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The value of acetylation reader
YEATS2 in hepatocellular
carcinoma management

Yongjie Shi%*, Qiwen Xiao%*, Weichun Xiao?, Jiale Kang, Qiang Zhou?, Hongyun Jia'*,
Yimei Chen3* & Sicong Huang'™*

Hepatocellular carcinoma (HCC) is frequently associated with Yeats-domain containing 2 (YEATS2)
overexpression, which enhances tumor progression via the PI3K/AKT pathway. Our study delineates
YEATS2's oncogenic functions in HCC and its potential as a prognostic and predictive biomarker.
Through comprehensive in vitro and bioinformatics analyses, we reveal that YEATS2 promotes cell
proliferation, invasion, and epithelial-mesenchymal transition (EMT). Additionally, YEATS2 modulates
the tumor immune microenvironment and predicts response to immunotherapies and chemotherapies.
YEATS2's serum stability suggests its utility as a non-invasive biomarker for personalized HCC
treatment.
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HCC ranks among the most common and deadly cancers globally, with both incidence and mortality rates on
the rise in recent years. Despite advances in diagnostics and therapeutic interventions, overall survival rates
remain dismal, primarily because recurrence and metastasis account for 90% of patient mortality"2. Targeted
and immunotherapies, aimed at specific genes or signaling pathways, present promising avenues for treatment.
A deeper understanding of the molecular mechanisms underlying HCC, especially identifying specific, sensitive
biomarkers, is crucial for early diagnosis, prognosis evaluation, and effective treatment strategies.

Histone acetylation is a critical epigenetic regulatory mechanism that controls gene expression by altering
chromatin structure and transcriptional states*. Histone acetyltransferases and histone deacetylases maintain
a dynamic equilibrium in this process, whose dysregulation can drive aberrant transcriptional programs that
promote the onset and progression of HCC®. In this regard, YEATS2 has emerged as a focal research subject.
As a scaffold subunit of the ADA-2-a complex, it plays a pivotal role in regulating histone acetylation. Previous
studies have shown that overexpression of YEATS2 can enhance cell proliferation and migration in various
cancers®8. Recent findings confirm that YEATS2 is upregulated in HCC®, where it activates the PI3K/AKT
pathway, reshapes the extracellular matrix, and boosts the proliferation, migration, and metastasis of HCC
cells'®. Knockdown of YEATS2 expression leads to DNA damage, cellular senescence, and increased NK cell
count, significantly reducing tumor volume and weight, indicating that targeting YEATS2 could effectively
inhibit HCC growth!!.

This study delves into the pivotal role and underlying mechanisms of YEATS2, an acetylation-associated gene,
in HCC. Employing rigorous bioinformatic analyses and in vitro experimentation, we validate YEATS2’s pro-
proliferative and invasive effects on HCC cells. Moreover, we elucidate its regulation of immune cell infiltration
within the tumor microenvironment and its implications for immunotherapy responsiveness. Multi-faceted
analyses of biological datasets and HCC patient specimens confirm YEATS2’s overexpression (serum and tissue)
as an emerging biomarker for HCC diagnosis, progression tracking, and prognosis prediction®!!. Further,
in vitro, assays underscore YEATS2’s potent contribution to fostering oncogenic traits such as proliferation,
invasion, migration, and EMT in HCC cells. These discoveries lay a solid groundwork for advancing YEATS2-
targeted strategies in HCC management.
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Materials and methods

Screening of acetylation-related genes

We obtained 240 acetylation-related genes from the Molecular Signatures Database (MSigDB) (https://www.
gsea-msigdb.org/gsea/msigdb/, accessed March 19, 2024)'? (Supplementary TableS1). For 377 HCC patients
from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov)!?, we processed the RNA-s
eq data (Transcripts Per Million, TPM) generated by the STAR pipeline from the TCGA-LIHC project along
with corresponding clinical information. After excluding normal samples and cases lacking clinical data, we
performed log2 (value+ 1) transformation on the expression data. The differentially expressed genes (DEGs)
analysis identified significantly altered genes, which were subsequently analyzed using Lasso regression with
cross-validation and Cox proportional hazards regression to determine their association with recurrence-free
survival (RFS). DESeq?2 analyzed differential gene expression'® with significance set at an adjusted P-value <0.05
and |Log2FC| = 0.93. All statistical analyses were conducted using R (version 4.2.1), with data visualization
performed using the ggplot2 package.

Correlation of YEATS2 expression and clinical pathological features

The data were obtained from the Biomarker Exploration for Solid Tumors (BEST) database!®>. mRNA-seq data
were converted to TPM values and were visualized through box plots. YEATS2 expression levels were compared
among clinical groups using either the Wilcoxon rank-sum test or the Kruskal-Wallis test, depending on the
number of groups being compared. Survival differences were evaluated by Kaplan-Meier survival curves, with
statistical significance being determined through log-rank tests. The diagnostic value was assessed by constructing
receiver operating characteristic (ROC) curves, where the area under the curve (AUC) was calculated.

Human HCC tissue and peripheral blood samples

This study utilized 9 snap-frozen HCC tumor tissues and 4 paired adjacent normal tissues, along with peripheral
blood samples collected from patients with confirmed HCC diagnoses through clinical and histopathological
evaluation at the Second Affiliated Hospital of Guangzhou Medical University. The research protocol received
approval from the Institutional Research Ethics Committee, and written informed consent was obtained from
all participants prior to sample collection. All specimens were stored under standardized biobanking conditions
and exclusively utilized for research purposes in accordance with ethical guidelines.

