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A B S T R A C T

Pleural mesothelioma (PM) is an aggressive tumor that arises from mesothelial cells as a consequence of asbestos 
exposure. Despite recent therapeutic advances, the prognosis of PM remains poor, with a median overall survival 
typically below 18 months.

Here, we investigated the association between alterations in histone post-translational modifications (PTMs) 
and patient survival in PM by employing state-of-the-art mass spectrometry-based epiproteomics. We profiled a 
cohort of 96 primary tumors obtained at diagnosis, including a subset of 25 patients with matched pre- and post- 
neoadjuvant treatment samples. Patients were stratified by overall survival using a 15-month cutoff, which 
approximates the reported median survival for PM.

Several PTMs in treatment-naïve tumors, as well as a few therapy-induced changes, showed significant dif
ferences between short- and long-survivors across the different patient groups. Hyper-acetylation of the histone 
H4 tail at basal level was significantly and consistently increased in patients with worse prognosis, both in the 
entire cohort and within individual groups, and was associated with worse overall survival in Kaplan–Meier 
analyses. This association was independent of established clinicopathological variables in multivariable Cox 
regression models. Interestingly, increased histone H4 hyperacetylation was observed across multiple tumor 
types, supporting its broader relevance in cancer biology. In vitro, inhibition of histone acetyltransferases 
reduced PM cell viability and enhanced sensitivity to cisplatin in a synergistic manner.

These findings identify histone H4 hyperacetylation as an independent prognostic biomarker in PM and 
highlight epigenetic modulation as a potential therapeutic avenue in PM.

1. Background

Pleural mesothelioma (PM) is a highly aggressive and lethal cancer 

originating from the mesothelial cells lining the pleura, the membrane 
surrounding the lungs. It is primarily caused by exposure to asbestos 
fibers, which induce chronic inflammation and genetic damage over 
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several decades. PM is characterized by a poor prognosis, with a 5-year 
survival rate of approximately 12 % and a median overall survival of less 
than 18 months after diagnosis [1]. PM comprises three major histo
logical subtypes: epithelioid, sarcomatoid, and biphasic. Epithelioid 
tumors account for approximately 70–80 % of cases and are generally 
associated with a more favorable prognosis, while non-epithelioid sub
types display a more aggressive clinical behavior and poorer outcomes 
[2]. PM treatment is challenging due to its late diagnosis, rapid pro
gression, and resistance to conventional treatments. Therapeutic options 
include systemic therapies such as chemotherapy, targeted therapy, and 
radiotherapy, which may be used alone or as part of a multimodal 
treatment approach. Surgical intervention remains controversial and is 
generally reserved for patients with early-stage disease who can tolerate 
invasive procedures. Chemotherapy combining platinum-based agents 
and pemetrexed has long represented the standard of care for PM. In 
recent years, the therapeutic landscape of PM has evolved with the 
introduction of immune checkpoint inhibitors [3]. However, the 
response to treatment remains heterogeneous and appears to vary ac
cording to histological subtype, with the greatest survival advantage 
observed in patients with non-epithelioid tumors, whereas 
chemotherapy-based and multimodality strategies continue to represent 
a major component of the management of epithelioid pleural mesothe
lioma, particularly in surgically eligible patients [3]. In this context, 
epigenetic alterations have emerged as potential determinants of tumor 
behavior and therapeutic vulnerability.

From a molecular perspective, PM is characterized by extensive 
heterogeneity, encompassing a wide spectrum of genetic and epigenetic 
alterations that drive tumor initiation and progression. One of the most 
frequently altered genes in mesothelioma is BRCA1-associated protein 1 
(BAP1), a tumor suppressor and epigenetic modifier involved in histone 
H2A deubiquitination, chromatin remodeling, and transcriptional 
regulation [4]. BAP1 is a member of the Polycomb Repressive Deubi
quitinase (PR-DUB) complex, which catalyzes the deposition of 
H2AK119Ub and interacts with Polycomb Repressive Complexes (PRC) 
1 and 2, with indirect effects on histone H3K27 methylation levels. BAP1 
mutations, which occur in 30–65 % of PM cases and are generally 
associated with loss of protein expression [5], promote the development 
of cancer across multiple tissue types, with different survival outcomes 
based on the tumor context. In PM, BAP1 mutations are associated to 
improved outcomes [6]. Other mutations in epigenetic modifiers include 
mutations in the histone methyltransferases SETD2, SETDB1, and 
SETD5, which were found in 2–8 % of cases [7].

Although there is increasing recognition that epigenetic changes play 
a critical role in PM, the full landscape of these modifications and their 
clinical implications remains incompletely understood. Traditional 
methods for studying histone modifications, including immunohisto
chemistry and Western blotting, are insufficient to detect the full 
repertoire and combinatorial patterns of histone PTMs. In contrast, mass 
spectrometry-based proteomics offers a powerful, unbiased, and quan
titative approach to quantitatively profile multiple histone PTMs 
simultaneously in clinical samples. In recent years, we have developed 
several bottom-up mass spectrometry (MS)–based approaches that 
enable the profiling of up to 100 differentially modified peptides from 
both formalin-fixed, paraffin-embedded (FFPE) and frozen patient tissue 
samples [8–12].

