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Álvaro Rodríguez-Lescure e, Elena Martín-Orozco f , Ricardo Mallavia b , Víctor M. Barberá a,g,  
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A B S T R A C T

Histone deacetylase inhibitors (HDACis) induce cell death in many chemoresistant cancer models, suggesting 
their potential as alternative treatments for these malignancies. However, their efficacy in solid tumors remains 
limited. Therefore, understanding the molecular mechanisms underlying HDACi-induced cell death is essential 
for developing targeted activators of these pathways, enabling the selective elimination of chemoresistant cancer 
cells while minimizing the widespread transcriptional effects of HDACis. In this study, we investigated HDACi- 
induced cell death across models of different cellular origins to determine whether a universal molecular 
mechanism triggers this process. Our findings demonstrate that HDACi-induced cell death is TP53-independent, 
resistant to caspase inhibitors, and sensitive to serine protease inhibitors. This form of cell death requires 
intracellular calcium mobilization to induce mitochondrial depolarization. Using DNA arrays, apoptosis protein 
arrays, and ELISA assays, combined with siRNA-mediated gene silencing, we identified genes with a causal 
relationship to TSA-induced cell death. These include dual-specificity phosphatases such as DUSP3 and DUSP10; 
endoplasmic reticulum stress-related genes such as XBP1, MBTPS1, MBTPS2, and RPS6KA5; and other genes like 
BAX, AIF, EAF2, NANOS1, and CCNYL1. Our findings reveal novel potential targets for developing antineoplastic 
agents designed to exploit HDACi-induced cell death pathways, providing a strategy to overcome chemo
resistance in cancer therapy.

1. Introduction

The acquisition of resistance to antineoplastic agents by tumor cells 
is a clinically relevant challenge associated with poor prognosis and the 
failure of cancer chemotherapy.

Chromatin structure regulation through histone modifications, such 
as acetylation and deacetylation, plays a crucial role in gene transcrip
tion [1]. In particular, histone hyperacetylation induced by histone 
deacetylase inhibitors (HDACis) can critically influence processes like 
apoptosis, cell proliferation, and differentiation [2].
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We and others have demonstrated that HDACis can induce cell death 
in several chemoresistant cancer models [3–6], suggesting their poten
tial as an alternative treatment for chemoresistant cancers. Currently, 
several HDACis are being evaluated in clinical trials, both as mono
therapies and in combination with other treatments [7]. To date, four 
HDACis have been approved by the Food and Drug Administration 
(FDA): vorinostat (SAHA) and romidepsin (FK228) for cutaneous T-cell 
lymphoma (CTCL), panobinostat (LBH589) for multiple myeloma, and 
belinostat (PXD-101) for peripheral T-cell lymphoma [8]. However, 
HDACis have shown limited efficacy in phase II clinical trials for most 
solid tumors [9–12]. Additionally, adverse effects ranging from mild (e. 
g., diarrhea, dehydration) to severe (e.g., cardiotoxicity, thrombocyto
penia) have been reported in some patients [13].

The limited success of HDACi treatments in solid tumors may be 
attributed to their broad transcriptional effects. Differential gene 
expression studies reveal that HDACis impact thousands of genes, and 
the resulting epigenetic changes, combined with diverse cellular con
texts, make treatment outcomes unpredictable. To overcome these 
limitations, second-generation inhibitors have been developed, 
including drugs targeting the bromodomain—an evolutionarily 
conserved 110-amino-acid domain within chromatin-associated pro
teins that interprets histone acetylation marks [14]. Furthermore, the 
use of nanoparticles as carriers for HDACis and other epigenetic drugs is 
being explored to enhance efficacy and reduce side effects [15].

Our experimental approach differs: rather than developing alterna
tive HDACi formulations, we seek to determine whether a universal 
mechanism governs HDACi-induced cell death and whether this mech
anism can be modulated independently of the broad transcriptional ef
fects of HDACis. These strategy aims to minimize off-target effects and 
reduce adverse side effects.