Detection of YEATS2 concentration in serum

Peripheral blood was collected by venipuncture, and serum was obtained through centrifugation (3,000 rpm,
15 min, 4°C) before storage at —20 °C. Serum YEATS2 levels were quantified using a commercial ELISA kit
(#AE10944HU, Wuhan Abebio Science, China). Standards (0-10ng/ml) and samples were added to pre-coated
96-well plates, incubated (1 h, 37°C), then treated with HRP-conjugated antibody (30 min, 37°C) after washing.
Following TMB substrate (100pL) incubation (15 min, dark) and reaction termination (50uL stop solution),
absorbance was measured at 450 nm (BioTek Synergy HT, USA). A standard curve was constructed in Excel
using blank-corrected OD values, with 4-parameter logistic regression for optimal fitting (R*>0.90). Sample
concentrations were calculated from the curve, exceeding 5ng/ml were reanalyzed after appropriate dilution to
ensure measurements fell within the linear range (0.31-5 ng/ml).

Immunohistochemistry (IHC)

Clinical samples!'® were processed through fixation, paraffin-embedding, sectioning, and deparaffinization. After
antigen retrieval and blocking, sections were incubated with anti-YEATS2 antibody (#ab254895, Abcam, USA),
then stained with 3,3’-Diaminobenzidine and hematoxylin. Two blinded observers scored staining intensity (1:
none; 2: weak; 3: moderate; 4: strong) and proportion of positive tumor cells (0: 0%; 1: <10%; 2: 10-35%; 3: 35-
75%; 4: >75%). The staining index (SI) was calculated by multiplying intensity and proportion scores. Samples
with SI>8 were classified as high expression, while SI < 8 indicated low expression.

Cell culture and stable cell line establishment

Nine human HCC cell lines (MHCC97H, QGY-7701, HCCC-9810, QGY-7703, HepG2, SMMC-7721, HCCLM3,
Huh7, Hep3B) were obtained from Guangzhou IGE Biotechnology (China) and cryopreserved at the Central
Laboratory of the Second Affiliated Hospital of Guangzhou Medical University. Normal human hepatocytes
(MIHA, #YS4004C) were acquired from Shanghai YaJi Biological (China). All cell lines were cultured under
standard conditions (37 °C, 5% CO,). HCC cells were maintained in DMEM (#12491023, Thermo Fisher
Scientific, USA) with 10% FBS (#10099158, Thermo Fisher Scientific, USA), while MIHA cells were grown in
RPMI-1640 medium (#12633020, Thermo Fisher Scientific, USA) supplemented with 10% FBS. For functional
studies, full-length human YEATS2 ¢cDNA was PCR-amplified and cloned into pcDNA3.1 vector (Guangzhou
IGE Biotechnology, China). Stable overexpression was achieved via retroviral transduction using HEK293T
packaging cells, followed by puromycin selection (0.5 ug/mL, #A1113803, Thermo Fisher Scientific, USA) for 10
days. Polyclonal populations were verified by Western blot before experimental use.

Western blot analysis

Tissues/cells were lysed in RIPA buffer supplemented with protease inhibitors. Protein samples (30 pug) were
separated by 10% SDS-PAGE and transferred to PVDF membranes (300 mA, 90 min). After blocking with 5%
non-fat milk for 1 h, membranes were incubated overnight at 4°C with primary antibodies against YEATS2
and GAPDH (#AF9233/#AF7021, Affinity Biosciences, USA), E-cadherin and Vimentin (#3195/#5741, Cell
Signaling Technology, USA). HRP-conjugated secondary antibodies were then applied for 1 h, followed by ECL
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detection using a ChemiDoc system. GAPDH was reprobed after stripping. All other reagents were obtained
from the Western Blot Kit (#WKO001, Guangzhou Biolight Biotechnology, China).

Cell proliferation assay

HCCLMS3 cells were seeded in 6-well plates at 1x 10* cells/well and cultured for 10 days in DMEM with 10%
FBS, with medium refreshed every 3 days. Colonies were fixed with 4% paraformaldehyde for 15 min, stained
with 0.1% crystal violet for 30 min, and rinsed with PBS. Visible colonies (=50 cells/colony) were quantified
using Image] software (v1.53) under an inverted microscope (Olympus, Japan). Triplicate wells were analyzed
per group, and data normalized to control conditions.

Wound healing assay

HCCLM3 cells were seeded uniformly at 2 x 10* cells/well in 6-well plates (#CLS3335, Corning, USA) and
cultured in DMEM with 10% FBS until 90% confluency (24 h). After serum starvation (0.5% FBS, 24 h),
three parallel scratches per well were generated using a sterile 100uL pipette tip (diameter 0.6 mm). Debris
was removed by PBS washes (3 times). Cells were then incubated in complete medium (10% FBS) under 5%
CO, at 37°C. Migration progression was documented at 0/12/24 h using an inverted phase-contrast microscope
(Olympus, 20x objective) with a calibrated grid. Wound closure rates (%) were quantified via ImageJ (v1.53)
using the “MRI Wound Healing Tool” plugin. Triplicate experiments were normalized to baseline (0 h).

Transwell Invasion Assay

HCCLMS3 cells (2 x 10* cells/well in 200uL serum-free DMEM) were seeded into Matrigel-coated (#CLS354234,
Corning, USA) Transwell inserts (#CLS3460, Corning, USA). The lower chamber contained DMEM with 10%
FBS as a chemoattractant. After 36 h incubation (37°C, 5% CO,), non-invaded cells were removed by cotton
swab. Invaded cells were fixed with 4% paraformaldehyde (30 min), stained with 0.5% hematoxylin (10 min),
and imaged under an inverted microscope (Olympus, 20x). Five random fields per insert were counted using
Image ] 1.35.