In this study, we employed state-of-the-art MS-based epiproteomics 
to profile histone acetylations and methylations in PM clinical samples, 
to investigate the association of epigenetic alterations in histone PTMs 
with patient survival and treatment response. By analyzing a cohort of 
96 primary, treatment-naïve tumors and 25 matched post-therapy 
samples, we identified epigenetic markers associated with worse sur
vival. In particular, we found that basal-level hyperacetylation of the 
histone H4 tail was significantly and consistently increased in patients 
with a worse prognosis, thus representing a potential marker of tumor 
aggressiveness in PM. In addition, we provide preliminary evidence that 
pharmacological inhibition of histone H4 acetyltransferases reduces the 

viability of PM cell lines, supporting the hypothesis that increased his
tone H4 hyperacetylation may represent both a prognostic marker and a 
potential therapeutic vulnerability.

2. Materials and methods

2.1. Tissue Specimens

The study was a single-center retrospective study approved by the 
European Institute of Oncology (IEO) review Board (project code: UID 
2395) and was conducted in accordance with the principles stated in the 
Declaration of Helsinki and good clinical practice. Patient characteris
tics are reported in Dataset S1. To limit the interference of non- 
neoplastic tissue, samples pre-treatment were selected to have a tumor 
cellularity of at least 40 % (range 40–80 %), as routinely adopted for our 
histone PTM profiling analyses. Post-treatment samples showed a tumor 
cellularity comprised between 10 and 80 %, reflecting variable residual 
tumor burden following treatment. High-grade serous epithelial ovarian 
cancer biopsies were obtained from patients undergoing debulking 
surgery at IEO Gynaecology Division (protocol R789-IEO). We profiled 
38 HGSC FFPE bioptic samples from 28 patients. In some instances, 
multiple samples from different sites were analyzed from the same pa
tients (Dataset S1). Average values were considered for the analyses

2.2. BAP1 Immunohistochemical staining

Immunohistochemical staining for the BAP1 protein was performed 
using the labeled streptavidin–biotin (LSAB) staining method. Briefly, 5 
μm-thick FFPE sections were mounted onto Superfrost glass slides, 
deparaffinized and rehydrated. Antigen retrieval was performed in a 
microwave (750  W) using citrate buffer (pH 6.0) for 10  min, followed 
by 30  min of cooling. Slides were blocked with Klear dual Enzyme Block 
(GBI Labs) for 15  min and protein block solution (Dako X0909) for 10 
min at room temperature. Sections were incubated with rabbit anti- 
BAP1 antibody (Invitrogen PA5-105741, 1:150) overnight at 4 ◦C and 
1  h at 37 ◦C, followed by EnVision Flex + Rabbit Linker (Dako K8019) 
for 15  min and secondary antibody (Dako EnVision dual link HRP, 
K4063) for 60  min at room temperature. Immunoreactivity was 
detected with 3-amino-9-ethylcarbazole (AEC) and counterstained with 
Mayer’s hemalum.

2.3. Sample preparation for MS analysis

Histones were enriched from tissue samples and cell lines as 
described [10]. About 3 μg of histones per run per sample were mixed 
with an approximately equal amount of heavy isotope-labelled histones, 
which were used as an internal standard for quantification to ensure 
technical reproducibility [13], and were separated on a 17 % SDS-PAGE 
gel. A band corresponding to the histone octamer was excised, chemi
cally acylated with propionic anhydride, and digested with trypsin. 
After extraction from the gel, the samples were derivatized with phenyl 
isocyanate [14]. The samples were desalted on handmade StageTips as 
previously described [12]

2.4. LC-MS/MS analysis

Histone peptide mixtures were separated by reversed-phase chro
matography on an EASY-nLC 1200 high performance liquid chroma
tography (HPLC) system through an EASY-Spray column (Thermo Fisher 
Scientific), 25-cm long (inner diameter 75 µm, PepMap C18, 2 µm par
ticles), which was connected online to a Q Exactive plus (Thermo Fisher 
Scientific) instrument through an EASY-Spray™ Ion Source (Thermo 
Fisher Scientific). Solvent A was 0.1 % formic acid in ddH2O, and solvent 
B was 80 % ACN plus 0.1 % FA. Histone samples were injected in an 
aqueous 1 % TFA solution at a flow rate of 500 nl/min and were sepa
rated with a 50-min linear gradient of 10–45 % solvent B. The Q Exactive 
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instrument was operated in data-dependent acquisition mode to switch 
between full-scan MS and MS/MS acquisition automatically. Survey full 
scan MS spectra (m/z 300–1350) were analyzed in the Orbitrap detector 
with a resolution of 60,000–70,000 at m/z 200. The 10–12 most intense 
peptide ions with charge states between 2 and 4 were sequentially iso
lated to a target MS1 value of 3 × 106 and fragmented by higher-energy 
collisional dissociation with a normalized collision energy of 28 %. The 
maximum allowed ion accumulation times were 20 ms for full scans and 
80 ms for MS/MS, and the target value for MS/MS was set to 1 × 105. 
The dynamic exclusion time was set to 10 sec, and the standard mass 
spectrometric conditions for all experiments were as follows: Spray 
voltage of 1.8 kV, no sheath and auxiliary gas flow

