drug sensitivity prediction was conducted using the
“OncoPredict” (v 1.2) package. Bulk RNA-seq data
for ESCC were standardized to ensure data consis-
tency. Drug sensitivity scores were then calculated by
the OncoPredict algorithm based on the gene expres-
sion profiles of drug targets, reflecting the responsive-
ness of different samples to various drugs. Results with a
P-value <0.05 were considered statistically significant.

Analysis of somatic mutations

Somatic mutation analysis was conducted using the
“maftools” (v 2.20.0) package. First, mutation data were
obtained from TCGA and converted into Mutation
Annotation Format (MAF). The mutation data were then
imported using the read.maf function, and an overview of
mutation frequencies and types was generated with the
plotmafSummary function. Key driver gene mutations
were visualized using functions such as oncoplot and
lollipopPlot. To compare mutation differences between
groups, the mafCompare function was employed. Addi-
tionally, the somaticInteractions function was used to
assess co-mutation relationships between genes, provid-
ing further insight into their potential biological signifi-
cance. The cBioPortal database was used for the analysis
of mutation abundance of H2BC9.

Immune infiltration analysis

Immune infiltration was analyzed using CIBERSORT and
ssGSEA. Bulk RNA-seq data from TCGA were processed
using CIBERSORT with the LM22 signature matrix
(1000 permutations), selecting samples with P<0.05. And
ssGSEA was performed via the GSVA R package, using
immune-related gene sets from MSigDB to quantify
immune cell enrichment. Statistical comparisons were
conducted using the Wilcoxon rank-sum test, and corre-
lations were assessed via Spearman’s method. Data visu-
alization included heatmaps, boxplots, and correlation
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matrices, with all analyses performed in R. Statistical sig-
nificance was set at 2 <0.05.

CeliChat

The “CellChat” (v1.6.1) package was employed to quan-
titatively infer and analyze intercellular communication
networks across different cell types. CellChat accurately
represents known heteromeric molecular complexes,
constructing a comprehensive database of interactions
among ligands, receptors, and their cofactors. Based on
the law of mass action, CellChat predicts the primary
signaling inputs and outputs of cells and uses network
analysis and pattern recognition methods to examine
how intercellular signals are coordinated to achieve func-
tional outcomes. This approach unveils the dynamics of
cell communication and its potential roles in biological
functions.

Western blotting (WB)

Cells or tissue samples were lysed in RIPA buffer (Beyo-
time, China) supplemented with protease and phospha-
tase inhibitors (Beyotime, China) and incubated on ice
for 15 min. The lysates were centrifuged at 12,000 x g for
15 min at 4 °C, and the supernatants were collected for
protein quantification using the BCA protein assay kit
(Beyotime, China). Equal amounts of protein were sepa-
rated by SDS-PAGE on 4-20% polyacrylamide gels and
transferred onto NC membranes (Millipore, USA) at
300 mA for 40 min. Membranes were blocked with 5%
non-fat milk in TBST (TBS containing 0.1% Tween-20)
for 1 h at room temperature and incubated overnight at
4 °C with primary antibodies (Supplementary Table 1).
After washing three times with TBST, membranes were
incubated with HRP-conjugated secondary antibodies
(1:5000) for 1 h at room temperature. Protein bands were
visualized using an enhanced chemiluminescence (ECL)
detection kit (Bio-Rad, USA) and imaged with a chemilu-
minescent imaging system (ChemiDoc MP, Bio-Rad).

Immunoprecipitation (IP)

Cells were lysed in lysis buffer (50 mM Tris—HCI,
150 mM NaCl, 1% NP-40, pH 7.5) supplemented with
protease inhibitors on ice for 30 min. Lysates were
cleared by centrifugation at 12,000 x g for 10 min at 4 °C.
Supernatants were incubated with primary antibody or
isotype control IgG at 4 °C overnight, followed by the
addition of Protein A/G agarose beads for 2 h (Supple-
mentary Table 1). After washing three times with lysis
buffer, immune complexes were eluted with SDS sample
buffer and analyzed by WB.