3D spheroid invasion assay

HCCLM3 cells (1x10* cells/well) were trypsinized, resuspended in DMEM/F12 medium (#21331046, Thermo
Fisher Scientific, USA) containing 5% FBS, and mixed with Growth Factor Reduced Matrigel (2%, #CLS356231,
Corning, USA). The cell-Matrigel suspension (500pL/well) was plated in pre-chilled 24-well plates (#CLS3473,
Corning, USA) and polymerized at 37°C for 30 min. Cultures were maintained with 2% Matrigel-supplemented
medium, which was carefully replaced every 48 h using pre-cooled pipettes. Spheroid formation and invasion
were monitored every 48 h for 10 days using phase contrast microscopy (Nikon, 20x). Five random fields per
well were imaged, and invasion area was quantified using Image]J (v1.53) with the “3D Sphere Analyzer” plugin.

Immunofluorescence analysis

Transfected HCCLMS3 cells (5x 10* cells/well) were plated in poly-L-lysine-coated 6-well plates (#CLS356515,
Corning, USA). After 24 h, cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100,
and blocked with 5% BSA. Primary antibodies against E-cadherin (1:200, #20874-1-AP, Proteintech, USA) and
Vimentin (1:150, #10366-1-AP, Proteintech, USA) were applied overnight at 4°C, followed by Rhodamine Red-
X-conjugated secondary antibodies (1:200, 1 h) (1:200, 115-025-003, Jackson ImmunoResearch, USA). Nuclei
were stained with DAPI (1 pg/mL, 10 min, dark), mounted with ProLong Gold, and imaged via Olympus FV1000
confocal microscope (60x, 0.5 pm Z-stacks). Images were analyzed using ImageJ (v1.53) post-background
subtraction.

Comprehensive analysis and enrichment analysis of Protein-Protein interactions (PPI)

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) (https://cn.string-db.org/)!” and
Cytoscape!8 were used for network analysis of the YEATS2 gene, setting the analysis for 50 interacting molecules
with a minimum interaction score of 0.7. Networks were constructed using Cytoscape, and hub genes were
identified using plugins. Nodes were evaluated using degree, Maximum Neighborhood Component (MNC),
Maximum Clique Centrality (MCC), Edge Percolation Component (EPC), stress, and closeness metrics, selecting
the top 10 nodes. Single-gene enrichment analysis for Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG)', and Hallmark pathways was conducted using BEST. Enrichment Analysis results were
evaluated based on Normalized Enrichment Score (NES) and P-values. Gene sets with False Discovery Rate
(FDR) <0.25 and adjusted P <0.05 were considered significantly enriched.

MTT drug resistance assay

Logarithmically growing cells were collected and suspended. 100pL of this suspension was pipetted into each
well of a 96-well flat-bottom plate (#267544, Thermo Fisher Scientific, USA), yielding a cell density of 1 x 10°~10*
cells/well. Peripheral wells were filled with PBS to prevent evaporation. The plate was incubated at 37°C under
5% CO, until HCCLM3 cells formed a confluent monolayer. Then, 200pL diluted drug solutions (Cisplatin, 0.25-
40 mg/L, #15663-27-1, Abmole Bioscience, USA; Sorafenib, 0.5-32pmol/L, #284461-73-0, Abmole Bioscience,
USA) were added per well. After 5 days of incubation, 20uL methylthiazolyl diphenyl-tetrazolium bromide
(MTT, #298-93-1, Abmole Bioscience, USA) solution was added, and incubation continued for 4 h. The culture
medium was aspirated, replaced with 150 ul DMSO (#67-68-5, Abmole Bioscience, USA), and shaken gently for
10 min to dissolve formazan crystals. Absorbance at 490 nm was then measured for each well.
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Evaluation of therapeutic benefits in clinical patients

HCC patients undergoing transcatheter arterial chemoembolization (TACE) or anti-PD-L1 treatment were
categorized into significant (score>60) and non-significant (score<60) efficacy groups, using a weighted
scoring system (Supplementary Table S2). Serum YEATS2 levels were subsequently quantified in both groups.

Statistical analysis and ethics approval

All in vivo experiments were performed in triplicate. Statistical analyses were conducted using GraphPad Prism
6, with the x* test being applied for categorical data comparisons (e.g., incidence rates) and Student’s t-test being
used for continuous variable analyses (e.g., fluorescence intensity, invasion area). Significance was set at P<0.05.
Human participant blood samples were utilized exclusively with the informed consent of the individuals and
their legal guardians. The study was approved by the Ethics Committee of The Second Affiliated Hospital of
Guangzhou Medical University. All experiments were performed in accordance with relevant guidelines and
regulations.

Result

Acetylation gene YEATS2 as a diagnostic marker for HCC

Among the 99 differentially DEGs screened (Supplementary Table S3), 11 were upregulated and one was
downregulated (Fig. 1A). Lasso regression (Fig. 1B, Supplementary TableS4) and Univariate Cox analysis
(Fig. 1C) identified YEATS2 as the strongest associated with RFS of HCC patients. Various HCC datasets
demonstrated increased YEATS2 expression in tissues (Fig. 1D). ROC analysis showed higher sensitivity and
specificity for YEATS2 compared to AFP in TCGA (Fig. 1E). YEATS2 protein levels were elevated in cancerous
tissues and serum of HCC patients from our cohort (Figs. 1F-H).