2.5. MS data analysis

The acquired histone RAW data were analyzed using Epiprofile 2.0 
[15], with the SILAC option selected, followed by manual validation 
[12], which was performed independently of clinical outcome infor
mation. For manual analysis, the RAW data were processed using the 
integrated MaxQuant software v.1.6.2.10, against the Uniprot human 
proteome (UP000005640), downloaded on 15/02, filtered to retain only 
histone sequences, and using previously described parameters [12]. 
Identifications, retention times, and elution patterns were used to guide 
the manual quantification of each modified peptide using QualBrowser 
version 2.0.7 (Thermo Fisher Scientific). For each histone-modified 
peptide, the % relative abundance was estimated by dividing the area 
under the curve of each modified peptide by the sum of the areas cor
responding to all the observed forms of that peptide and multiplying by 
100. Light/Heavy (L/H) ratios of %RA were then calculated. L/H ratios 
for all the samples analyzed are reported in Dataset S2. Given the 
exploratory nature of this study, candidate histone PTMs were initially 
identified using nominal p-values. The robustness of significant findings 
was subsequently assessed using the permutation-based false discovery 
rate (FDR) procedure implemented in Perseus [16]. FDR correction was 
applied independently to each differential analysis. The PM mass spec
trometry proteomics data have been deposited to the ProteomeXchange 
Consortium [17] via the PRIDE partner repository with the dataset 
identifier PXD076262. Data from a previously characterized DIPG 
cohort, generated as part of a collaborative molecular profiling study 
conducted within the EPIX-XS consortium, were used to assess 
H4K5K8K12K16-4ac levels in DIPG samples

2.6. Cell lines and cell culture

IST-MES1 and IST-MES2 (ICLC) cells were grown in Dulbecco 
modified Eagle medium DMEM, Euroclone Spa) supplemented 10 % 
Fetal Bovine Serum of North American origin (Euroclone Spa), non- 
essential amino acids (0.1 mM), and 2 mM L-Glutamine. MSTO-211H 
cells (DSMZ) were grown in RPMI 1640 (Euroclone Spa) supple
mented 10 % Fetal Bovine Serum of North American origin (Euroclone 
Spa) and 2 mM L-Glutamine. The media were supplemented with 
penicillin (100 U/ml) and streptomycin (100 mg/ml) (Euroclone Spa). 
Cells were grown at 37 ◦C in a 5 % CO2 humidified atmosphere

2.7. Cell treatment and phenotypic assays

MG149 and JG-2016 were purchased from MedChemExpress. IST- 
MES2 and MSTO-211H cells were treated with DMSO or the com
pounds for 24 h, in the presence or absence of cisplatin. Cell viability 
was assessed using the cell Titer Glo (Promega) assay in a 96-well plate 
after seeding 3000–5000 cells/well. The luminescence was measured 
with Glomax Explorer. IC50 values were calculated using GraphPad 
Prism (11.0.0)

2.8. Immunoblot analysis

MSTO211H cells treated with JG-2016 for 24 h were lysed in nuclei 
isolation buffer supplemented with 0.1 % SDS and 250 U benzonase. 1 
μg of proteins was separated on a 4–12 % polyacrylamide pre-cast gel, 
transferred onto a PVDF (Immobilon, Merck Life Science S.R.L.) mem
brane and probed by immunoblotting with anti-histone-H4-4ac (1:2000; 
Millipore, 06–866) and anti-histone H4 antibodies (1:5000; Abcam, 
ab7311), followed by secondary peroxidase-conjugated antibodies 
(1:10000; Bio-Rad). Images were acquired on an iBright CL1500 Imag
ing System and quantified with the iBright analysis Software (v5.6.0, 
Invitrogen)

2.9. Survival analyses

Survival analyses were performed for the five PTMs showing a sig
nificant change in long- vs short survivors by using a FDR cutoff of 0.05 
(H3K4me1, H3K9ac|K14ac, H3K27me3K36me2, H4-3ac, H4-4ac). The 
analysis was performed in R using the survival package, and 
Kaplan–Meier curves and forest plot were generated with the survminer 
package (https://www.R-project.org/). Overall survival was defined as 
the time from the biopsy to death for any cause. Patients who were alive 
at the last available follow-up were censored on the date of last contact. 
For each histone PTM, patients were stratified into two groups according 
to the cohort-specific median value. Differences in survival between 
groups were assessed using the log-rank test. Adjusted p values were 
estimated using multivariable Cox proportional hazards regression 
models including available clinical covariates. Tumor stage was grouped 
as early (I–II) or advanced (III–IV). Because BAP1 status violated the 
proportional hazards assumption in a clinical-only model, it was 
included as a stratification factor in the Cox models. The proportional 
hazards assumption was tested using Schoenfeld residuals and verified 
for all variables included in the final model. The interactive web portal 
UALCAN (https://ualcan.path.uab.edu) was used to analyze the 
expression levels of histone H4 acetyltransferases in PM, leveraging data 
from The cancer Genome Atlas (TCGA) database