Cell proliferation assay (CCK-8)
Cell viability was assessed using the Cell Counting Kit-8
(Beyotime, China) according to the manufacturer’s
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instructions. Cells were seeded in 96-well plates at a den-
sity of 2000 cells/well and cultured for 24 h. At the indi-
cated time points, 10 uL of CCK-8 solution was added
to each well and incubated at 37 °C for 1 h. Absorbance
was measured at 450 nm using a microplate reader
(Thermo Fisher, USA). Each experiment was performed
in triplicate.

Colony formation assay

Cells were seeded in 6-well plates at a density of 300 cells
per well and cultured in complete medium for 14 days
until visible colonies formed. The medium was replaced
every 3 days. Colonies were fixed with 4% paraformalde-
hyde for 15 min and stained with 0.1% crystal violet for
30 min. After washing with distilled water, colonies con-
taining more than 50 cells were counted under a micro-
scope. Each experiment was performed in triplicate to
ensure reproducibility.

Prediction of lactylation sites

DeepKla was utilized to predict potential lactylation sites
on proteins, employing a deep learning model. By inte-
grating embedding layers, convolutional neural networks,
bidirectional gated recurrent units, and attention mecha-
nisms, DeepKla effectively predicts lactylation modifica-
tion sites, demonstrating exceptional predictive power
and robustness. FSL-Kla is a multi-feature hybrid system
based on Few-Shot Learning (FSL) designed to predict
lysine lactylation (Kla) sites in proteins. By integrating
multiple features and leveraging a limited number of
known Kla site data, this tool constructs an efficient pre-
dictive model.

Mass spectrometry

TE-1 cells treated with 20 mM lactate for 24 h were lysed
and digested with trypsin. The resulting peptides were
enriched for lactylated peptides using anti-lactyl-lysine
antibodies (PTM Bio, China). Enriched peptides were
analyzed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) on a Q Exactive mass spectrom-
eter (Thermo Fisher, USA). The raw data were processed
with MaxQuant software (version v2.2.0.0) to identify
and quantify lactylation sites on H2BC9 protein.

Dual-luciferase reporter assay

TE-1 and EC109 cells were seeded in 24-well plates and
co-transfected with a Wnt7b promoter-driven firefly
luciferase reporter plasmid (pGL3-Wnt7b) and a Renilla
luciferase control plasmid (pRL-TK) using Lipofectamine
3000 (Invitrogen, USA). After 24 h of transfection, cells
were treated with 20 uM lactate for 24 h to induce lac-
tylation of H2BC9. Cell lysates were prepared and lucif-
erase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega, USA) according to the
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manufacturer’s instructions. The firefly luciferase activity
was normalized to Renilla luciferase activity to account
for transfection efficiency. All experiments were per-
formed in triplicate, and the relative luciferase activity
was compared between treated and untreated groups to
evaluate the effect of H2BC9 lactylation on Wnt7b tran-
scriptional activation.

Chromatin immunoprecipitation (ChIP) and qPCR
ChIP assays were conducted using the SimpleChIP®
Enzymatic Chromatin IP Kit (CST, #9003) according to
the manufacturer’s instructions. TE-1 cells were cross-
linked with 1% formaldehyde, quenched with glycine, and
chromatin was digested with micrococcal nuclease fol-
lowed by sonication. IP was performed overnight at 4 °C
using antibodies against H2BC9 and control IgG.

DNA was purified and analyzed by qPCR using SYBR
Green Master Mix (Vazyme, #Q711-02). Enrichment was
calculated as % input:

% Input = 2lctnput) —ctP)] 109,

In vivo mouse studies

All animal experiments were approved by the Experi-
mental Animal Ethics Committee of Xuzhou Medical
University (Approval No. 202507T011) and conducted in
accordance with institutional guidelines for animal wel-
fare. Female BALB/c nude mice were purchased from
Jiangsu GemPharmatech Co., Ltd. and housed under
pathogen-free conditions.

