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Abstract: Background: Hepatocellular carcinoma (HCC) is the 3rd leading cause of cancer-related death.
Approximately 70% of HCC patients present with advanced-stage disease at the time of diagnosis. Lenvatinib is a
standard first-line treatment for HCC; however, the development of drug resistance substantially limits its therapeu-
tic efficacy. Methods: Genes associated with lactylation and lenvatinib resistance were identified through bioinfor-
matic analyses. Differentially expressed genes (DEGs) were screened using data from the TCGA-LIHC cohort, the
GSE186191 dataset, and a lactylation-related gene datasets. Receiver operating characteristic (ROC) curve analy-
sis, Cox regression analysis, survival analysis, and prognostic evaluation were performed to analyze the association
between identified genes and treatment outcomes. After constructing the lenvatinib-resistant MHCC97 cell line
(MHCC97-LR) was established, and the effects of CHST6 knockdown on cell viability, apoptosis, cell cycle, lactate
content, and the expression of lactylation-related genes were analyzed. Results: A total of 15 overlapping DEGs
related to both lactylation and lenvatinib resistance were identified. These genes were involved in multiple meta-
bolic pathways, including lipid and glucose metabolism. CHST6, SPAG4, and PFKFB4 exhibited excellent diagnostic
performance for HCC, and their lower expression levels were correlated with favorable prognosis. Cox regression
analysis identified CHST6 as the only gene significantly associated with HCC prognosis, demonstrating predictive
value for 1-5-year survival in HCC patients. Strikingly, enhanced lactylation was associated with elevated CHST6 ex-
pression and greater cell viability in MHCC9O7-LR cells. Furthermore, CHST6 knockdown reduced the lactate produc-
tion and the expression of lactylation-associated proteins (Pan-Kla, H3K18la, and H3K56la) in MHCC97-LR cells,
along with increased apoptosis and G1-phase cell-cycle arrest in MHCC9O7-LR cells. Conclusion: CHST6 knockdown
reduces intracellular lactate contents and lactylation in MHCCO7-LR cells, thereby attenuating lenvatinib resistance
and enhancing the antitumor efficacy of lenvatinib in HCC.
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Introduction About 70% of HCC patients present with right
upper abdominal masses or unexplained dis-
ease worsening, indicating advanced disease
at the time of diagnosis [7]. Liver transplanta-

tion, chemotherapy, and pharmacological ther-

Hepatocellular carcinoma (HCC), with cirrhosis
as the main risk factor, is a common type of
primary liver cancer [1]. HCC accounts for

approximately 80% of all liver cancers and was
responsible for 747,000 new cases of in 2019,
making it the third leading cause of cancer-
related deaths worldwide [2-5]. The mortality
rate of HCC is close to its incidence, with a
median survival of about 6-10 months [6].
Therefore, elucidating the molecular mecha-
nisms underlying HCC progression and identify-
ing novel target are critical for improving tar-
geted therapy and patient survival.

apy remain the mainstay of treatment for HCC
patients [8]. Moreover, sorafenib has long been
the conventional systemic treatment for HCC;
however, it prolongs survival by only about 3
months [9]. Lenvatinib, a multi-targeted tyro-
sine kinase inhibitor (TKI), demonstrates supe-
rior therapeutic efficacy over sorafenib as a
first-line agent for advanced HCC [10]. Never-
theless, acquired resistance limits its clinical
efficacy [7]. The molecular mechanisms driving
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lenvatinib resistance and strategies to over-
come it remain major obstacles to improving
therapeutic outcomes.

Recently, lactylation has emerged as a post-
translational modification that plays a vital
role in regulating cancer cell behavior, shaping
tumor microenvironment, and modulating im-
mune responses and immunotherapy [11].
Furthermore, lactylation has been implicated
in promoting HCC malignant progression by
affecting metabolic proteins [12]. Notably, len-
vatinib-resistant HCC cell lines (e.g., Hep3B-LR,
Huh7-LR, Hepal-6-LR) exhibit significantly ele-
vated lactylation levels and higher IC50 values
than their parental cells [13]. Therefore, under-
standing the regulatory mechanisms linking
lactylation to lenvatinib resistance could pro-
vide new perspectives for targeted therapy and
the development of new targets in HCC.