3. Results

3.1. Mass spectrometry-based profiling in treatment-naïve PM clinical 
samples

We analyzed a cohort of 96 primary, treatment-naïve epitheliod PMs 
tumors collected between 1998 and 2021 (Fig. 1A and Dataset S1), 
which included 71 patients who did not receive surgery and 25 patients 
who underwent surgery following neoadjuvant therapy. For the latter 
group, paired pre- and post-therapy samples were analyzed to assess 
whether therapy-induced epigenetic changes correlate with treatment 
response and survival. The samples were categorized as “short-term 
survivors” with survival less than 15 months, or “long-term survivors” 
with survival greater than 15 months. This cutoff was selected because it 
approximates the median overall survival reported in large clinical se
ries of PM, thereby enabling the identification of biologically mean
ingful prognostic groups.

We employed a state-of-the-art quantitative MS workflow to profile 
histone acetylations and methylations in PM clinical samples (Fig. 1B). 
Histones were extracted from FFPE tissues using the PAT-H-MS protocol 
[12] and were digested with an in-gel digestion protocol involving the 
double derivatization of lysines and peptide N-termini, which has been 
shown to improve the detection of short and hydrophilic peptides and to 
enable the analysis of the highest number of modified peptides in a 
single run [14]. Heavy-isotope-labeled histones were added to each 
sample as a spike-in internal standard before digestion, to enhance 
technical reproducibility and quantitation accuracy [13].

The heatmap in Fig. 1C summarizes the results from our epi- 
proteomics profiling. We quantified up to 38 differentially modified 
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Fig. 1. Mass spectrometry-based histone PTM profiling of mesothelioma patient samples. (A) Mesothelioma cohort overview. Survival is defined based on a 15- 
months cutoff. White: unknown. (B) Schematic description of the MS-based experiment, which includes histone extraction from FFPE sections from mesotheli
oma samples, mixing with an internal standard, SDS-PAGE separation, in-gel histone digestion, and liquid chromatography- mass spectrometry (LC–MS) acquisition 
and quantification of histone PTM levels. Image by brgfx on FreePix. (C) Hierarchical clustering based on log2(L/H ratios) obtained for histone PTMs in mesothelioma 
samples. L/H (light/heavy) relative abundance ratios were obtained using a spike-in strategy (light channel: sample, heavy channel: spike-in standard), and were 
normalized to the average ratios across samples. The grey color in the heatmap indicates peptides that were not quantified. Euclidean distance and complete linkage 
were employed for both row and column clustering.
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peptides from archival FFPE PM tissues, excluding modifications pre
viously shown to be affected by FFPE storage, such as H3K79 and H3K18 
methylations [12]. Hierarchical clustering based on histone PTM levels 
generated two main clusters characterized by distinct histone PTM 
profiles, most notably by different levels of the tetra-acetylated form of 
the histone H4 tail (peptide H4K5K8K12K16-4ac), which contains four 
acetylated lysines and corresponds to hyper-acetylated histone H4. 
Notably, cluster #1, which was characterized by higher 
H4K5K8K12K16-4ac levels, contained 27 long-survivors and 35 short- 
survivors. In contrast, cluster #2, which comprised samples with 
lower H4K5K8K12K16-4ac levels, contained 30 long-survivors and 4 

short-survivors, resulting in a highly significant association between 
clustering based on histone PTM profiles and survival (p = 2.3e-05 by 
Fisher’s exact test).

3.2. Correlation between histone PTMs and clinical features

To assess whether histone PTM–based sample profiles reflected 
known clinical or molecular determinants of PM outcome, we evaluated 
the impact of established prognostic variables and other clinical features 
on the epigenetic profiles of the PM cohort. Patients were stratified ac
cording to disease stage and BAP1 mutational status, as well as clinical 
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features including asbestos exposure and tobacco use. Principal 
component analysis (PCA) did not reveal clustering of samples based on 
any of these variables, indicating that global histone PTM patterns are 
independent of them (Fig. 2A). However, a few histone PTMs were 
associated with specific clinical or molecular features (Fig. 2B). In 
particular, H3K4me3 was increased at higher stages, H3K4me1 in tu
mors from patients with asbestos exposure, and H3K36me1 and 
H3K27me3K36me2 were significantly different in patients with 
different tobacco exposure. Because inactivating BAP1 mutations are 
found in a high proportion of PMs and can have secondary effects on 
various histone PTMs, we also examined correlations between histone 
PTM levels and BAP1 status. Loss of BAP1 protein, which is indicative of 
inactivating mutations, was evaluated in tumor samples by immuno
histochemistry (IHC). Several acetylation marks were decreased in BAP1 
mutant tumors, as well as H3K4me2 and K4K20me3.