Although the ability of HDACis to induce cell death is well stablished, 
the molecular mechanisms underlying this process remain unclear. 
While some studies suggest that HDACi-induced cell death involves 
caspase activation [2,16–19], our findings, supported by other research, 
indicate that this type of cell death can occur without caspase activation 
[6,20,21]. Whether caspase activation is essential for HDACi-induced 
cell death remains unresolved, and the role of p53 in this process also 
remains unclear.

This study aims to provide deeper insight into HDACi-induced cell 
death in chemoresistant cell lines. Given that discrepancies in previous 
findings may arise from the use of specific cell models, we investigated 
HDACi-induced cell death using Trichostatin A (TSA) across multiple 
cell models of different origins. Our objective was to determine whether 
a specific molecular mechanism underlies HDACi-induced cell death 
across various cell models. If such a mechanism exists, we aimed to 
identify its key features and assess whether cell death induction can be 
dissociated from the broad transcriptional effects of HDACis.

Our results demonstrate that HDACi-induced cell death is inhibited 
by serine protease inhibitors but not by caspase inhibitors across all 
tested cell models. This process is largely independent of p53 activation 
and requires AIF release, along with changes in the expression of Bcl-2 
family members. Using differential gene expression analysis and 
siRNA-mediated gene silencing, we identified and validated several 
proteins involved in TSA-induced cell death across all tested models. Our 
findings indicate that intracellular calcium mobilization and endo
plasmic reticulum stress are critical factors in TSA-induced cell death. 
Furthermore, we identified a set of genes associated with HDACi- 
induced cell death, establishing a causal relationship for many of these 
genes, including dual-specificity phosphatases, endoplasmic reticulum 
stress-related genes, and others.

Our study highlights novel potential targets for developing anti
neoplastic agents designed to combat chemoresistant tumors via the 
HDACi-induced cell death pathway.

2. Materials and methods

2.1. Cell lines and culture

L1210 and its daunomycin-resistant stable subline (L1210R) are 
murine leukemia cell lines. HL-60 and its resistant subline HL-60R are 
human promyelocytic leukemia cell lines. K562 and its resistant variant 
K562/Adr are human erythroleukemia cell lines. Al three cell lines are 
resistant to anthracyclines [22]. All hematopoietic cell lines were 
cultured as previously described [23].

Human pancreatic adenocarcinoma cell lines IMIM-PC-1, IMIM-PC- 
2, RWP-1, PANC-1, BxPC3, and Hs766T, as well as human urinary 
bladder carcinoma cell lines T-24, MGHU4, SW800, and VMCUB3, were 
kindly provided by Dr. Xavier Mayol (Instituto Municipal de Inves
tigaciones Médicas, IMIM, Barcelona, Spain). Human colon carcinoma 
cell lines SW480, SW620, HT-29, and HGUE-C-1 were also used in this 
study. Breast carcinoma cell lines MCF-7 and its adriamycin-resistant 
subline MCF-7/Adr, as well as prostate carcinoma cell lines LNCap 
and PC3, were cultured as previously described [6].

Glioblastoma cell lines T-98, LN229, and glioblastoma primary 
culture-derived cell lines HGUE-GB-18 and HGUE-GB-42 were grown 
following previously established protocols [24].

2.2. Plasmids

The p53-EGFP chimera expression vector, pp53-EGFP (Clontech 
Laboratories Inc., CA, USA), contains a p53-EGFP expression cassette 
driven by the CMV immediate-early promoter. This vector also includes 
a neomycin resistance cassette controlled by the SV40 early promoter. 
Luciferase reporter plasmids under the control of endoplasmic reticulum 
stress elements (ERSE) were obtained from Qiagen (Hilden, Germany).

2.3. Transfection experiments

L1210, L1210R, RWP-1, IMIM-PC-2, and MCF-7 cells were trans
fected with plasmids expressing reporter proteins under the control of 
response elements for transcription factors of interest (e.g., TP53, 
endoplasmic reticulum stress-related factors), as previously described 
[24,25].