YEATS?2 as a promising biomarker for HCC

Clinical data from TCGA patients showed variations in YEATS2 expression across different age groups,
tumor statuses, pathologic T stages, pathologic stages, histologic grades, and alpha-fetoProtein (AFP) levels
(Supplementary TableS5). Notably, multiple clinical studies have justified an age stratification at 65 years,
effectively discriminating disease progression patterns in HCC?*2!. Intriguingly, TCGA analysis revealed higher
YEATS2 expression in younger patients (<65 years) compared to older patients (Fig. 2A), although grouped
comparisons across different ages showed no significant differences (P>0.05) in TCGA and other cohorts
(Fig. 2B). This trend of higher YEATS2 expression in younger patients was consistently observed across various
datasets, hinting at potential mechanisms such as age-related decline in DNA repair efficiency impacting the
accumulation of epigenetic changes recognized by YEATS2 (e.g., H3K27ac/H3K9ac)S, or alterations in lipid
metabolism and epigenetic regulator expression in aging hepatocytes?’. Such insights may provide valuable
considerations for the clinical application of YEATS2. Furthermore, statistically significant differences (P <0.05)
in YEATS?2 expression were observed between different pathologic T stages (Fig. 2C), pathologic stages (Figs. 2D,
E), tumor statuses (Fig. 2F), histologic grades (Fig. 2G), and AFP levels (Figs. 2H, I) across both TCGA and
other datasets. Moreover, YEATS2 expression was not influenced by smoking status (FigureS1A), hepatitis virus
infection (Figures S1B-D), or liver multinodularity (Figure S1E). All the GSE datasets other than TCGA-LIHC
and the analysis results are directly derived from the BEST database.

High YEATS2 expression predicts poor prognosis in HCC

Cox regression analysis was performed across multiple HCC-related datasets, including TCGA, GSE54236,
GSE114269, GSE14520, GSE116174, ICGC, TABM, GSE271550, and GSE76427, to assess the impact of YEATS2
expression on overall survival (OS), disease-specific survival (DSS), disease free survival (DFS), recurrence-free
survival (RFS), and progression-free survival (PFS) (Fig. 3A). Statistically significant associations were further
validated using log-rank tests (Figs. 3B-G). The results consistently suggested that upregulation of YEATS2
serves as a risk factor for accelerated mortality in HCC patients.

Time-dependent ROC analysis of the TCGA-HCC cohort revealed that the area under the curve (AUC)
values for OS, DSS, and PES were all above 0.5 at various time points (Figs. 3H-]), indicating the predictive
power of YEATS2 expression in these survival metrics. The consistency of results across diverse datasets and
statistical methods underscores that high YEATS2 expression is a reliable indicator of poor prognosis in HCC.

Gene Set Enrichment Analysis (GSEA) conducted on various TCGA sub-datasets revealed a negative
correlation between YEATS2 expression and tumor survival (Figs. 3K, L), as well as a positive correlation with
recurrence (Figs. 3M-P). These findings provide further evidence supporting the role of YEATS2 as a prognostic
biomarker in HCC.

YEATS2 promotes tumorigenicity of HCC cells in vitro

Our study observed elevated YEATS2 expression in nine hepatocyte-derived cancer cells (Fig. 4A), albeit with
discrepancies in Western blot results compared to published data (Huh7/HepG2)'!, potentially attributed
to technical factors such as antibody sources, internal controls, batch-specific epitope recognition, cell line
variations, and methodological differences in sample preparation and detection parameters®, particularly
for post-translationally modified YEATS2 isoforms. To investigate YEATS2’s role in HCC, we employed an
overexpression strategy for three reasons: it directly demonstrates oncogenic functions by affecting HCC cell
proliferation, migration, invasion, and EMT; mimics clinical pathology as YEATS2 overexpression is common
in HCC patients; and complements previous gene silencing studies for a comprehensive understanding'!.
For validation, we selected the highly metastatic HCCLM3 cell line (Supplementary document-1), suitable
for studying YEATS2’s role in cancer metastasis due to its aggressive phenotype aligned with advanced HCC
progression (Fig. 4B).
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Fig. 1. Acetylation-Related Gene YEATS2 is Upregulated in HCC. (A) Expression differences of 240
acetylation-related genes in HCC from the TCGA database. (B) LASSO analysis of DEGs. (C) Cox analysis
results of target genes on RFS in HCC patients. (D) Relative expression levels of YEATS2 from various
databases. (E) ROC curve analysis of YEATS2 and AFP in HCC from TCGA. (F, G, H) Elevated YEATS2
Levels in tissues and serum of HCC Patients. Statistical analyses were conducted using GraphPad Prism 6.

Results showed increased invasion in Transwell assays (Fig. 4C), enhancive migration in wound healing
(Figs. 4D), enhanced colony formation (Figs. 4E), and aggressive invasion in 3D spheroid assays (Fig. 4F),
suggesting that YEATS2 promotes HCC cell proliferation, migration, and invasion. Similar results also
apply to the in vitro study of HepG2 cells (Figure S2). Additionally, YEATS2 upregulation of Vimentin and
downregulation of E-cadherin (Figs. 4G, H) confirmed EMT, facilitating cancer dissemination, invasion, and

therapeutic resistance?*.

YEATS?2 protein interactions and functional enrichment analysis

PPI network analysis identified WDR5 as the strongest hub among interacting partners including MOCS2,
CCDCI101, TADA2A, TADA3, CSRP2BP, KAT2A, KAT2B, MBIP, and TADA2B (Fig. 5A). WD repeat-
containing protein 5 (WDR5), a core component of histone methyltransferase complexes, enhances histone H3
lysine 4 trimethylation (H3K4me3)® that drives HCC invasion and proliferation?. GSEA across GO, KEGG,
and Hallmark databases (Figs. 5B-D) linked elevated YEATS2 expression to enhanced mitotic DNA replication,
spliceosome function, and cell cycle progression (specifically E2F targets and G2M checkpoint), suggesting
YEATS2 promotes HCC proliferation through cell cycle regulation*”?%. Conversely, negative correlations focused
on fatty acid and xenobiotic metabolism. Restricted fatty acid availability impedes cancer dissemination?, while
impaired xenobiotic metabolism promotes necrotic inflammation and mitochondrial dysfunction, elevating
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Fig. 2. YEATS2 Expression Analysis in HCC Patient Cohorts. (A, B) Differential YEATS2 expression across
age groups in TCGA and HCC datasets. (C-E) YEATS2 expression analysis stratified by disease stages in
TCGA and HCC datasets. (F) Expression variations in tumor status. (G) Expression changes across histologic
grades. (H, I) Differential analysis of YEATS2 across AFP levels in two HCC datasets.

reactive oxygen species (ROS) that activate Kupffer and stellate cells to drive inflammation and fibrosis®.
Elevated YEATS2 thus facilitates HCC progression by suppressing these protective metabolic pathways.