In addition, Kaplan–Meier analyses (Fig. 2C) showed no significant 
differences in overall survival in our cohort when patients were strati
fied by stage, asbestos exposure, tobacco use, or BAP1 status. This lack of 
association may reflect cohort-specific factors, including limited sample 
size for certain subgroups and heterogeneity in treatment regimens, 
highlighting that conventional clinicopathological factors do not fully 
capture the variation in patient outcomes in this dataset.

3.3. Increased H4K5K8K12K16-4ac associates with worse survival in 
PMs

To investigate whether histone PTM levels can stratify PM patients 
by survival, we compared short- and long-term survivors. When 
analyzing the whole cohort of samples regardless of treatment, short- 
term survivors showed significantly higher levels of H4K5K8K12K16- 
3ac and H4K5K8K12K16-4ac (labelled H4-3ac and H4-4ac in Fig. 3A), 
two markers of histone H4 hyperacetylation. Other significant changes 
included increases in H3K4me1/me3, and H3K27me3K36me2, and a 
decrease in H3K9|K14ac in short-term vs long-term survivors. We also 
analyzed the epigenetic profiles of patients stratified by treatment type 
(“no surgery” and “surgery”). The most marked and reproducible 
alteration in short survivors was again an increase in H4K5K8K12K16- 
4ac, which showed a significant and close-to-significant increase in 
short-survivors in the surgical and non-surgical cohort, respectively. In 
addition, this mark remained significant after permutation-based false 
discovery rate (FDR) correction in the whole cohort and in the non- 
surgical cohort (Fig. 3A-B). To assess the robustness of these findings, 
we repeated the differential PTM analysis using the cohort-specific 
median overall survival (23.3 months) as an alternative cutoff. This 
sensitivity analysis further demonstrated the robustness of our findings 
and confirmed H4K5K8K12K16-4ac as the histone PTM most consis
tently associated with poor survival (Fig. S1). In agreement with these 
results, H4K5K8K12K16-4ac was the main contributor to the partial 
separation of samples with different survival by PCA, as indicated by the 
greater magnitude of its loading vector in the PCA biplot. 
H4K5K8K12K16-3ac was also among the top 10 contributors, although 
with a lower weight.

To avoid potential biases due to the cutoffs used to define long- and 
short-term survivors, we also investigated the association between his
tone PTMs and overall survival probability using Kaplan-Meier analyses. 
Patients with higher H4K5K8K12K16-4ac levels showed a trend toward 
worse overall survival in the whole cohort (log-rank p = 0.076) and a 
significant difference in the non-surgical cohort (Fig. 3D). Baseline 
clinicopathological characteristics according to H4K5K8K12K16-4ac 
status are summarized in Table S1. Patients with high 
H4K5K8K12K16-4ac levels were more frequently represented in the 
surgical cohort, whereas no significant differences were observed for 
asbestos exposure, smoking status, or disease stage.

To further evaluate the effect of H4K5K8K12K16-4ac relative to 
other clinical and exposure-related variables, we performed a multi
variable Cox regression analysis including treatment type, age, sex, 

asbestos exposure, smoking status, and disease stage. Performance sta
tus data were not available for a sufficiently large proportion of patients 
to allow robust statistical modeling, which represents a limitation of this 
analysis. H4K5K8K12K16-4ac remained significantly associated with 
overall survival and showed the largest effect size among all variables 
included in the model (Fig. 3E). In addition, treatment group, sex, and 
disease stage were significantly associated with survival. These findings 
suggest that this epigenetic mark may capture biologically relevant 
features of tumor aggressiveness that are not fully reflected by tradi
tional clinicopathological parameters. Taken together, these findings 
support the prognostic relevance of H4K5K8K12K16-4ac in PM. 
Importantly, this association was observed across different treatment 
groups, suggesting that histone H4 hyperacetylation reflects intrinsic 
tumor biology rather than treatment-related effects. Among the addi
tional PTMs remaining significant after FDR correction, H3K4me1 also 
showed a consistent association with poor outcome in both 
Kaplan–Meier and multivariable Cox analyses (Fig. S2), suggesting that 
it may represent an additional epigenetic feature associated with poor 
prognosis in PM.