In this study, CHST6 was identified as a differ-
entially expressed gene (DEG) associated with
lenvatinib resistance in HCC via bioinformatics
analysis. CHST6 activated lactylation in HCC
patients and promoted lenvatinib resistance.
These findings refine the understanding of lac-
tylation-related mechanisms in lenvatinib resis-
tance and provides a theoretical basis for
developing CHST6 as an adjunct target to
enhance lenvatinib efficacy in the treatment of
HCC.

Methods

Identification of HCC lenvatinib resistance-re-
lated genes based on bioinformatics analysis

HCC lenvatinib-resistant cell-related data were
extracted from the GEO database, and the
GSE186191 dataset [14] was selected for fur-
ther analysis. The GSE186191 dataset con-
tains RNA-Seq data from two HCC cell lines,
Hep3B and Huh7, each containing parental
samples (n = 3) and lenvatinib-resistant sam-
ples (n = 3). R software (V. 4.2.1) was used
for bioinformatics analysis. Briefly, differential
expression analysis was performed using the
DESeq2 package [15], and DEGs were defined
as those with |log,FC|>1 and P<0.05. Principal
component analysis (PCA) was performed on
the count matrix to assess sample clustering.
Volcano plots were generated for all DEGs, with
the top 10 up-regulated and down-regulated
DEGs labeled. Expression heatmaps of DEGs
were plotted based on the TPM matrix.
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Lactylation-related genes (LacGs) were down-
loaded, and duplicates were removed [16, 17].
The intersection of DEGs from lenvatinib-resis-
tant HCC cells and LacGs yielded 15 shared
DEGs. Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrich-
ment analyses were performed using the clus-
terProfiler package [18], and protein-protein
interaction (PPI) networks were analyzed using
String. The HCC-related dataset TCGA-LIHC
was obtained from the TCGA database, and the
expression of 15 shared DEGs was analyzed in
normal and tumor populations. The diagnos-
tic and prognostic values of CHST6, SPAG4,
PFKFB4, and EMB (genes that consistently
expressed in Hep3B and Huh7 cells, and clini-
cal datasets), were assessed. Receiver operat-
ing characteristic (ROC) curves were plotted
using the Python package [19]. Prognostic
analyses of CHST6 in TCGA-LIHC dataset were
conducted using Log-rank tests and Cox re-
gression with the survival package [20]. A
nomogram model was constructed and cali-
brated using the rms package [21]. Data visual-
ization was performed using ggplot2 [22], rms,
ggvenn, and survminer.

Establishment of lenvatinib-resistant MHCC97
cells (MHCC97-LR)

MHCC97 cells (MHCC97-H, BNCC359345,
BNCC, China) were cultured in high-glucose
DMEM (G4515, Servicebio) supplemented with
10% FBS (10099-141, Gibco) and 1% penicil-
lin/streptomycin (15140-122, Gibco) at 37°C
in a humidified incubator containing 5% CO,
(CL-1941C, lJingqgi, China). Lenvatinib-resistant
MHCC97 cells (MHCC97-LR) were constructed
according to previously reported methods [23]
with minor modifications. Briefly, MHCC97 cells
were exposed to 8 uM lenvatinib (51164,
Selleckchem), and the drug concentration was
gradually increased in 0.8 pM increments until
a final concentration of 40 uM was reached
over one week. Cells were maintained at each
intermediate concentration for one week be-
fore further dose escalation. The constructed
MHCC9O7-LR cells were maintained in medium
containing 5 pM lenvatinib for resistance
preservation.