2.4. Determination of caspase activity

Caspase-3, − 8, and − 9 activities were measured using a colorimetric 
kit (Caspase-3, − 8, and − 9/Mch6 activity kits) according to the manu
facturer’s instructions. Recombinant caspases 3, 8, and 9 were assayed 
under the same conditions.

Caspase inhibition was performed by preincubating cells with spe
cific inhibitors. The inhibitors used were:, Caspase-3 inhibitor I (DEVD- 
CHO, 25 µM), and a general caspase inhibitor (Z-VAD-FMK, 25 µM). 
Serine protease inhibitors included 4-(2-aminoethyl) benzenesulfonyl 
fluoride (AEBSF, 100 µM), Nα-Tosyl-Lys Chloromethyl Ketone (TLCK, 
100 µM), and Nα-Tosyl-Phe Chloromethyl Ketone (TPCK, 1 µM). All 
inhibitors were added 30 min before 1 µM TSA treatment when applied 
in combination. All inhibitors mentioned in this section were purchased 
from Calbiochem (Darmstadt, Germany).

2.5. Flow cytometry analysis of cell cycle distribution

Cell lines were incubated with 1 µM TSA for up to 24 h. Cellular DNA 
content was analyzed using an Epics XL flow cytometer (Beckman 
Coulter Co., Miami, FL, USA) as previously described [5,6]. Non-viable 
cells were excluded based on abnormal size.

As required, cells were treated with HDACis in the presence or 
absence of cell-permeable caspase or serine protease inhibitors for up to 
24 h before flow cytometry analysis. In the corresponding experiments, 
1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis 
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(acetoxymethyl ester) (BAPTA-AM, 10 µM) and ethylene glycol-bis 
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, 1 mM) were 
added 30 min before the addition of TSA.

2.6. Cell death determination

HDACi-induced cell death was assessed using various methods. The 
percentage of cells in the subG1 phase of the cell cycle was determined 
by flow cytometry. Additional confirmation was obtained by flow 
cytometry or fluorescence microscopy using an Annexin V-FITC com
mercial kit (Calbiochem, Darmstadt, Germany) or Hoechst 33342 (3 μg/ 
mL) nuclear fragmentation staining.

Mitochondrial transmembrane potential disruption was evaluated 
using the Mitocapture™ Apoptosis Detection Kit (Calbiochem, Darm
stadt, Germany) following the manufacturer’s instructions.

2.7. Real-time RT-PCR

mRNA levels of AIF, Bax, Bcl-xL, DUSP10, XBP-1, MBTSP1, MBTSP2, 
EAF2, NANOS1, CCNYL1, and RPS6KA5 were quantified via real-time 
RT-PCR in untreated, TSA-treated, and siRNA-transfected cells, as pre
viously described [24,26]. Briefly, total RNA was isolated using the NZY 
Total RNA Isolation Kit (NZYtech, Lisbon, Portugal), following the 
manufacturer’s instructions. cDNA synthesis was performed using the 
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, 
Foster City, CA, USA) according to the manufacturer’s protocol.

Quantitative PCR (qPCR) was conducted in 96-well plates using 
10 µL NZYSpeedy qPCR Probe Master Mix (2x), ROX plus (NZYtech, 
Lisbon, Portugal), 1 µL predesigned TaqMan® Gene Expression Assays 
(Applied Biosystems, Foster City, CA, USA), and 4 µL cDNA, which was 
previously obtained. The Taqman Gene Expression Assays used were AIF 
(Hs00377585_m1), BAX (Hs00180269_m1), BCLXL (Hs00236329_m1), 
DUSP-10 (Hs00200527_m1), XBP1 (Hs00964359_m1), XBP1 spliced 
(Hs03929085_g1), MBTPS1 (Hs00921626_m1), MBTPS2 
(Hs00210639_m1), EAF2 (Hs00218407_m1), NANOS1 
(Hs00996068_s1), CCNYL1 (Hs00861771_g1), RPS6KA5 
(Hs01046591_m1), and GAPDH (Hs02786624_g1) as endogenous con
trol. All reactions were performed in triplicate, including non-template 
controls with water. Amplification was carried out using the Quan
Studio®3 Real-Time PCR (Applied Biosystems, Foster City, CA, USA).