TE-1 cells stably transduced with either wild-type
(WT) H2BC9, K44R mutant H2BC9, or corresponding
controls (sgNC, sgH2BC9) were harvested and resus-
pended in 100 pL PBS. A total of 5 x 10° cells were subcu-
taneously injected into the right flanks of the mice (n=5
per group). Tumor volume was measured with digital cal-
ipers every three days, and calculated using the formula:

Volume = (Length X Widthz) x 0.5

At 21 days post-inoculation, or when tumors approached
the ethical endpoint (~ 1000 mm?), mice were euthanized
via CO, inhalation. Tumors were excised, photographed,
and weighed. All procedures were performed under
sterile conditions to ensure animal welfare and data
reliability.

Results

H2BC9 is identified as an oncogene related to lactate in
ESCC

The Warburg effect, characterized by enhanced aero-
bic glycolysis, represents a critical hallmark of tumor
metabolism and plays a key role in cancer progression.
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In ESCC, Gene Set Variation Analysis (GSVA) identified
significant enrichment of glycolysis- and lactate-related
gene sets in tumor cells, underlining the importance of
metabolic reprogramming in tumorigenesis (Fig. 1a). Dif-
ferential expression analysis between normal and ESCC
cells revealed 844 upregulated and 1,067 downregulated
genes (|log2FC|>2, P.adj<0.05) (Fig. 1b). Univariate Cox
regression analysis highlighted the top five prognostic
genes, which were visualized in a forest plot (Fig. 1c).
Targeting " lactate,”" 115 related genes were extracted
from GeneCards, with 10 selected for heatmap visualiza-
tion, showcasing expression patterns relevant to ESCC
(Fig. 1d). A random forest algorithm further prioritized
20 key genes, leading to the identification of H2BC9 as
a pivotal molecular candidate (Fig. le). This integra-
tive analytical approach underscores H2BC9’s potential
role in driving ESCC pathogenesis and sets the stage
for deeper mechanistic and therapeutic investigations
(Fig. 1f).

H2BC9 is highly expressed in various tumors and is
associated with poor prognosis in ESCC patients

Analysis of sequencing data from TCGA and microar-
ray data from the GEO database revealed that H2BC9
is highly expressed in ESCC tumor tissues (Fig. 2a and
b). Additionally, WB indicated that the expression level
of H2BC9 was elevated in ESCC cell lines compared to
normal esophageal epithelial cells (Fig. 2c). Furthermore,
elevated expression of H2BC9 was observed across vari-
ous malignant tumor tissues, suggesting that H2BC9 may
be involved in tumor initiation and progression (Fig. 2d).
Subsequently, the area under the curve (AUC) values
for the 1-year, 3-year, and 5-year survival rates of ESCC
patients were 0.529, 0.679, and 0.714, respectively, indi-
cating a strong prognostic capability of H2BC9 (Fig. 2e).
Similarly, high expression of H2BC9 is associated with
poor overall survival (OS) and disease-specific survival
(DSS) in ESCC patients (Fig. 2f and g). Furthermore, a
clinical prognostic nomogram was constructed for ESCC
patients by combining H2BC9 expression levels and
pathological stages to predict 1-year, 3-year, and 5-year
overall survival (Fig. 2h). Calibration curves were used to
validate the model’s performance, demonstrating that the
model has strong predictive accuracy (Fig. 2i).