Construction and transfection of CHST6 inter-
ference plasmid

CHST6 knockdown plasmids were constructed
using the pGMLV-SC5 RNAI vector, while CHST6
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overexpression plasmids were generated using
pCDNA3.1(+) (Genomeditech Co., Ltd.). Briefly,
lentiviral packaging and lentiviral titration were
performed following plasmid recombination
and positive clone sequencing. The siRNA
sequences were as follows: sh-NC (TTCTCC-
GAACGTGTCACGT), sh-CHST6#1 (ATCATATGGT-
CACTCTATTCAAC), sh-CHST6#2 (TTCGAGAAAC-
CACCAAATTGTTT), sh-CHST6#3 (CTCTTGATTC-
TTGGTTTTCCTTT), sh-CHST6#4 (GTCTGTACATC-
ACATACATATGC). MHCC97-LR cells were inocu-
lated into 6-well plates at a density of 1x10%/
well. The cell culture medium was replaced with
complete medium without P/S, and 4 pL of
Lipofectmie 2000 reagent (Invitrogen, USA)
was added per well. Transfection was per-
formed by adding 2 ug of either sh-NC or sh-
CHST6 plasmid to each well. Cells transfected
with sh-NC and sh-CHST6 were designated
LR-NC and LR-sh, respectively. After 48 h of
incubation, 25 mM sodium lactate (Nala) was
added to the medium at 24 h according to the
method described in previous researchers [13,
24], generating the Nala, Nala-NC, and Nala-sh
groups, respectively.

Cell Counting Kit-8 (CCK-8)

MHCC97 and MHCC97-LR cells were inoculat-
ed into 96-well plates at a density of 1x10*
cells/well and incubated overnight. After treat-
ment with complete medium containing O, 0.1,
1, 10, and 100 uyM lenvatinib for 48 h, 10 uL
of CCK-8 (CKO4, Dongren Chemistry, China)
reagent was added to each well. The plates
were incubated for 2 h, and then the absor-
bance at 450 nm was measured using a micro-
plate reader (EL80O, BIO-TEK, USA) to measure
cell viability.

Determination of intracellular lactic acid con-
tent

Cells were treated according to the instruc-
tions of the lactic acid (LA) assay kit (BC2235,
Solarbio, USA). After treatment, the superna-
tant was collected by centrifugation at 12,000
g for 10 min at 4°C. The absorbance of the
supernatant was measured at 570 nm using a
microplate reader, and the LA content was
calculated.

Reverse transcription-quantitative PCR (RT-
gPCR)

Total RNA was extracted from cells using
TRIZOL lysate (15596026, Lifetech, USA), and
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RNA concentration was measured using a UV
spectrophotometer. ¢cDNA was synthesized
using the FastKing RT Kit (With gDNase)
(KR116, Tiangen Biochemistry (Beijing) Co.,
Ltd., China) according to the manufacturer’s
instructions. Quantitative PCR was subse-
quently performed using Tag Pro Universal
SYBR gPCR Master Mix (Q712-02, Vazyme,
China) on a 7500 Real Time PCR System
(Applied Biosystems, USA). Relative gene ex-
pression levels were calculated using the 244C
method, with GAPDH serving as the internal
reference gene. The primer sequences us-
ed were as follows: GAPHD: Forward, 5-TTGC-
CCTCAACGACCACTTT-3’; Reverse: 5-TGGTCCA-
GGGGTCTTACTCC-3’; CHST6: Forward, 5-TGTG-
TACTCTGAGGACGA-3’; Reverse: 5-GATGATGCC-
CAAGTGAAG-3’; CHST4: Forward, 5-ATGATTGA-
CAGTCGCATTG-3’; Reverse: 5-CATCACATAGTA-
GGGTTGGT-3".

Western blot

Total cellular proteins were extracted using
RIPA lysate (PO013B, Beyotime, China). Pro-
tein concentrations were detected using an UV
spectrophotometer. Equal amounts of protein
(60 ug per lane) were separated by SDS-PAGE
electrophoresis and transferred onto PVDF
membranes. After blocking with 5% skim milk,
the membranes were incubated overnight at
4°C with the following primary antibodies: anti-
B-actin (TA-09, Zhongsui Jingiao, China), anti-
CHST6 (ab154332, Abcam, UK), and anti-
CHST4 (66623-1-Ig, Proteintech, China). After
washing, the membranes were incubated with
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies, including goat anti-mouse
IgG-HRP (M21001L, Abmart, China) and goat
anti-rabbit IgG-HRP (M21002L, Abmart, China),
at room temperature for 2 hours. Protein bands
were visualized using Immobilon Western Che-
miluminescent HRP Substrate (WBKLS0100,
Millipore, USA) according to the manufacturer’s
instructions. Chemiluminescence signals were
captured using a Tanon 5200Multi imaging
system (Tanon, China).