2.8. Immunocytochemistry

Cells were seeded in 24-well plates, treated as indicated, washed 
with 1x PBS, and fixed with methanol overnight at − 20◦C. Following 
PBS washing, cells were permeabilized for 5 min with 1x PBS containing 
0.25 % Triton X-100 (Sigma). After washing with 1x PBS containing 
0.5 % BSA (PBS-B, Sigma), blocking was performed with 1x PBS, 2 % 
BSA, and 0.5 % sodium azide for 30 min at room temperature.

Cells were then incubated overnight at 4◦C with the primary anti
body (mouse anti-AIF (E-1), sc-13116, Santa Cruz Biotechnology, Inc) 
diluted 1:100 in 0.5 % BSA, followed by three washes with PBS-B. 
Subsequently, cells were incubated for 30 min at room temperature 
and in the dark with goat anti-mouse IgG conjugated with fluorescein 
(Molecular Probes) diluted 1:30 and Hoechst stain at 3 µg/mL. Finally, 
cells were washed three times with PBS-B and analyzed by fluorescence 
microscopy.

2.9. siRNA-mediated inhibition of gene expression

IMIM-PC-2 cells were transfected using Lipofectamine™ RNAiMAX 
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) with 20–25 nt 
target-specific siRNAs designed to knock down AIFM1 (AIF) and BAX 
gene expression. Specific siRNAs for AIFM1, BAX, and a negative control 
(sc-29193, sc-29212, and sc-37007, respectively) were purchased from 
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and assayed 

following the manufacturer’s instructions.
Similarly, IMIM-PC-2, RWP-1 pancreatic carcinoma cell lines, and 

HGUE-GB-18 and HGUE-GB-42 glioblastoma primary culture-derived 
cell lines were transfected with siRNAs targeting DUSP10, XBP-1, 
MBTSP1, MBTSP2, EAF2, NANOS1, CCNYL1, and RPS6KA5 genes. 
These siRNAs, along with negative controls, were purchased from 
Invitrogen (Carlsbad, CA, USA) and used according to the manufac
turer’s protocol.

Specific gene knockdown was confirmed by real-time RT-PCR, as 
described in Section 2.7.

2.10. DNA array analysis

L1210, L1210R, RWP-1, PANC-1, IMIM-PC-1, IMIM-PC-2, Hs766T, 
and BxPC3 cells were treated with TSA (1 µM) in the presence or absence 
of AEBSF (100 µM) for 6 h. RNA was isolated using the NZY Total RNA 
Isolation Kit (NZYtech, Lisbon, Portugal) and analyzed using Affymetrix 
GeneChip® microarrays (PROGENIKA Biopharma S.A., Bizkaia, Spain).

cRNA synthesis followed the Affymetrix IVT Labeling Kit protocol, 
and purification was performed using the Affymetrix GeneChip Simple 
Cleanup Module. Hybridization and chip processing were performed 
according to the manufacturer’s instructions. Software used included 
AGCC 1.1 and Expression Console™ (EC 1.1, Affymetrix®), with 
comparative analysis conducted using GeneChip® Operating Software 
(GCOS 1.4, Affymetrix®).

The microarrays employed were Mouse430_2.na21 for L1210 and 
L1210R cells, and HG-U133A_2.na22 and HG-U133_Plus_2.na26 for 
human pancreatic cell lines.

2.11. MAPK and AKT ELISA assays

RWP-1, IMIM-PC-2, and Hs766T pancreatic carcinoma cell lines 
were treated with TSA (1 µM) and AEBSF (100 µM) for 30 min to 24 h. 
Phosphorylation levels of MAPK pathway proteins (ERK 1/2, p38α, JNK 
1/2/3) and AKT were assessed using InstantOne ELISA™ kits (eBio
science®, San Diego, CA, USA) following the manufacturer’s 
instructions.