Synthesizing these findings®!, YEATS2 may regulate HCC through three interconnected mechanisms:
(1) Promoting G1/S transition and G2/M progression via chromatin remodeling-mediated upregulation of
E2F targets and checkpoint genes, amplified through WDR5 interaction at proliferative gene promoters. (2)
Orchestrating metabolic reprogramming to inhibit fatty acid oxidation and redirect lipids for biosynthesis, while
impairing xenobiotic detoxification. (3) Activation of the inflammation-fibrosis axis established a pathogenic
feedforward loop that drives HCC aggression.

YEATS2 and immune infiltrates in HCC

Tumor-infiltrating immune cells play pivotal roles in HCC progression through dynamic regulation of
inflammatory networks. Our multi-omics analysis (Fig. 6A) across eight independent cohorts (TCGA/GEO)
employing eight computational algorithms (CIBERSORT, EPIC, etc.; concordant results from >2 methods
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Fig. 3. YEATS2’s Impact on HCC Patient Survival. (A) Cox regression analysis across multiple datasets
assessing YEATS2’s role. (B-G) YEATS2 expression’s effect on survival time in various datasets. (H-J) Time-
dependent ROC analysis of YEATS2 in HCC-TCGA. (K-P) GSEA reveals YEATS2’s significant association
with survival and recurrence-related gene signatures in TCGA mRNA datasets.

required) demonstrates that elevated YEATS2 expression consistently promotes monocyte recruitment (Figs. 6B-
J) while suppressing mast cell and NK cell infiltration (Figs. 6K-V).

Monocyte-derived tumor-associated macrophages (TAMs) drive HCC progression via vascular endothelial
growth factor (VEGF)-mediated angiogenesis, immunosuppressive cytokine release, and metastasis facilitation®
Conversely, NK cells - the primary antitumor effectors - mediate tumoricidal activity, antiviral defense, and
HBV-specific hepatocyte clearance®®. Interestingly, YEATS2 knockdown in xenograft models reduced tumor
growth while increasing senescent cells and intratumoral NK cell accumulation!!, corroborating the observed
YEATS2-NK cell inverse correlation that may underlie its age-dependent expression patterns as mentioned
above. Mast cells show context-dependent roles: while tumor-promoting through cytokine secretion®, their
matrix-remodeling capacity can paradoxically limit HCC dissemination®®

Impact of YEATS2 on HCC treatment
Early HCC is treatable surgically, but approximately 20% of patients present with microvascular invasion (MVI),
correlating with poor prognosis. While sorafenib remains the sole approved first-line systemic therapy, its
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Fig. 4. YEATS2 Enhances HCC Cell Proliferation, Migration, and Invasion. (A) Western blot analysis of
YEATS?2 overexpression, the grouping of blots cropped from the same gel. (B) The outcome of YEATS2
overexpression, the grouping of blots cropped from different parts of different gels under the same
experimental conditions. (C) Transwell assay showed invasiveness of YEATS2-overexpressing cells.

(D) Wound-healing assay revealed motility differences. (E) Colony growth comparison of YEATS2-
overexpressing cells. (F) 3D spheroid invasion assay of YEATS2-modulated cells. (G) YEATS2 overexpression
altered E-cadherin and Vimentin levels, the grouping of blots cropped from different gels under the same
experimental conditions. (H) Expression and localization of E-cadherin/Vimentin upon YEATS2 modulation.
Error bars indicate mean+SD (¥, P<0.05. **, P<0.01. ***, P<0.001).

efficacy is limited and MVI further diminishes treatment response. Recent advances demonstrate promising
outcomes with locoregional therapies like TACE and radiotherapy in advanced HCC with MVI, particularly
when combined with sorafenib®®.

Integrated analysis of drug sensitivity correlations (GDSC1/2 and CTRP datasets) and expression profiling
(TCGA-LIHC, GSE116174/104580/109211) revealed that elevated YEATS2 expression may modulate
therapeutic responses in HCC, inducing drug resistance while minimally affecting radiotherapy and M VI status.
Cross-database analyses indicate that high YEATS2 expression increased resistance to Selumetinib, Etomoxir,
Hyperforin, and Tamoxifen but confered sensitivity to platinum-based agents (cisplatin/carboplatin) and statins
(Figs. 7A, C, D)¥. In vitro cisplatin resistance assays confirmed dose-dependent reductions in viability (0-
40 mg/L), with repeated-measures ANOVA revealing significant differences between YEATS2-overexpressing
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Fig. 5. YEATS2-Interacting Proteins and Functional Enrichment in HCC. (A) Annotation of YEATS2-
interacting proteins and their co-expression patterns. (B-D) Functional enrichment analysis results from
GSEA.

and control groups (Fig. 7B). Pronounced resistance divergence occurred at low cisplatin concentrations
(<3 mg/L), while attenuated differences at higher concentrations (>10 mg/L) suggest YEATS2-mediated
resistance may be masked by overwhelming cytotoxicity. Elevated YEATS2 also correlated with diminished
response to TACE and sorafenib (Figs. 7G, I), though clinical data showed no association between serum
YEATS2 and TACE efficacy (Fig. 7H). YEATS2 overexpression consistently enhanced sorafenib resistance in
HCC cells, exhibiting distinct concentration dependence: negligible differences at <4 pumol/L versus significant
disparities at >8 pmol/L (Fig. 7]).