The potential biological functions of H2BC9, drug
sensitivity predictions, and somatic mutation analysis

To comprehensively investigate the biological functions
of H2BCY, correlation analysis was conducted to iden-
tify the top 50 genes positively and negatively correlated
with its expression (supplement). Protein—protein inter-
action (PPI) network analysis revealed significant inter-
actions among these genes, providing insights into their
functional interconnectivity (Fig. 3a and b). GO and
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Fig. 2 Expression analysis, survival analysis, and prognostic model construction of H2BC9 in ESCC. a. Comparison of H2BC9 expression levels between
ESCC tumor tissues and adjacent normal tissues using TCGA database. b. Validation of H2BC9 expression differences between ESCC tumor and adjacent
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specific survival (DSS) in ESCC patients with high H2BC9 expression. h. Nomogram integrating H2BC9 expression levels and clinical characteristics for
diagnostic model construction. i. Calibration curves assessing the predictive accuracy of the prognostic model

KEGG enrichment analyses indicated that positively cor-
related genes were primarily involved in processes such
as protein-DNA complex assembly and Transcriptional
misregulation in cancer, while negatively correlated
genes were associated with regulatory functions and cel-
lular signaling (Fig. 3c and d). The relationship between
H2BC9 expression and chemotherapeutic sensitivity was

further explored using the OncoPredict package (Fig. 3e).
Among various chemotherapeutic agents analyzed, pacli-
taxel demonstrated the most substantial inhibitory effect
on ESCC cells. Notably, high H2BC9 expression was
associated with reduced sensitivity to paclitaxel. This
observation was experimentally validated through CCK8
assays, which revealed a significant decrease in the IC50



Zhang et al. Journal of Translational Medicine

(2025) 23:1085

Page 8 of 15

)
o
regulation of actin polymerization | 3 Li © H2BCY_low
protein-DNA complex assembly < [ J or depotymerization] @ ? g % ¢_:_'-‘ . H2BCO high
s -, .
) - 2 40y § S §
nucleosome organization ® actin filament depolymerization{ @ % t#_; H % /
2 3 % an
P adj regulation of actin filament | ) § . — - '_7_
J depolymerization s 0 > b * e
Atciacome Sssenbly ® 1.5e-05 o % Qg =)
106-05  ticarboxylic acd melabolic 1, g -2 > " . &
regulation of myeloid } 5.0e-06 Proces
cell differentiation |" o £ E RS L
Counts L T T T T T T T
Carbon metabolism+ X N\ A N AN A\
o 10 = O 2 Y @ 2
Neutrophil extracellular | o 15 5 C}\"Q\a ‘o\;@ 6\\6"‘,“0\9‘}*%\\9\0 ‘S\‘\)‘o\ oda\a*
trap formation 0 20 Glyoxylate and dicarboxylate | o % W O 2 O
25 metabolism &
‘Systemic lupus erythematosus 30
35 Citrate cycle (TCAcycle){
100 9 — si-H2BC9
Viral carcinogenesis| @ Collecting duct acid secretion] =SNG
Tranacrptional misteguletion. 2-Oxocarboxylic acid metabolism{ = s 507
030507 0.04 0.08 0.12 0.16 E
g 5 GeneRatio GeneRatio S 609
>
§%} =  fermmmmmceeeea
& 8 1 1
2 40 ' !
o K25del 1 1
* 1 1 ! !
' i
“m l’ | meee ] | 20 ' '
L | 1 1
i - = : T T T T T
0 126aa O 10 0 50 100
h PaclitaxelConcentration(nM)
b H In_Frame_Del
MutCount § < ® Missense_Mutation
0 L T ——— 3 © Xonsense_Mutation
SampleGiroup I @Frame_Shifl_Ins
e IERDEN "IN BTN~ I L FEn R I e e
SPTAI(") - . 12.0%
veoise [ S HE B 108%
® H2BCY-Low
ABCAI3(®) 1 [ ] 1= | @ H2BCo-High
FAT4(**) l - - 6.6%
HERC2®) [ § | HE [ | 60%
KIAATIO9*) - I ls.(m
oocfil W 1 0 | oo
SLITRKS(") 11 L | sa%
.\()R(’.\’I(')I I . l l l . 48%
CoorlT18(*) l [ ] | | l l 42%
TRPAI(*) | | . | | . 42%
AFF2C) [ | [ | | BN | 2%
ey il . il [ ] 3.6%
PAVEOI | l [ ] [ | 3.6%