Flow cytometry

Cell precipitates were collected by centrifuga-
tion at 1000 rpm for 5 min. Cell cycle distribu-
tion was assessed using the Cell Cycle Assay
Kit (CO01-200, Seven Seas Bio, China) accord-
ing to the kit instructions. Briefly, cells were
fixed with 1 mL of pre-cooled 70% ethanol for 2
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h at 4°C. After fixation, 0.5 mL of propidium
iodide (PI) staining solution, prepared in stain-
ing buffer (containing 12.5 uL of Pl reservoir
and 10 pL of RNase A) was added. Cells were
incubated in an incubator protected from light
for 30 min and then subjected to flow cytome-
try (VBR, Novocyte advanteon, Agilent, USA)
analysis with an excitation wavelength of 488
nm.

Apoptotic cells were detected using the FITC/PI
double-staining apoptosis detection kit (AOO5-
4, Seven Seas Bio, China) according to the
manufacturer’s instructions. Briefly, cells were
resuspended in 400 pL banding buffer. Each
sample was incubated with 5 uL of FITC dye for
15 min, followed by 10 pL PI for 5 min in the
dark. Flow cytometry was performed to detect
apoptotic cells. Blank control, FITC single-
stained control (5 pL of FITC), and PI single-
stained control (10 uyL of Pl) were used to
exclude interference.

Statistical analysis

All experiments were performed with at least
three independent replicates. Data were pre-
sented as mean * standard deviation (SD).
Comparisons between two groups were per-
formed using Student’s t-test. Differences
among multiple groups were analyzed using
One-way ANOVA followed by Tukey’s post hoc
test. Statistical analysis and data visualization
were performed using GraphPad Prism 9.5. A
P value of <0.05 was considered statistically
significant (ns P>0.05; *P<0.05; **P<0.01;
***pP<0.001; ****P<0.0001).

Results

Identification and analysis of DEGs associated
with lenvatinib resistance and lactylation in
HCC

RNA-seq data from parental and lenvatinib-
resistant Hep3B and Huh7 cells were analyz-
ed. Differential expression analysis using the
DESeq2 package showed significant gene ex-
pression differences between parental and
lenvatinib-resistant cells (Figure 1A, 1D). Spe-
cifically, 2,815 (1,898 up-regulated and 917
down-regulated) and 2,440 (1229 up-regulated
and 1211 down-regulated) DEGs were identi-
fied in Hep3B cells and Huh7 cells, respec-
tively (Figure 1B, 1C, 1E, 1F).
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The intersection of DEGs with lactylation-relat-
ed genes yielded 15 shared genes (Figure 1G).
Enrichment analysis indicated that these genes
are primarily localized to the nuclear membrane
and extracellular matrix, and are associated
with glucose and lipid metabolism, platelet-
derived growth factor signaling, C2H2 zinc fin-
ger motifs, and PPAR signaling pathway (Figure
1H, 1l). In carbohydrate metabolism, ALDOC/
PFKFB4 are enriched in fructose and man-
nose metabolism; ENO2/ALDOC are enriched
in glycolysis/gluconeogenesis; and CHST6G is
enriched in glycosaminoglycan biosynthesis-
chondroitin sulfate (Supplementary Table 1).
Further PPI network analysis showed that these
DEGs form a functional cluster (Figure 1J, 1K).

Among the 15 DEGs, CHST6, SPAG4, PFKFB4,
and EMB were consistently elevated in HCC
tumors and lenvatinib-resistant HCC cells
(Figure 2A-C). In ROC curve analysis, CHST®6,
SPAG4, and PFKFB4 demonstrated good diag-
nostic value for HCC (AUC = 0.814, 0.858,
and 0.875, respectively), with sensitivities of
0.5695, 0.6925, and 0.7246, and specificities
of 0.96, 0.98, and 0.92, respectively (Figure
2D, 2F).