2.12. Proteasome activity assay

TSA-treated cells were harvested and incubated in a buffer contain
ing 10 mM Tris (pH 7.5), 1 mM EDTA, and 20 % glycerol for 15 min on 
ice. Samples were centrifuged at 13,000 × g for 10 min at 4◦C, and 
protein concentrations were determined. Protein extracts (10 μg) were 
then incubated in a reaction buffer with SDS and a fluorogenic substrate 
according to the manufacturer’s instructions. Fluorescence was 
measured using a Fluostar Galaxy microplate fluorimeter (excitation: 
370 nm, emission: 460 nm). Purified 20S proteasome served as a posi
tive control, and Cells from the utilized cell lines were cultured in the 
presence of 10 µM of the proteasome inhibitors MG132 or PSI for 24 h 
and collected as mentioned above, and were used as a negative control 
to demonstrate that the use of the fluorogenic substrate employed to 
determine proteasome activity practically disappeared when this ac
tivity was blocked by the inhibitors.

2.13. Apoptosis-related protein array

Hs766T and BxPC3 pancreatic adenocarcinoma cell lines were 
treated with TSA (1 µM) in the presence or absence of AEBSF (100 µM) 
for 6–24 h. Cells were harvested and analyzed for apoptosis-related 
protein expression using the Proteome Profiler™ Array (R&D Systems, 
Inc., Minneapolis, MN, USA), according to the manufacturer’s 
guidelines.
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2.14. STRING database analysis

Protein interactions were analyzed using the STRING database (htt 
ps://string-db.org/) [27].

2.15. Statistical analysis

Descriptive statistics were performed using GraphPad Prism v9. 
Mean and standard deviation values were calculated for gene expres
sion, viability, and cell cycle data across all cell lines.

Normality was evaluated using the Shapiro-Wilk test, and homo
scedasticity was assessed using Levene’s test. Comparisons between two 
groups were conducted using the Student’s t-test for parametric and 
homoscedastic datasets. The Mann-Whitney U-test was applied for non- 
parametric or heteroscedastic data. A p-value < 0.05 was considered 
statistically significant.

3. Results

3.1. p53 does not play a key role in HDACi-induced cell death

To assess whether p53 activation is an essential requirement for 
HDACi-induced cell death, as previously suggested [28–30], we used the 
L1210 and L1210R cell models. L1210 cells are resistant, whereas 
L1210R cells are sensitive to HDACi-induced cell death. First, we tran
siently transfected both cell lines with a reporter construct under the 
control of several p53 response elements. The results in Fig. 1 demon
strate that TSA treatment activates endogenous p53 in both cell lines. As 
a control, we transfected MCF-7 breast carcinoma cells, which are 
known to possess a wild-type p53 phenotype.

Finally, we compared the effect of TSA 1 µM on cell death induction 
across various cell lines from different tumor types with either mutated 
or wild-type TP53 (Table 1). The data indicate that a wild-type TP53 is 
not required for TSA-induced cell death. Furthermore, TSA successfully 
induced cell death in cell lines with null mutations, meaning complete 
loss of p53 expression.

3.2. HDACis-induced cell death is mostly a caspase-independent 
phenomenon

To determine whether caspase activation is required for HDACis- 
induced cell death, we analyzed whether cell death induction by HDA
Cis correlates with an increase in caspases 3, 8, and 9 activities in all 

described cell lines. We also tested whether treatment with high con
centrations of cell-permeable caspase inhibitors could partially or totally 
block HDACis-induced cell death. The results in Fig. 2 demonstrate that 
in most of the cell lines analyzed, HDACi treatment induces an increase 
in caspase activity, especially caspase 3. As an example, we show the 
data from L1210 and L1210R cells (Fig. 2A). Similar results (increase of 
caspase 3 activity) were found in HL-60, HL-60/Adr, K562 and K562/ 
Adr cells (Fig. S1A). However, the different caspase inhibitors used 
alone or in combination do not block cell death induced by HDACis 
treatment in any of the tested cell lines (Fig. 2B). The concentrations of 
the different caspase inhibitors were selected because they effectively 
inhibited recombinant caspase 3 in vitro (Fig. S1B) as well as TSA- 
induced caspase-3 activation after 24 h of treatment in the L1210R 
cell line (Fig. S1C).