Fig. 3 Bioinformatics prediction of potential functional roles of H2BC9. a. Protein—protein interaction (PPI) network of the top 50 genes positively co-
expressed with H2BC9. b. PPI network of the top 50 genes negatively co-expressed with H2BC9. ¢. GO and KEGG enrichment analyses of the top 50 genes
positively correlated with H2BC9 expression. d. GO and KEGG enrichment analyses of the top 50 genes negatively correlated with H2BC9 expression. e.
Prediction of the relationship between H2BC9 expression and chemotherapy sensitivity using the OncoPredict algorithm. f. CCK-8 assay demonstrating
enhanced paclitaxel sensitivity in ESCC cells following H2BC9 knockdown. g. Analysis of H2BC9 mutation hotspots. h. Somatic mutation analysis exploring
the association between H2BC9 expression and oncogenic mutation frequency

of paclitaxel following H2BC9 knockdown, suggesting
that silencing H2BC9 is associated with increased ESCC
cell sensitivity to paclitaxel (Fig. 3f). To gain a deeper
understanding of these associations, potential muta-
tion sites and mutation types of H2BC9 were analyzed

using cBioPortal (Fig. 3g). Furthermore, the link between
H2BC9 expression and the gene mutation landscape was
examined. High H2BC9 expression levels were associated
with a significantly increased frequency of mutations in
cancer-related genes (Fig. 3h). These findings provided
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detailed insights into specific mutation patterns that may
underpin the functional role of H2BC9 in ESCC patho-
genesis, offering valuable directions for future research.

The correlation between H2BC9 expression and the
immune microenvironment in ESCC

The relationship between H2BC9 expression and the
immune microenvironment in esophageal squamous cell
carcinoma (ESCC) was systematically evaluated using
CIBERSORT and ssGSEA algorithms, revealing dis-
tinct correlations with multiple immune cell populations
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(Fig. 4a, b). Notably, H2BC9 expression exhibited a sig-
nificant negative correlation with NK cells and neutro-
phils, whereas a positive correlation was observed with
regulatory T cells (Tregs), activated macrophages (M1
and MO0), and activated mast cells.

Analysis of immune cell proportions further demon-
strated that high H2BC9 expression was associated with
an increased proportion of Tregs and activated macro-
phages, accompanied by reduced infiltration of CD8* T
cells and NK cells (Fig. 4c). Consistently, Treg enrichment
scores calculated by the CIBERSORT algorithm were
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significantly higher in the high H2BC9 expression group
compared with the low-expression group (Fig. 4d), fur-
ther supporting the association between H2BC9 and an
immunosuppressive cellular milieu.

Moreover, correlation analysis between H2BC9 expres-
sion and immune regulatory genes revealed a significant
positive association with multiple immune checkpoint
molecules, including PDCD1 (PD-1), CTLA4, TIGIT,
and LAG3 (Fig. 4e). Many of these genes are known to
mediate immune tolerance and T cell exhaustion, sug-
gesting that H2BC9 may contribute to immune evasion
through upregulation of inhibitory immune checkpoint
pathways.Collectively, these findings indicate that ele-
vated H2BC9 expression is linked to an immunosuppres-
sive tumor microenvironment characterized by increased
Treg infiltration and immune checkpoint activation,
which may facilitate immune escape and promote ESCC
progression.

Analyze the potential functions and pathways of H2BC9 at
the single-cell level

In this study, 6 ESCC tissue samples from 5 patients were
obtained from the GEO database for comprehensive
analysis. UMAP dimensionality reduction and cluster-
ing identified eight distinct cell types, including epithelial
cells (Fig. 5a—c). These epithelial cells were further cat-
egorized into two subgroups based on H2BC9 expression
levels. Differential expression analysis between the sub-
groups revealed 271 upregulated and 59 downregulated
genes, which were subsequently subjected to GO and
KEGG enrichment analyses (Fig. 5d). The results demon-
strated that these differentially expressed genes are pre-
dominantly involved in biological processes including cell
cycle regulation, the p53 signaling pathway, and cytotox-
icity mechanisms (Fig. 5e—f).