Based on the optimal cutoff values for CHST®,
SPAG4, PFKFB4, and EMB derived from ROC
analysis, patients were divided into the high-
and low- expression groups. Kaplan-Meier sur-
vival analysis indicated that high expression of
CHST6 (P = 0.040, HR = 2.24, 95% CI 1.38-
3.61), SPAG4 (P = 0.013, HR = 2.15, 95% ClI
1.42-3.28), and PFKFB4 (P<0.001, HR = 2.92,
95% Cl 2.11-4.06) was associated with poorer
overall survival. However, for EMB, the log-rank
test showed no significant difference (P =
0.587) between patients of high- and low-
expression of EMB, suggesting limited prog-
nostic value. Cox regression analysis further
confirmed that only CHST6 was independently
associated with HCC prognosis (Figure 2E).

A nomogram integrating CHST6 expression
and clinical features was constructed. The
nomogram indicated that CHST6 contributed
more to survival prediction than BMI (Figure
2G). Calibration curves showed good predictive
performance of the nomogram for 1-5-year sur-
vival (Figure 2H). These results suggest that
CHST6 has significant prognostic value in HCC
and may contribute to the malignant progres-
sion of HCC.
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Figure 1. Identification of 15 overlapping DEGs associated with lenvatinib resistance and lactylation in HCC cells. (A-C) Principal component analysis (PCA) plot (A),
volcano plot (B), and heatmap (C) showing differential gene expression between lenvatinib-resistant Hep3B cells and parental Hep3B cells; (D-F) PCA plots (D), vol-
cano plots (E), and heat maps (F) showing differential gene expression between lenvatinib-resistant Huh7 cells and parental Huh7 cells; (G) Venn diagram showing
the overlap among DEGs identified in the lenvatinib-resistant Hep3B and Huh7 cells and lactylation-related genes; (H, I) GO (H) and KEGG (l) enrichment analyses
of the 15 overlapping DEGs; (J, K) Cluster analysis (J) and protein-protein interaction analysis (K) of the 15 overlapping DEGs.
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Figure 3. Construction of the lenvatinib-resistant MHCC9O7-LR cell line and characterization of lactate accumulation
and CHST6 expression. (A, B) Schematic diagram of MHCC97-LR construction steps (A) and validation of lenvatinib
resistance by cell viability assay (B); (C) Lactate contents in MHCC97 and MHCC97-LR cells following the treatment
with O, 0.1, 1.0, 10, and 100 pM lenvatinib; (D) CHST6 mRNA expression in MHCC97-LR and MHCC97 cells following
the treatment with O, 0.1, 1.0, 10, and 100 uM lenvatinib; (E, F) mMRNA (E) and protein (F) expression of CHST6 in
MHCCO7-LR cells after transfection with CHST6 knockdown plasmid; (G) CHST6 protein expression in MHCC97-LR
cells after transfection with CHST6 overexpression plasmid. ns indicates no significant difference; **, *#** *%*%*%
represent P<0.01, P<0.001, and P<0.0001, respectively.

Elevated lactylation and CHST6 expression in
MHCC97 lenvatinib-resistant cells

The MHCC97-LR cell line was established by
exposure of parental MHCC97 cells to increas-
ing concentrations of lenvatinib (Figure 3A).
The IC50 of MHCC97-LR was increased by
approximately 4.5 times compared to parental
MHCC97 cells (Figure 3B), confirming acquir-
ed drug resistance. Notably, treatment with
10 uM and 100 pM of lenvatinib significantly
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increased CHST6 expression and lactate con-
tent in MHCC97-LR cells compared with paren-
tal MHCC97 cells (Figure 3C, 3D), suggesting
that CHST6 and lactylation are implicated in
lenvatinib resistance.