Critically, analyses of TCGA and GSE116174 datasets revealed no significant association between YEATS2
expression and either radiotherapy outcomes or postoperative MVTI status (Figs. 7E, F), indicating minimal
involvement in radiation-induced DNA repair or vascular invasion mechanisms®. These findings underscore
YEATS2’s central role in chemoresistance pathways, warranting expanded clinical validation.

YEATS2 interactions on HCC immunotherapy
Immune checkpoint (IC)-based immunotherapy has emerged as a transformative approach in HCC, leveraging
co-inhibitory/co-stimulatory signals to selectively target tumor cells while preserving healthy tissues®s. ROC
analysis indicates YEATS2 expression may predict immunotherapy response (AUC>0.5, Figs. 8A-G), with
elevated levels observed in anti-PD-L1 (programmed death-ligand 1)-responsive HCC patients (Figs. 8H-N).
Notably, among HCC patients undergoing anti-PD-L1 immunotherapy, those with elevated YEATS2
expression exhibited superior survival outcomes compared to their low-expression counterparts (Figs. 80-
U). This comprehensive analysis emphasizes YEATS2’s heightened sensitivity to anti-PD-L1 in HCC with

Scientific Reports|  (2025) 15:27613 | https://doi.org/10.1038/s41598-025-09945-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B TCGA_LIHC C ICGC_LIRI D GSE116174
or = 9570: Pz = Ce:00 Cor =023 Pl - 2.1 e
‘ . F v
- .
cels b R

Td_¢
Smooh_muscle
Thi_colls

CD4+_memory_Tcels
Bols

naive_B-colls Fooe .

Memory B-cells
<D

T oo

Manacytic_lineage_MCPcounter
Monocytes_quantiseq

Monocytic_lineage_MCPcounter

S LR T 3 T e
YEATS2 Expression (z-score) 'YEATS2 Expression (z-score) YEATS2 Expression (2-score)
hondr
). T-ceil
0% M T oo E GSEra520 = GSE144269 G GSE109211

Fibeoblasts. Cor = 0.207; Pk = 8.50-05 Cor = 0.200: Ml = .02 Cor = 0.232. v = 18603
cLP

MEP
™2 _cels’
pro_D-cells
Plasma_cells

readipocyles
CD4_Tcels
CDAR:_Tced

lineage_MCPeounter

lineage_MCPeounter

Monocytic_lineage_MCPcounter
Monocy
T
Monoc,

- " A L FRTRTETS TTT T II T THE

Glass-swithec memory B-cels i © 2 T B [ 1 k3 3 2 o 2
oC l YEATS2 Expression (z-score) YEATS2 Expression (z-score) YEATS2 Expression (z-score)
K

Wwiger o4

r H l J

CD4s_Torm E£_TABM_36 GSES4236 GSE104580

y_Endohotol_ras Cor =072, Pu =70 02 Con - 01221 P - 24081 Gor -0 074 Puak =070 00
h ~inc

I ] i

Fo = wssommeamen #o mon o o

T ] T 14 T T 9

__}
e H 3 P R
L & ‘ YEATS2 Expression (z-score) VEATSZ Exprassion (z-score) YEATS2 Expression (z-scoro)

K — L M J—

phages | = 4
mmp,ﬂgﬁ_m Cor - =G 16, Pl - 130-C Cor - 0229, Perl - § 8002 Cor - 0233 Pl - 1 90-01

i}

T mm i |

Aigorithms.
St 2T e
i 5
Denditic col; w EsrlurE

T

Nou'moh T | B Quantseq

noric_cels_resting | I
T_cels_ c:u memor mmue - ? . .i Correlation

s .‘
Mast_cells_ .cnmm | | 05
1_cells_rguiaby_(Itags] o
Macrophages_Md ol B

T_cole_CD4_momony.rcing i 4
celis_naive
Condtic eeuc scivaoa || I - —_— — - -

oo 1 " vEATS2 Exprossi YEATS2 Exprossion ‘ YEATSZ Exprossion i

B g 2 Expeossion (z-scoro) 2 Exprossion (z-scoro) 52 Exprossion (z-scoro)
Plasma_coils
T_cets_jolicuiar_heiper| N
Monoo,

T——TT—TTT

'.'....“... .

[
b

Mast_colls_resting_ CIBERSORT_ABS

Mast_cclls_resting CIBERSORT_ABS

Mast cells resting CIBERSORT ABS

nocyles GSE144269 (6] TCGA_LIHC P GSES4236
Macrophages_M2 - = Corn -0370: P #1801 Corn OMZ Pl 3 2002 ot « =010, ol = 3 401
Bt merrcry
crophagos_M1

Nk,ueuym; ]
Cale e

Tl

2

T_cels_CD4_memory_activated o
Dendrtic_calls_resting | 5
Ma

erophages. NI

Mast us mmlw -
T_cells_reguiabry (Tegs

asma_cels

T cells CD4 llulu restin i
B cote. nalve 5

toncane, i aciuatd

Cosincphils .
T_eells_CDR
Mauophages M2 =
T_cols_folicular_holper Q

Mast_colls_rosting_CIBERSORT_ABS.
Mast_colls_rosting_CIBERSORT_ABS.

3
g
E
g
2
3
g
2
i
3
%
E

o T L] 1 : 3 % L T
VEATS2 Expression (z-score) YEATS2 Expression (z-score) YEATS2 Expression (z-score)

GSE104580 R GSE76427 S GSE109211
Cor- 021 Pl - 8 408 ot - -0124; bvel - 1400

T i azimra <450

o - -
Mast_colc_resting : : 7 I
ok ots ren

TS
< coia-COA nae

.