To investigate the pathways influenced by H2BC9,
intercellular communication patterns were analyzed
using CellChat. This analysis uncovered significant differ-
ences in signaling activity between the H2BC9-positive
and H2BC9-negative epithelial subgroups. Notably, the
Wnt/B-catenin signaling pathway was exclusively active
in the H2BC9-positive subgroup, implicating H2BC9 as
a potential upstream regulator. Further receptor-ligand
interaction analysis identified Wnt7b as a key down-
stream effector within the H2BC9-associated Wnt/p-
catenin axis, providing mechanistic insight into the role
of H2BC9 in ESCC pathogenesis (Fig. 5g—j).

To assess the diagnostic value of H2BC9, time-depen-
dent ROC analysis was performed. The AUC values for
1-, 3-, and 5-year overall survival prediction were 0.529,
0.679, and 0.714, respectively, suggesting limited short-
term predictive power but moderate prognostic potential
over longer follow-up periods. These findings indicate

Page 10 of 15

that H2BC9 may serve as a biomarker for patient stratifi-
cation and risk assessment in ESCC.

H2BC9 promotes the activity of the Wnt/B-catenin
signaling pathway through increased lactylation and
facilitates ESCC tumor growth in vivo

Lactate exposure increased global protein lactylation in
a dose-dependent manner, with 25 mM identified as the
optimal concentration (Fig. 6a). IP confirmed enhanced
lactylation of H2BC9 under this condition (Fig. 6b).
Functional assays showed that lactate promoted ESCC
cell proliferation, which was significantly suppressed
upon H2BC9 knockdown (Fig. 6c, d). Western blot
analysis revealed that lactate-induced activation of the
Wnt7b/B-catenin pathway depended on H2BC9 expres-
sion, suggesting a mechanistic link (Fig. 6e). Notably,
treatment with 2-DG reduced H2BC9 lactylation and
Wnt/p-catenin activity without altering total H2BC9 pro-
tein levels (Fig. 6f), indicating that its lactylation rather
than expression drives downstream signaling.

To further validate the pro-tumorigenic role of H2BC9,
we established a xenograft model using TE-1 cells with
CRISPR-mediated H2BC9 knockout. Tumors derived
from sgH2BC9 cells showed significantly reduced growth
and weight compared to controls (Fig. 6g—i). These in
vivo findings confirm that H2BC9 promotes ESCC pro-
gression, at least in part through lactate-driven lacty-
lation and activation of oncogenic signaling pathways.

H2BC9 K44 lactylation is required for Wnt7b transcriptional
activation and ESCC tumor progression

To identify the functional lactylation site(s) on H2BC9,
TE-1 cells were treated with 25 mM lactate for 24 h, fol-
lowed by mass spectrometry analysis. Seven candidate
lactylation sites were identified (K35, K44, K47, K58, K86,
K109, and K117). Integrative prediction using Deep-Kla
and FSL-Kla databases further supported K44 as the
most conserved and likely functional site (Fig. 7a-b).
Structural modeling of H2BC9 K44 and generation of
a lysine-to-arginine mutant (K44R) were performed
(Fig. 7c), and CRISPR-mediated H2BC9 knockout was
followed by reconstitution with either wild-type or
mutant constructs.