For the CHST6 knockdown, sh-CHST6#1 dem-
onstrated the most effective efficiency (Figure
3E, 3F). Additionally, sh-CHST6#4 served as
an off-target control for sh-CHST6#1 in sub-
sequent studies. To further evaluate off-tar-
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get effects, CHST4, a homolog of CHST6,
was examined. Neither sh-CHST6#1 nor sh-
CHST6#4 significantly altered CHST4 mRNA
expression (Figure 3E). At the protein level,
sh-CHST6#1 promoted CHST4 protein expres-
sion, whereas sh-CHST6#4 had no significant
effect on CHST6 protein expression (Figure 3F).
These results indicate that using both sh-
CHST6#1 and sh-CHST6#4 minimizes off-tar-
get interference. Furthermore, an overexpres-
sion control group for CHST6 (OE-CHST6) was
established to validate the functional impact
of CHST6 on MHCC97-LR cell behavior (Figure
3G).

CHST6 promoted MHCC97-LR malignant phe-
notype

Transfection of sh-CHST6 and OE-CHST6
into MHCC97-LR cells successfully modulated
CHST6 expression (Figure 4A). CHST6 knock-
down resulted in decreased viability (Figure
4B), increased apoptosis (Figure 4C), and G1
phase cell cycle arrest (Figure 4D) in MHCCO7-
LR cells. These results indicate that CHST6
contributes to the malignant phenotype of
lenvatinib-resistant MHCC97-LR cells. Further-
more, treatment with Nala to induce lactylation
enhanced both CHST6 expression and cell via-
bility in MHCC9O7-LR cells, demonstrating that
lactylation promotes malignant phenotype of
MHCCO7-LR cells. Furthermore, under condi-
tions of elevated lactylation, CHST6 knock-
down resulted in reduced cell viability, incre-
ased apoptosis, and cell arrest in G1 phases
(Figure 4A-D). Notably, both sh-CHST6#1 and
sh-CHST6#4 exerted consistent effects, whe-
reas CHST6 overexpression exerted the oppo-
site regulatory pattern (Figure 4). These find-
ings suggest that CHST6 inhibition may serve
as a potential therapeutic strategy for HCC
treatment.

CHST6 promoted MHCCO7-LR lactonization

CHST6 knockdown significantly reduced lac-
tate content in MHCC97-LR cells (Figure 5A).
Consistently, the expression levels of lacty-
lation-associated proteins, including Pan-Kla,
H3K18la, and H3K56la, were significantly re-
duced following CHST6 knockdown (Figure
5B-D).

To further investigate the relationship between
CHST6 and lactylation, MHCCO7-LR cells were
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treated with sodium lactate (Nala) to induce
lactylation. Treatment with Nala significantly
increased intracellular lactate content and the
expression of lactylation-associated proteins,
including Pan-Kla, H3K18la, and H3K56la, in
MHCCO7-LR cells. Notably, CHST6 knockdown
effectively attenuated these Nala-induced ef-
fects (Figure 5A-D).

Furthermore, sh-CHST6#1 and sh-CHST6#4
produced comparable regulatory effects, whe-
reas CHST6 overexpression demonstrated the
opposite pattern to that of CHST6 knockdown,
leading to increased lactate levels and elevat-
ed expression of lactylation-related proteins
(Figure 5). These findings suggest that CHST6
inhibition may attenuate lenvatinib resistance
in HCC through suppression of lactylation.

Discussion

The liver plays a central role in tyrosine metabo-
lism and gluconeogenesis. Studies have dem-
onstrated that tyrosine metabolism is dysregu-
lated in HCC patients, characterized by reduced
tyrosine aminotransferase and increased tyro-
sine [25, 26]. Lenvatinib, an oral multi-target
TKI, has emerged as a first-line drug for the
treatment of unresectable HCC [27]. It exerts
anti-tumor effects primarily through inhibition
of multiple receptor tyrosine kinases, including
vascular endothelial growth factor receptor
(VEGFR) and fibroblast growth factor receptor
(FGFR), thereby suppressing tumor angiogene-
sis and proliferation.

Despite its clinical efficacy, the development
of drug resistance significantly limits the long-
term benefits of lenvatinib treatment. Previous
studies have shown that long-term use of len-
vatinib may induce over-activation of VEGFR-
related signaling pathways and structural ch-
anges in FGFR kinase domains, ultimately re-
ducing drug-targeted binding efficiency and
therapeutic responsiveness [28].