Macrophages
NKceils

NK_cells_xCell
ting CIBERSORT ABS

Endomelal =

NK_cells_resting_CIBERSORT_ABS

T LS T S O A 7 T
YEATS2 Expression (z-score) YEATS2 Expression (z-score) 'YEATS2 Expression (z-score)
T E TABM 36 U ICGC LIRI V TCGA LIHC
Cor - -c0u1 v - s20-1 Cor - D Pl 27001 ot -0 vl 15001
s

ol S . ]
&t ¢ g
2T v 2 B
g § . g
Sk 0 a &
8 g 8
'F v A g ’ 5 5
3E S H B
iE . i g, 3
2k i 2 S H
TF . ] ¥ 2
LY O S oo

[t . syemaionwrer ges . ¢ 4 i =

TR T T D) 3 7 T e ———

YEATS2 Expression (z-score) 'YEATS2 Expression (z-score) 'YEATS2 Expression (z-score)

Fig. 6. YEATS2 Correlation with Immune Infiltrates in HCC. (A) Immune cell infiltration analysis of YEATS2
in HCC, with red boxes indicating positive correlations and green boxes indicating negative correlations.

(B-J) Positive correlation of YEATS2 with monocytes across multiple datasets. (K-P) Negative correlation of
YEATS2 with mast cells in various HCC datasets. (Q-V) Negative correlation of YEATS2 with NK cells across
multiple datasets.
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overexpression, supported by our clinical validation (Figs. 8V, W). Recent studies suggest YEATS2 modulates
immune evasion®, particularly through PD-L1/PD-1 axis suppression of T-cell activation-a mechanism
implicating YEATS2 in tumor immune escape. Multi-dataset analysis further reveals YEATS2’s regulatory
effects on immunosuppressive markers (TGFBR1, TIGIT) and chemokines (CCL20, CXCL5, CCL28; Fig. 8X),
positioning it as a multifaceted immunomodulator in HCC.

Discussion

YEATS2, a histone H3K27ac reader, epigenetically modulates vital transcriptional programs for cellular
functions*’. Cancerous dysregulation or mutations in YEATS2 spur aberrant gene expression and chromatin
alterations, fueling oncogenesis*!. It also emerges as a therapeutic target demonstrating Huachansu’s efficacy in
delaying pancreatic adenocarcinoma via YEATS2/TAK1/NF-kB inhibition*2. Distinct from prior investigations,
this study establishes novel insights into YEATS2’s role in HCC. First, multi-center tissue samples and
institutional serum monitoring validated concordance between tissue and circulating YEATS2 levels, providing
direct evidence for noninvasive diagnostics®. Second, reinforcing prior findings that YEATS2 promotes HCC
progression via PI3K/AKT signaling, we employed diverse cell lines for in vitro experiments integrated with
single-gene GSEA and Hallmark pathway analysis, strengthening evidence that YEATS2 augments HCC
proliferation through PI3K-associated mechanisms-specifically by inducing cell cycle arrest and dysregulating
DNA replication!®. Methodologically, stable overexpression in HCCLM3 cells provided a complementary
approach to shRNA knockdown models used previously!!, better recapitulating endogenous high-expression
states while circumventing off-target effects, corroborative 3D spheroid invasion assays further substantiated
YEATS2’s pro-invasive role. Crucially, this work elucidates YEATS2’s dual regulatory functions in EMT and
tumor immune microenvironment remodeling. It further demonstrates that YEATS2 overexpression reduces
sensitivity to cisplatin and sorafenib, while serum YEATS2 levels serve as a potential biomarker for predicting
anti-PD-L1 immunotherapy response. Collectively spanning fundamental mechanisms to clinical translation,
these findings optimize precision diagnostics and therapeutics for HCC.

Based on our integrated analysis and existing literature, we proposed that YEATS2 fostered HCC progression
through multifaceted mechanisms that impacted chemoresistance and immune evasion. On one hand,
YEATS2 reduced the efficacy of therapeutics including Selumetinib (MEK1/2 inhibitor), Etomoxir (fatty acid
oxidation inhibitor) effect®®, Hyperforin (anti-proliferative agent)*4, Tamoxifen (apoptosis regulator)?>.
Selumetinib targets the Ras/Raf/MEK/ERK pathway in HCC, currently under investigation for advanced cases
in combination therapies. GSEA further demonstrated YEATS2’s association with MEK-dependent E2F targets.
Similarly, Etomoxir suppresses tumorigenesis by inhibiting CPT1A, the rate-limiting enzyme in fatty acid p-
oxidation, thereby promoting apoptosis*>. Intriguingly, YEATS2 expression exhibited an inverse correlation with
fatty acid p-oxidation activity. Given the mechanistic overlap between YEATS2 and these two drugs, competitive
antagonism may arise - a hypothesis supported by GDSC2 and CTRP analyses, which revealed increased drug
resistance in YEATS2-high HCC cells, aligning with metabolic dependencies in epigenetically dysregulated
tumors. On the other hand, statins attenuated hepatic inflammation via GTPase prenylation inhibition and
suppressed angiogenesis?’, by blocking the TBK1-IRF3-IL33 axis, with YEATS2 overexpression potentially
enhancing these benefits. Previous studies indicated that YEATS2 drove HCC progression through enrichment
of DNA repair and proliferation-related genes like E2F targets, aligning with the anti-cancer mechanism of
platinum-based drugs. Analysis of the GDSC1 and CTRP databases respectively indicated that elevated
YEATS?2 expression correlated with increased sensitivity of HCC to cisplatin and carboplatin. However, these
bioinformatics predictions contradicted our in vitro experimental results. Since the HCCLM3 cell line used in
our study was not represented in either database, the discrepancy likely stems from variations in cell models,
drug preparations, or treatment concentrations. The observed inconsistency therefore does not necessarily
reflect methodological flaws in either approach. This unexpected divergence warrants further investigation into
platinum resistance mechanisms. Future work will focus on developing cisplatin-resistant HCC cell lines and
corresponding animal models to clarify YEATS2’s therapeutic function and clinical relevance. In the field of
tumor immunology, PPI analysis identified WDR5 as its primary binding partner, where YEATS2 cooperatively
maintained H3K4 modifications at the IGF-1 enhancer with WDR5, supporting the established HBx-WDRS5-
IGF-1 axis that promoted immunosuppressive Treg expansion and IL-10 secretion®. Through indirect IGF-1
regulation, YEATS2 contributed to epigenetic reprogramming and immune evasion in HCC.