3.3. HDACis-induced cell death is a serine protease-dependent 
phenomenon

Given that increased caspase activity is, in many cases, dispensable 
for HDACis-induced cell death, we investigated which proteases assume 
the role of caspases when these were inhibited in our experiments. We 
found that the serine protease inhibitor AEBSF completely blocks the 
HDACis-induced cell death in all tested cell lines (Fig. 2C). Furthermore, 
other serine protease inhibitors, such as TLCK y TPCK, partially block 
TSA-induced cell death in several cell lines (Fig. 2D).

To confirm that serine protease inhibitors do not act as nonspecific 
caspase inhibitors, we tested these inhibitors in vitro against recombi
nant caspases, comparing their effects with specific inhibitors for those 
caspases (Fig. S1B). Next, we tested whether serine protease inhibitors 
are able to block HDACis-induced caspase activation in vivo. The results 
demonstrated that these inhibitors effectively block caspase 3 induction 
by TSA in the L1210R cell line (Fig. S1C).

Fig. 1. TP53 protein activation levels. TP53 transcriptional activity was 
determined in L1210, L1210R, and MCF-7 cell lines in the presence and absence 
of TSA (1 µM) treatment by transient transfection assays with a TP53 reporter 
gene and a constitutively expressed β-galactosidase vector as an internal control 
for transfection efficiency. The mean percentage of TP53 activation normalized 
to β-galactosidase activity is shown. Error bars are SD (n > 3). ** Indicates a p- 
value < 0.01.

Table 1 
Relationship between TP53 status and HDACi-induced cell death in cell lines of 
different origins. The table shows the cell line name, TP53 status (wild-type 
(Wt), mutated (Mut), unknown (Uk), or null), sensitivity to HDACi-induced cell 
death, and cancer type (murine leukemia (mL), human leukemia (hL), pancre
atic carcinoma (PC), bladder carcinoma (BC), colon carcinoma (CC), breast 
carcinoma (BrC), prostate carcinoma (PrC) and glioblastoma (GB)).

Cell line TP53 status HDACi-induced cell death Cancer type

L1210 Wt Resistant mL
L1210R Wt Sensitive mL
HL− 60 Null Sensitive hL
HL− 60R Null Sensitive hL
K− 562 Null Sensitive hL
K562/Adr Null Sensitive hL
IMIM-PC− 1 Mut Sensitive PC
IMIM-PC− 2 Mut Sensitive PC
RWP− 1 Mut Sensitive PC
PANC− 1 Mut Sensitive PC
BxPC3 Mut Sensitive PC
Hs766T Wt Resistant PC
T− 24 Mut Sensitive BC
MGHU4 Wt Sensitive BC
SW800 Wt Sensitive BC
VMCUB3 Mut Sensitive BC
HT− 29 Mut Sensitive CC
SW620 Mut Sensitive CC
SW480 Mut Sensitive CC
HGUE-C− 1 Wt Sensitive CC
MCF− 7 Wt Sensitive BrC
MCF− 7/Adr Uk Sensitive BrC
LNCap Null Sensitive PrC
PC3 Mut Partially resistant PrC
T− 98 Mut Sensitive GB
LN229 Mut Sensitive GB
HGUE-GB− 18 Mut Sensitive GB
HGUE-GB− 42 Mut Sensitive GB
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3.4. HDACs-induced cell death requires the intracellular calcium 
mobilization and mitochondrial depolarization

To determine whether calcium is required for TSA-induced cell 
death, we preloaded cells with BAPTA-AM to prevent intracellular cal
cium mobilization before TSA treatment. TSA-induced cell death is 
almost abolished in BAPTA-AM-loaded cells (Fig. 3A), whereas EGTA, 
used to inhibit extracellular calcium uptake, does not affect TSA-induced 
cell death (Fig. S2). These results indicate that intracellular calcium 
mobilization is required for TSA-induced cell death. The requirement for 
intracellular calcium suggests a possible link to mitochondrial mem
brane depolarization. We tested this hypothesis in the L1210 /L1210R 
system, since L1210 is not induced to death by TSA, whereas L1210R is. 