CHST®, also known as carbohydrate sulfotrans-
ferase 6, is located on chromosome 16g23.1
and encodes a sulfotransferase belonging to
the CHST family [29, 30]. The CHST family
members participate in sulfation modification
of glycosaminoglycans by catalyzing the trans-
fer of sulfate groups to carbohydrates [31].
Current studies have mostly associated CHST6
with macular corneal dystrophy [32, 33]. In con-
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Figure 4. Effect of CHST6 knockdown on the malignant phenotype of MHCC97-LR cells. A: mRNA expression of
CHST6 in MHCC9O7-LR cells under normal and lactylation-induced conditions; B: Effects of CHST6 knockdown
on MHCC97-LR cell viability as detected by CCK-8; C: Effects of CHST6 knockdown on MHCC97-LR cell apopto-
sis detected by flow cytometry; D: Effects of CHST6 knockdown on MHCC97-LR cell cycle distribution detected by
flow cytometry. ns indicates no significant difference; *, **, *** **%*%* represent P<0.05, P<0.01, P<0.001, and

P<0.0001, respectively.

trast, CHST4 has been reported to inhibit he-
patitis B virus-associated HCC progression and
serve as a prognostic predictor in HCC [34].
Unlike previous studies, this study identified
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CHST6 as gene associated with lenvatinib re-
sistance and prognosis in HCC, demonstrating
its potential as a good predictor of patient
survival.
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Notably, HCC progression leads to increased
lactate accumulation and extracellular acidifi-
cation, which disrupt the immune microenviron-
ment and promote malignant behaviors [35].
Consistently, we observed elevated lactate
content in HCC cells, which were further in-
creased in lenvatinib-resistant MHCC97-LR
cells. Additionally, CHST6 has been implicated
in the Warburg effect (aerobic glycolysis) in
multiple cancers, including thyroid cancer [36],
endometrial cancer [37], clear cell renal cell
carcinoma [38], and low-grade gliomas [39].
This metabolic reprogramming contributes to
lactate-induced suppression of anticancer im-
mune cells caused by glucose over-conversion
in a wide range of cancer cells [40, 41].

Notably, this study found that CHST6 is in-
volved in the KEGG pathway “glycosaminogly-
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Figure 5. Effects of CHST6 knockdown on lac-
tate accumulation and protein lactylation in
MHCC97-LR cells. (A) Effects of CHST6 knock-
down on lactate content in MHCC97-LR cells;
(B-D) Effects of CHST6 knockdown on the ex-
pression of lactylation-associated proteins Pan-
Kla (B), H3K18la (C), and H3K56la (D) detected
by Western blot. ns indicates no significant dif-
ference; *, **, *** *%%%* represent P<0.05,

P<0.01, P<0.001, and P<0.0001, respectively.

can biosynthesis - keratan sulfate”. Previous
studies have demonstrated that CHPF2 medi-
ates chondroitin sulfate synthesis to promote
HCC progression [42], and that heparan sul-
fate proteoglycan GPC3 is overexpressed in
HCC but undetectable in normal liver [43].
These findings suggest a potential link between
CHST6-mediated sulfated glycosaminoglycan
synthesis and HCC progression. Moreover,
dysregulation of lactate metabolism has also
been associated with the development of liver
disease [44]. Notably, it was reported that
B-hydroxybutyrate can modulate lactylation to
reverse sorafenib resistance. Similarly, in our
study, CHST6 knockdown in MHCC9O7-LR cells
resulted in decreased lactate levels and re-
duced expression of lactylation-associated

proteins, including Pan-Kla,

H3K18la, and

H3K56la. Furthermore, it was found that the
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hypoxia-associated factor (HIF-1) may mediate
metabolic reprogramming of HCC resistance,
particularly lactonization, to overcome sora-
fenib resistance in hypoxic HCC [45]. This is
similar to our findings that CHST6 knockdown
decreased cell viability, increased apoptosis,
and induced G1-phase cell-cycle arrest in
MHCC97-LR cells, consistent with previous
reports that genistein and swainsonine inhibit
HCC cell proliferation via G1-phase blockade
[46, 47]. These findings suggest that CHST6
may contribute to lenvatinib resistance by
regulating lactate accumulation and protein
lactylation. Mechanistically, CHST6 knockdown
may inhibit lenvatinib resistance by interfering
with sulfation of histones (e.g., H3Y99sulf) or
kinases associated with Warburg effect or
hypoxia-mediated reprogramming [48, 49].
However, this inference requires further vali-
dation.