IP and WB confirmed that the K44R mutant lost its lac-
tylation under high-lactate conditions, while total H2BC9
protein levels remained unchanged (Fig. 7d). Functional
assays demonstrated that the K44R mutant failed to pro-
mote ESCC cell proliferation, as shown by CCK-8 and
colony formation assays (Fig. 7e—f). Moreover, west-
ern blot analysis revealed that K44R mutation abolished
Wnt7b and p-catenin upregulation in response to lactate
(Fig. 7g), consistent with dual-luciferase reporter assays
showing impaired Wnt7b promoter activity (Fig. 7h).
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non-expressing epithelial cells

To further verify the transcriptional regulation, ChIP-
qPCR analysis demonstrated that wild-type H2BC9 was
enriched at the Wnt7b promoter under lactate stimula-
tion, whereas K44R-mutant binding was significantly
reduced (Fig. 7i). Additionally, a multi-site mutant
(multiKR) in which all lactylation sites except K44 were
mutated retained the ability to activate Wnt7b expression
(Fig. 7j), supporting the dominant role of K44 lactylation.

In vivo, xenograft assays confirmed that TE-1 cells
expressing the K44R mutant failed to form large tumors,
as evidenced by reduced tumor volume and weight com-
pared to wild-type H2BC9-expressing cells (Fig. 7k—m).

A working model is illustrated in Fig. 7n: lactate-induced
H2BC9 K44 lactylation enhances Wnt7b transcription,
thereby activating Wnt/p-catenin signaling and promot-
ing ESCC tumor proliferation.

Discussion

ESCC remains a formidable clinical challenge due to its
aggressive nature and poor prognosis [24, 25]. While lac-
tate was historically viewed as a metabolic byproduct of
glycolysis, recent findings have illuminated its role in epi-
genetic regulation via protein lactylation [26—29]. In this
context, our study highlights the previously unrecognized



Zhang et al. Journal of Translational Medicine (2025) 23:1085

Page 12 of 15

a Ponceau staining Western blotting b
RIS RIS
tac 0® 60 ¢ 0\ oo T H T Y o
N N
Y 0(1'6 ) oo’b
o (@ O\
D
Lactysiz0cs N L
N
R
Hapco R ([ |
Acin MR W - - S
TE-1 EC109
« TEA1 EC109 d ctrl Lac (25 mM)
5 SFNC+Crl = 4 ;
E _._si+czacs¢cm|m“‘“ . E 4 +;:zc§§g1m|‘“'|m
4 siNC#Lac i —u siNC+lac
:Sr 4 Ioacial™ AT § 3 Sonconas == 1
[a) a o] y -
g3 / g o i
> = ~ [=
% /1/ E 2 /
= 2] o T | ey
8 LA ¥ 8 1=
£ 8
B & 135)
3 o+ T T 180 T T W
0 24 48 72 0 24 48 72
Time (hours) Time (hours) W
e f o o
Q o()' 06 Q 0\'1 00
Ctrl Lac (25 mM) Ctrl Lac (25 mM) Lzl i G S L R
X o
o ¥ o B o B o terizec . EREE. |
P AT AT S AT HEC e e @ e W |
p-Catenin NN N L] pcatenin [ T 0 T N
wiro | . - - wnro | -
H2BCO il [ e HIBCO wmmumme e g | &
Actin e S e - - Actin e s s - ———
TE-1 EC109 TE-1 EC109
g Xenograft tumor model (TE-1) h 4009 ----- sgNC i l—'.‘
L | e Hzacgl'“ 02
sgNC £ 300 9 G
oebbe 2.+
€ 200 g T
sgH2BC9 ‘
- - 3 > 2 o4
L e e e B 5 100 1,—" §
5 ,,-Iv-" III F o0
= I St TS,
(I S o @
T T T T T T T 1 N O
0o 3 9 12 15 18 21 Y Q(&

Days )