We observed TSA-induced mitochondrial depolarization in L1210R but 
not in L1210 cells (Fig. 3B), and this depolarization was inhibited by pre- 
treatment with BAPTA-AM (10 µM) and, interestingly, also by the serine 
protease inhibitor AEBSF (100 µM) (Fig. S3).

3.5. HDACis-induced cell death requires AIF release and its nuclear 
localization

We had previously reported that AIF plays a role in HDACis-induced 
cell death in pancreatic adenocarcinoma cell lines [6]. To determine 
whether AIF also plays a role in cell lines of different origins, we 
examined AIF expression levels and nuclear localization, particularly in 
the L1210 and L1210R cell models (since in this system we have a 

Fig. 2. Role of caspases and serin proteases in TSA-induced cell death. (A) Effect of TSA (1 µM) on caspases 3, 8 and 9 activities in L1210 and L1210R cell lines. 
Caspase activity was determined using specific colorimetric assays, and the percentage of activation relative to untreated cells is shown. (B) Percentage of cells in 
SubG1 phase in L1210R, HL-60, HL-60R, K562, and K562/Adr cell lines after treatment with TSA (1 µM) in the presence or absence of a caspase-3 inhibitor (25 µM) 
and a pan-caspase inhibitor (25 µM). (C) Percentage of cells in the SubG1 phase in a broad panel of cell lines after TSA (1 µM) treatment in the presence or absence of 
a pan-caspase inhibitor (25 µM) and a serin protease inhibitor (AEBSF, 100 µM). (D) Percentage of cells in the SubG1 phase of L1210R, RWP-1, and IMIM-PC-2 cell 
lines after TSA (1 µM) treatment in the presence or absence of serin protease inhibitors (TLCK 100 µM, TPCK 1 µM, and AEBSF 100 µM). DNA content distribution in 
the cell cycle was determined by flow cytometry after propidium iodide labeling, and the mean percentage of cells in the SubG1 phase is shown. Error bars represent 
SD (n > 3). * Indicates a p-value < 0.05 and ** p-value < 0.01.

Fig. 3. Role of intracellular calcium mobilization and mitochondrial depolarization in TSA-induced cell death. (A) Percentage of cells in the SubG1 phase in L1210R, 
HL-60, and HL-60R cell lines after different treatment times (1, 3, and 24 h) with TSA (1 µM) in the presence or absence of BAPTA-AM (5 µM). DNA content dis
tribution in the cell cycle was determined by flow cytometry after propidium iodide labeling, and the mean percentage of cells in the SubG1 phase is shown. (B) 
Mitochondrial membrane depolarization in L1210R and L1210 cell lines after 1, 3, 6, and 9 h of TSA (1 µM) treatment. Error bars represent SD (n > 3).

M. Fuentes-Baile et al.                                                                                                                                                                                                                         Biomedicine & Pharmacotherapy 191 (2025) 118541 

5 



negative control which does not undergo cell death by TSA). As in 
pancreatic carcinoma, TSA treatment increases AIF levels in the L1210R 
cell line but not in the L1210 cell line (Fig. S4A). Nuclear localization of 
AIF after TSA treatment in L1210R was confirmed via immunostaining 
(Fig. S4B), as previously demonstrated in our publication on pancreatic 
carcinoma cell lines.

A similar increase in AIF protein levels and nuclear localization is 
observed after HDACis treatment in HL-60, HL-60R, K562 and K562/ 
Adr cell lines (data not shown). Interestingly, the increase in AIF protein 
levels does not correlate with an increase in AIF mRNA, as determined 
by real time RT-PCR (Fig. S4A), suggesting that HDACis induce AIF 
expression via post-transcriptional regulation. The essential role of AIF 
in HDACi-induced cell death is further demonstrated by knocking down 
AIF gene expression using targeted siRNA in the pancreatic adenocar
cinoma cell line IMIM-PC-2. Our results in Fig. 4A and B show that 
HDACis-induced cell death is reduced by AIF siRNA in parallel to 
decreased AIF gene expression, confirming AIF’s critical role in this 
process.