YEATS2 epigenetically reshaped the tumor immune landscape by elevating monocyte infiltration while
suppressing NK and mast cells. It recruited monocytes through H3K18la recognition, enhancing transcription
of chemoattractants CCL2/CCL5 via competitive histone acetylation reader binding. Concurrent metabolic
reprogramming suppressed fatty acid oxidation genes (CPT1A/ACADL), increasing tumor lactate secretion.
Lactate accumulation promoted H3K18 lactylation, activating METTL3 to drive monocyte differentiation into
immunosuppressive TAMs®*!. These TAMs secreted VEGF activating VEGFR2-PI3K/AKT angiogenesis, IL-
10, TGF-B, and PD-L1 inhibiting CD8 + T cells and expanding Tregs'?. They also enhanced invasion via MMP-
2/9-mediated ECM degradation and EMT signaling. Conversely, YEATS2 suppressed NK cell infiltration and
cytotoxicity by inhibiting NKG2D ligands (MICA/B)** and DNAM-1 ligand (CD155) via enhanced H3K27ac™,
disrupting metabolism (S1P accumulation impairing IL-15-dependent survival®!, mitochondrial ROS activating
Caspase-3/9-mediated apoptosis®), and inducing immune checkpoints (WDR5-mediated H3K4me3 upregulated
PD-L1 and HLA-E, engaging NK inhibitory receptors PD-1 and NKG2A3*2). In HBV-associated HCC, this
mechanism impaired the release of perforin/granzyme and reduced IFN-y secretion, hindering direct tumor
cell killing and impeding M1 macrophage polarization/DC antigen presentation. Concurrently, it reduced Fas/
FasL-mediated clearance of infected hepatocytes, thereby accelerating malignant transformation [33]. YEATS2
also inhibits mast cell infiltration, disrupting their functional balance: suppressing tumor-restrictive activity
(chymase-mediated angiotensin II inducing fibrotic encapsulation) while potentially augmenting protumor
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effects (tryptase activating PAR2 to stimulate VEGF/IL-6 and MMP-9). Furthermore, YEATS2 may impair
spatial distribution via CXCL12/CXCR4 axis perturbation, potentially exacerbating histamine/STAT3-mediated
enhancement of cancer stemness [34]. The concordance of YEATS2 knockdown with increased NK infiltration
and tumor regression in xenografts validates this metabolic-epigenetic-immune regulatory axis [11].

Elevated YEATS2 expression potentially enhanced anti-PD-L1 immunotherapy efficacy by augmenting
monocyte infiltration and their differentiation into PD-L1+TAMs. This process paradoxically fostered
immunosuppression while simultaneously sensitizing tumors to PD-L1 blockade. YEATS2 inversely correlated
with mast cell infiltration, suggesting therapeutic synergy since mast cell modulation combined with anti-PD-1
improved HCC outcomes. YEATS2 exhibited strong co-expression with TGFBR1-where its inhibition reduced
proliferation while activation promoted EMT-mediated invasion®® -and with the immune checkpoint TIGIT.
TIGIT synergized with PD-L1 to suppress T/NK cell activity and promote immune escape®”*%, explaining
the potent efficacy of dual TIGIT/PD-1/PD-L1 targeting® and aligning with YEATS2-mediated anti-PD-L1
sensitivity.

YEATS2 upregulates chemokines CCL20 (promoting migration/proliferation®® and immune evasion®'),
CXCL5 (a serum biomarker stimulating tumor growth®>® and neutrophil recruitment®), and CCL28
(modulating T cell/macrophage trafficking®), collectively promoting HCC progression. High YEATS2
levels also reduced sorafenib response by driving EMT-mediated resistance via non-coding RNA pathways
and E-cadherin/N-cadherin dysregulation®®®’. Conversely, YEATS2 knockdown elevated hepatic NK cell
infiltration!!, and enhanced NK activity correlated positively with sorafenib efficacy®®, highlighting YEATS2’s
dual role in modulating immunotherapy and targeted therapy responses.

The established oncogenic role of YEATS2 in HCC presents significant clinical opportunities, including its
utility as an accessible serum biomarker via standardized ELISA protocols for diagnosis and prognosis prediction,
the therapeutic potential of the YEATS2-WDR5 axis revealed by bioinformatics analyses, and its correlation
with enhanced anti-PD-L1 response enabling combination strategies and patient stratification based on NK
cell links, though YEATS2-mediated countereffects on fatty acid metabolism complicate statin repurposing.
Despite validation from public cohorts and in vivo evidence of tumor suppression from knockout studies'!,
limited sample sizes and reliance on in vitro models underscore the urgent need for large-scale multicenter
clinical validation to define serum thresholds and comprehensive in vivo studies to confirm functional roles
in metastasis and microenvironment modulation. Future efforts must prioritize these steps to fully harness
YEATS2’s biomarker and therapeutic potential in HCC.

Conclusions

This study establishes YEATS2 as a pivotal orchestrator of HCC pathogenesis, driving tumor progression
through dual chemoresistance and immunomodulatory mechanisms. Clinically, elevated YEATS2 expression
serves as both a prognostic biomarker for aggressive disease and a predictive indicator of enhanced anti-PD-L1
therapeutic response. The paradoxical association between YEATS2-mediated immunosuppression and PD-L1
blockade sensitivity reveals a targetable vulnerability in high-risk HCC, offering a precision medicine strategy
for tumors refractory to conventional therapies.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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