Fig. 6 H2BCO lactylation promotes ESCC progression through Wnt/B-catenin signaling both in vitro and in vivo.a. Ponceau staining and Western blot
showing global protein lactylation in TE-1 and EC109 cells treated with increasing concentrations of lactate (0-100 mM). b. Immunoprecipitation followed
by Western blot confirming enhanced lactylation of H2BC9 in response to 25 mM lactate treatment. c-d. CCK-8 and colony formation assays showing that
H2BC9 knockdown suppresses lactate-induced proliferation in ESCC cells. e. Western blot analysis indicating that H2BC9 silencing reduces Wnt7b and
B-catenin expression under lactate exposure. f. Treatment with the glycolysis inhibitor 2-deoxyglucose (2-DG, 10 mM) attenuates lactate-induced H2BC9
lactylation and downstream Wnt/B-catenin signaling. g. Representative images of xenograft tumors formed by TE-1 cells expressing sgNC or sgH2BC9
in BALB/c nude mice. h. Tumor growth curves over 21 days reveal that H2BC9 depletion significantly inhibits tumor progression (n=5 mice per group). i.
Tumor weights measured at day 21 confirm a significant reduction in tumor burden in the sgH2BC9 group. Data are presented as mean + SD. Statistical
significance was assessed by unpaired two-tailed Student’s t-test (i) and two-way ANOVA with Bonferroni post hoc test (h). Significance levels: ns, not
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oncogenic function of H2BC9, a histone H2B variant, in
ESCC progression.

Accumulating evidence indicates that lactate serves
as more than a metabolic waste product—it also acts as
a key signaling molecule and metabolic substrate within
the tumor microenvironment [30, 31]. Tumor-derived
lactate contributes to acidosis, immune suppression,
angiogenesis, and even metabolic crosstalk between
cancer cells and stromal populations [32, 33]. Moreover,

intracellular lactate can directly fuel the TCA cycle or
act as a donor for post-translational modifications such
as histone lactylation, thereby integrating metabolic cues
with chromatin regulation [33]. These multifaceted roles
of lactate underscore its importance as both a metabolic
effector and an epigenetic modulator in cancer biology
[34, 35].

By integrating bulk and single-cell transcriptomic
analyses with functional and mechanistic validation, we
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identified H2BC9 as a lactylation-associated gene highly
expressed in ESCC. Notably, lactate-induced K44 lacty-
lation of H2BC9 modulates transcriptional activity of
Wnt7b, thereby influencing the Wnt/B-catenin signaling
axis—a pathway long implicated in tumorigenesis. Func-
tional assays and luciferase reporter experiments support
the hypothesis that H2BC9 acts as a lactylation-respon-
sive chromatin modulator [36].

Furthermore, the association of H2BC9 with immune
evasion and chemotherapeutic resistance underscores
its translational relevance. Elevated H2BC9 expression
correlated with immunosuppressive microenvironment
features, including Treg enrichment and checkpoint
gene expression, suggesting a potential role in modulat-
ing anti-tumor immunity. Sensitization of ESCC cells to
paclitaxel upon H2BC9 knockdown also points to its util-
ity as a predictive biomarker for therapy response.

Compared to prior studies focusing predominantly on
histone H3, our work emphasizes the underexplored yet
significant role of H2B family members in cancer epi-
genetics [15, 16, 37]. These findings expand the functional
repertoire of histone lactylation and propose H2BC9 as
both a mechanistic driver and a candidate therapeutic
target in ESCC.

Nonetheless, limitations remain. While K44 was vali-
dated as a key lactylation site, other potential sites require
further functional validation. Additionally, the enzymes
responsible for H2BC9 lactylation and delactylation
remain to be identified. Future investigations should aim
to elucidate these regulatory mechanisms and explore
broader implications across cancer types.

In summary, our study provides a novel mechanis-
tic link between lactate metabolism, histone lactylation,
and oncogenic signaling in ESCC. Targeting H2BC9
lactylation may represent a promising strategy to over-
come therapeutic resistance and reshape the tumor
microenvironment.

Conclusion

H2BC9 is overexpressed in ESCC and correlates with
poor patient prognosis, as well as heightened sensitivity
to docetaxel, positioning it as a potential biomarker for
diagnosis and prognosis. Under lactate-induced condi-
tions, K44 of H2BC9 is lactylated, facilitating ESCC cell
proliferation and enhancing Wnt7b transcriptional activ-
ity. This, in turn, is linked to increased Wnt/B-catenin
signaling activity and the oncogenic potential of H2BC9.
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