Remarkably, histone H4 hyperacetylation appears to be associated 
with tumor development and aggressiveness not only in PM, but also in 
other tumors. Indeed, H4K5K8K12K16-3ac or H4K5K8K12K16-4ac were 
upregulated in breast cancer (data from [18]), uveal melanoma (data 
from [19]), and diffuse intrinsic pontine glioma (DIPG) compared with 
normal tissues (Dataset S2)(Fig. S3A). In addition, higher levels of 
H4K5K8K12K16-3ac were associated with worse overall survival in a 
cohort of high-grade serous ovarian carcinoma (HGSOC) (Fig. S3B). 
These results indicate that histone H4 hyperacetylation is associated 
with tumor progression and poor clinical outcomes across diverse cancer 
types.

3.4. Neoadjuvant chemotherapy induces histone PTM changes associated 
with patient survival

We next asked which histone PTM changes are induced by neo
adjuvant chemotherapy, and whether they are also associated with pa
tient survival in PM. The comparison of the epigenetic profiles of paired 
pre- and post-neoadjuvant therapy samples from 25 patients identified 
several significant therapy-induced changes, including a marked in
crease in acetylation of histones H3 and H4 and a decrease in H3K9me2 
(Fig. 4A and S4A-B). However, histone PTM levels are known to vary 
with cell-cycle progression and proliferative activity and the modifica
tions identified here have previously been shown to change in the 
opposite direction in proliferative G2/M− phase cells in a breast cancer 
cell line model (Fig. S4C)[18], suggesting that the increased histone 
acetylation and the reduction in H3K9me2 observed after therapy may, 
at least partially, reflect a shift toward a less proliferative tumor cell 
state following chemotherapy rather than a direct, therapy-specific 
epigenetic effect [18]. In addition, one limitation of this analysis is 
that the tumor cellularity after treatment was rather variable, ranging 
from 10 to 80 %.

To determine whether these therapy-associated changes were asso
ciated with clinical outcome, we stratified patients by survival. The in
crease in acetylation marks in post-therapy samples was maintained 
when long- and short-survivors were analyzed separately, consistent 
with this effect being a general consequence of treatment-induced 
changes in proliferation rather than a survival-specific epigenetic 
signature. In contrast, few histone marks showed survival-associated 
patterns (Fig. S4D-E). The most interesting was a decrease of 
H3K9me3K14ac following therapy, uniquely observed in long-survivors 
(Fig. 4B, Fig. S4D). Accordingly, the post/pre treatment ratio for these 
two marks was significantly different between long- and short-survivors 
(Fig. 4C, Fig. S4E).

These findings indicate that specific histone PTM changes may be 
associated with differential clinical outcomes following neoadjuvant 
chemotherapy.
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3.5. Inhibition of histone acetyltransferases reduces mesothelioma cell 
growth in vitro

Our results showed that histone H4 hyperacetylation is associated 
with worse overall survival in PMs. We therefore hypothesized that 
decreasing histone H4 hyperacetylation may represent a therapeutic 
avenue for treating PMs. KAT5 (also known as Tip60), an 

acetyltransferase that modifies H3K14 and histone H4 lysines, has been 
reported to be upregulated in PM compared to benign pleura [20]. In 
addition, we found that increased transcript levels of HAT1, an histone 
H4 acetyltransferase, are observed in multiple tumor types compared to 
normal tissues (https://www.proteinatlas.org/ENSG00000128708-HA 
T1/cancer) and are significantly associated with worse survival in a 
cohort of PMs from the TCGA database (Fig. 5A). To identify the most 

Fig. 3. Histone H4 hyperacetylation is associated with worse prognosis in PM. (A) Volcano plots showing histone PTM changes versus P values in PM stratified by 
overall survival (>15 months: long-survivors, <15 months: short-survivors) in all the samples analyzed (left panel), in patients that did not undergo surgery (middle 
panel), and in patients that underwent surgery (right panel). The horizontal lines represent the threshold of statistical significance (bottom line: p < 0.05, top line: 
false discovery rate (FDR) < 0.05 by two-tailed Welch’s t-test). Unmodified peptides are not labelled. Symbols with darker outlines represent significant changes 
based on FDR, which accounts for multiple comparisons. The symbol “|” indicates that the modification is present on only one of the indicated residues. (B) Log2(L/H 
ratios) for H4K5K8K12K16-4ac in the indicated patient cohorts. * p < 0.05; ****p < 0.0001 by two-tailed Welch’s t-test. Horizontal bar: mean. (C) Principal 
component analysis (PCA) based on histone PTM profiles obtained from the samples shown in A. Patients with at least 70 % valid values are shown. Missing values 
were replaced with 0 after z-score transformation. (D) Kaplan-Meier curves showing the estimated overall survival (OS) probability for two groups of PMs defined by 
the level of H4K5K8K12K16-4ac in the whole cohort (top panel) and in patients that did not undergo surgery (bottom panel). The p-value from a log-rank test is 
indicated. Shaded areas depict the 95 % confidence interval. (E) Forest plot showing hazard ratios for H4K5K8K12K16-4ac (H4-ac) and various clinical and molecular 
variables, including tumor stages, asbestos exposure, and tobacco use. P values were derived from multivariable Cox regression analysis.
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suitable cellular model to test histone H4 acetyltransferase inhibitors, 
we profiled histone PTMs in three PM cellular models: ISTMES1, 
ISTMES2, and MSTO-211H. All cell lines showed a distinct epigenetic 
profile compared with the epigenetic profiles of PM tissue, with changes 
in multiple sites (Fig. S5) that were previously reported in other culture 
models [21]. Among the cell lines tested, ISTMES2 showed the profile 
closest to the tissues (Fig. 5B). When focusing on histone H4 hyper
acetylation, we found high levels of H4K5K8K12K16-4ac in ISTMES2 
and MSTO-211H cells, resembling those observed in short-survivor pa
tients (Fig. 5C). We therefore tested the KAT5 inhibitor MG-149 [22]
and the HAT1 inhibitor JG-2016 [23] in these two cell line models.