In summary, our study identified CHST6 as a
gene associated with HCC survival and lenva-
tinib resistance through bioinformatics analy-
sis. Reduced CHST6 expression decreased lac-
tate contents and the expression of lactylation-
associated proteins, leading to cell-cycle arrest
and increased apoptosis in MHCC97-LR cells.
These findings illustrate that CHST6 knock-
down counteracts lenvatinib resistance in HCC
by inhibiting lactylation. It is important to men-
tion that our results were validated in vitro, and
further in vivo and clinical experiments (e.g.,
analyzing CHST6 expression in patient sam-
ples before and after lenvatinib treatment) are
needed to support the translational relevance
of CHST6 as a therapeutic target. Moreover,
validation should be conducted in diverse HCC
cell models to confirm the generalizability of
our results. Furthermore, the hypothesis that
CHST6 regulates the Warburg effect or hypoxia-
related pathways lacks supporting experimen-
tal data and warrants further experimental
investigation. Future studies should elucidate
how CHSTG6 regulates lactate production, iden-
tify upstream regulators and downstream ef-
fectors, and characterize specific, functionally
relevant non-histone targets relevant to its
function. Investigating whether exogenous lac-
tate supplementation can reverse the sensiti-
zing effect of CHST6 knockdown on lenvatinib
efficacy would further strengthen the mecha-
nistic understanding.
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Conclusion

CHST®6 expression and intracellular lactate lev-
els were significantly elevated in lenvatinib-
resistant MHCC97-LR cells. CHST6 knockdown
reduced lactate accumulation and protein lac-
tylation, along with increased apoptosis and
Gl-phase cell-cycle arrest. In summary, CHST6
contributes to lenvatinib resistance through
the regulation of lactylation and that inhibition
of CHST6 may enhance the sensitivity of HCC
cells to lenvatinib by attenuating lactylation-
associated resistance mechanisms.
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Supplementary Table 1. KEGG enrichment analysis of differentially expressed genes

ONTOLOGY ID Description g-value Gene ID
KEGG hsa00051 Fructose and mannose metabolism 0.02146654 ALDOC/PFKFB4
KEGG hsa04979 Cholesterol metabolism 0.02180346 ANGPTL4/CYP27A1
KEGG hsa00010 Glycolysis/Gluconeogenesis 0.02180346 ENO2/ALDOC
KEGG hsa01230 Biosynthesis of amino acids 0.02180346 ENO2/ALDOC
KEGG hsa03320 PPAR signaling pathway 0.02180346 ANGPTL4/CYP27A1
KEGG hsa04512 ECM-receptor interaction 0.02479956 COL4A1/SPP1
KEGG hsa04066 HIF-1 signaling pathway 0.03115562 ENO2/ALDOC
KEGG hsa01200 Carbon metabolism 0.03115562 ENO2/ALDOC
KEGG hsa00533 Glycosaminoglycan biosynthesis - keratan sulfate 0.04771645 CHST6

KEGG hsa00120 Primary bile acid biosynthesis 0.05204214 CYP27A1
KEGG hsa04510 Focal adhesion 0.06477445 COL4A1/SPP1
KEGG hsa00030 Pentose phosphate pathway 0.07586702 ALDOC
KEGG hsa00760 Nicotinate and nicotinamide metabolism 0.08369969 NT5E

KEGG hsa00240 Pyrimidine metabolism 0.11489794 NT5E

KEGG hsa05165 Human papillomavirus infection 0.11489794 COL4A1/SPP1
KEGG hsa04929 GnRH secretion 0.11489794 SPP1

KEGG hsa04151 PI3K-Akt signaling pathway 0.11489794 COL4A1/SPP1
KEGG hsa05230 Central carbon metabolism in cancer 0.11489794 SLC16A3