MG-149 treatment for 24 h reduced ISTMES2 and MSTO-211H cell 
viability with IC50 values of 155 and 110 μM, respectively (Fig. S6A). 
However, quantitative MS showed only a modest reduction in 
H4K5K8K12K16-4ac levels at concentrations close to the respective 

IC50 values (Fig. S6B), and the compound displayed predominantly 
additive interactions when combined with cisplatin (Fig. S6C-D). In 
contrast, JG-2016 showed higher antiproliferative activity (IC50 
67–118 μM; Fig. 5D) and significantly reduced H4K5K8K12K16-4ac 
levels in both cell lines, confirming direct target engagement, as 
measured by MS (Fig. 5E) and immunoblot analyses (Fig. S7A). Global 
histone PTM profiling also showed a decrease in other multiply acety
lated forms of histone H4, including H4K5K8K12K16-3ac, which was 
also associated with poor prognosis in our patient cohort. In addition, 
treatment with JG-2016 decreased several acetylation marks on histone 
H3, consistent with previous observations that perturbation of HAT1 
activity can indirectly impair H3 acetylation during chromatin assembly 
[25] (Fig. S7B). Finally, positive Bliss scores were observed for JG-2016 
at low to intermediate cisplatin concentrations (3–25 µM), indicating 
greater-than-additive effects.
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These results suggest targeting histone H4 acetylation as a potential 
therapeutic avenue to treat PM, with HAT1 inhibition as the most 
promising therapeutic strategy among those evaluated in this study. 
Although these findings are preliminary and derived from in vitro 
models, they provide a rationale for further investigation of HAT1 in
hibition in mesothelioma, particularly in tumors with high basal levels 
of histone H4 acetylation.

4. Discussion

In this study, we provide the most comprehensive quantitative 
analysis to date of histone post-translational modifications in primary 
PM samples, identifying epigenetic patterns associated with patient 
survival and response to therapy.

We observed limited associations between histone PTM patterns and 
smoking history, asbestos exposure, or tumor stage, suggesting that the 
tumor epigenetic landscape is largely independent of classical environ
mental and clinical risk factors, at least in our cohort. While asbestos 
exposure is the dominant etiologic factor for PM and has been linked to 
changes in DNA methylation in lung cancer [26], there is limited evi
dence directly connecting specific histone PTM patterns to exposure 
history or clinical stage in human tumors. We previously reported that 
BAP1 mutations are associated with several changes in histone PTMs in 
uveal melanoma [19]. Interestingly, the changes observed in PM BAP1- 
mutated tumors are generally opposite to those we observed in uveal 
melanoma. Clinically, BAP1 mutations correlate with a better prognosis 
in PM [6] but are associated with worse outcomes in uveal melanoma 
[27], reflecting tissue-specific roles of BAP1 in chromatin regulation and 
disease outcomes that may explain this result.

The most notable finding from our profiling is the association of 
basal histone H4 hyperacetylation with poorer prognosis in PM. This 
association emerged from differential analyses of samples stratified by 
survival using a 15-months cutoff and was confirmed in a sensitivity 
analysis using the cohort-specific median overall survival, as well as in 
multivariable Cox regression analyses. From a clinical perspective, 
identifying a reproducible epigenetic marker associated with survival is 
particularly relevant in PM, a disease in which prognostic stratification 
remains largely based on clinical stage and performance status. This 
epigenetic alteration does not appear to be a consequence of higher 
tumor cell proliferation in more aggressive tumors, as dividing cells 
generally show decreased histone acetylation [18]. These findings 
highlight H4 hyperacetylation as a potential prognostic biomarker in 
PM, which could help identify patients with more aggressive disease and 
support the investigation of epigenetic therapeutic strategies in PM. 
Remarkably, this mark was also increased in different tumor types 
compared with normal tissues, and a similar association between his
tone H4 hyperacetylation and poor prognosis was observed in ovarian 
cancer, suggesting that this change may represent a conserved epige
netic state associated with aggressive tumor biology across cancer types. 
One possible explanation is that widespread histone hyperacetylation 
may contribute to a more permissive chromatin state that supports 
oncogenic transcriptional programs, a mechanism consistent with the 
global DNA hypomethylation commonly observed in cancer [28], which 
also promotes chromatin accessibility and transcriptional deregulation.

H3K4me1 also emerged as a reproducible survival-associated PTM. 
In addition to being increased in short survivors, higher H3K4me1 levels 
were associated with poorer overall survival in both Kaplan–Meier and 
multivariable Cox analyses. This mark is typically associated with active 
enhancer regions and has been reported to play a dual role in cancer 
[29]. Notably, H3K4me1-marked enhancers were enriched at resistance- 
driving genes in therapy-resistant prostate cancers [30], highlighting a 
potential link between H3K4me1 and a more aggressive tumor 
phenotype.

Additional therapy-associated epigenetic alterations were identified 
by comparing histone PTM levels pre- and post-neoadjuvant chemo
therapy. Neoadjuvant treatment induced widespread changes in histone 

acetylation, including increased H4K5K8K12K16-4ac, which likely 
reflect, at least in part, the reduced proliferative activity induced by 
chemotherapy, as supported by the opposite regulation of these PTMs 
during cell-cycle progression in proliferating cancer cells (Fig. S4C). The 
chemotherapy-induced increase in histone acetylation and the associa
tion between basal H4 hyperacetylation and poor survival therefore 
likely reflect distinct biological processes. Instead, the decrease in 
H3K9me3K14ac following therapy observed exclusively in long survi
vors may reflect biological processes associated with favorable clinical 
outcome. Co-occurrence of the repressive mark H3K9me3 and the 
activating mark H3K14ac has been shown to define a form of bivalent 
chromatin characterized by an inactive, “poised” state [31]. This com
bination of modifications is recognized by the SETDB1 methyltransfer
ase and is involved in the silencing of endogenous retroviral elements 
[32]. H3K14ac has been reported to facilitate recruitment of SETDB1 to 
these loci, promoting deposition of H3K9me3 and suppression of tumor- 
intrinsic immunogenicity [33]. This result raises the possibility that 
pharmacological modulation of SETDB1 could represent a strategy to 
enhance tumor immunogenicity and treatment response in PM. It must 
be noted that − given the variable residual tumor cellularity of post- 
treatment specimens- the contribution of stromal and inflammatory 
components to these changes cannot be excluded. Future studies 
incorporating systematic tumor purity assessment or spatially resolved 
approaches will be important to further define the cellular origin of the 
observed epigenetic alterations.

Beyond its prognostic value, histone H4 hyperacetylation may 
represent a potential target for PM treatment. Our functional studies 
provide preliminary support for this hypothesis, showing that pharma
cological inhibition of HAT1 reduces H4K5K8K12K16-4ac and cell 
viability in cell line models. Previous preclinical studies have focused on 
histone deacetylases (HDACs) as potential targets, reporting that HDAC 
inhibitors can induce apoptosis, cell-cycle arrest, and enhance chemo
therapy sensitivity in mesothelioma cell lines, particularly in the context 
of BAP1 loss, which alters HDAC1/2 activity and chromatin regulation 
[34]. However, clinical trials of single-agent HDAC inhibitors failed to 
improve survival in unselected patients [35]. Our results show that tu
mors with high H4 acetylation are associated with shorter survival and 
somewhat contradict these previous findings. One hypothesis is that 
aggressive PMs may already be in a hyper-acetylated state and thus less 
dependent on HDAC activity, potentially explaining the limited clinical 
efficacy of HDAC inhibition in PM. Conversely, pharmacologic inhibi
tion of acetyltransferases may represent a more effective strategy, 
particularly in aggressive and chemoresistant tumors, warranting 
further investigation.

The interpretation of our findings should be considered in the 
context of the evolving therapeutic landscape of PM. Recent clinical 
trials have established immune checkpoint inhibitors as an important 
treatment option for PM, although treatment benefit appears to vary 
substantially according to histological subtype, with the most pro
nounced survival advantage reported in non-epithelioid tumors [3]. 
Notably, all tumors included in our cohort were of epithelioid histology, 
the most common subtype of pleural mesothelioma. Although current 
treatment paradigms increasingly incorporate immunotherapy, 
chemotherapy-based and multimodality strategies remain integral 
components of the therapeutic management of epithelioid disease. 
Therefore, we believe that the prognostic and therapy-associated 
epigenetic alterations identified in this study remain clinically rele
vant. Nevertheless, future studies will be required to determine whether 
these biomarkers retain their prognostic value in contemporary cohorts 
receiving immunotherapy-based treatments. Furthermore, our findings 
derive from a retrospective single-center cohort and should therefore be 
prospectively validated in independent multicenter series, particularly 
in patients treated with contemporary chemo-immunotherapy regimens.

Altogether, these findings suggest histone H4 hyperacetylation as a 
potential prognostic biomarker in PM and indicate that therapeutic 
strategies aimed at modulating histone acetylation should be explored in 
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a more biologically stratified patient population.
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