3.6. Members of the Bcl-2 family are required for HDACis-induced cell 
death

Mitochondrial depolarization appears to be a requirement for 
HDACi-induced cell death, as a disruption in mitochondrial potential is 
observed in L1210R but not in L1210 cells (Fig. 3B). This suggests that 
changes in mitochondrial potential are associated with HDACi-induced 
cell death.

The involvement of Bcl-2 family members in HDACi-induced cell 
death was examined across different cell lines. We had published that 
TSA increases Bax levels without affecting Bcl-2 levels in pancreatic 
adenocarcinoma cell lines [6]. We observed changes in the expression of 
several Bcl-2 family members in all analyzed cell lines following TSA or 
SAHA treatment (Fig. S5). In pancreatic adenocarcinoma cell lines, there 
is an increase in a proapoptotic Bcl-2 family member, whereas in other 

cases, such as in L1210R cells, the main change is Bcl-2 downregulation, 
although Bax levels also increase.

Interestingly, the HDACi-induced increase in Bax protein levels in 
pancreatic [6] and colon carcinoma cell lines does not correlate with an 
increase in Bax mRNA levels, suggesting that HDACis regulate Bax 
expression at the post-transcriptional level (Fig. S6A). The 
post-transcriptional regulation of Bax and AIF may be linked to 
HDACi-induced inhibition of proteasome activity, which we have 
observed in these cell lines and will be discussed later in this section.

The crucial role of Bax in HDACi-induced cell death was confirmed 
through Bax knockdown using siRNA in IMIM-PC-2 pancreatic adeno
carcinoma cells. As shown in Fig. 4C and D, HDACi-induced cell death is 
reduced following Bax silencing, in parallel with a decrease in Bax 
expression.

Another Bcl-2 family member differentially regulated by TSA in 
L1210 versus L1210R cells is Bcl-xL, which is downregulated by TSA in 
sensitive L1210R cells but remains unaffected in resistant L1210 cells 
(Fig. S6B). The downregulation of Bcl-xL by TSA has been observed in 
many other cell lines included in our study (Fig. S5).

Finally, we investigated whether Bid, a BH3-only member of the Bcl- 
2 family previously linked to HDACi-induced cell death, acts as a trigger 
for HDACi-mediated cell death. Regarding BID, transcriptomic analysis 
after 6 h of TSA treatment shows decreased expression in L1210R, IMIM- 
PC-1, and RWP-1 cells, while no changes or even slight increases are 
observed in the remaining cell lines, indicating no common pattern of 
BID mRNA expression. However, the key aspect of BID regulation lies in 
its proteolytic processing, whereby the full-length protein (22 kDa) is 
cleaved into its active truncated form, tBID (~15 kDa). Since BID is 
processed by caspases 8 and 10, and Fig. 2A shows that caspase-8 acti
vation in L1210R (sensitive to TSA-induced cell death) occurs only after 
nearly 24 h of treatment, BID processing would represent a late event. 
Therefore, it cannot be considered as a trigger of TSA-induced cell death, 
in contrast to mitochondrial depolarization, which we have demon
strated to play a critical role in this process.

Fig. 4. Role of AIF and Bax in TSA-induced cell death. The IMIM-PC-2 cell line was transfected with a siRNA specific for AIF or Bax, or a non-specific siRNA as a 
control. (A, C) AIF and Bax mRNA levels were determined by RT-PCR. (B, D) Percentage of cells in the SubG1 phase of the IMIM-PC-2 cell line after treatment with 
TSA (1 µM) in the presence of a siRNA for AIF or Bax, or a non-specific siRNA as a control. DNA content distribution in the cell cycle was analyzed by flow cytometry 
after propidium iodide labeling, and the mean percentage of cells in the SubG1 phase is shown. Error bars represent SD (n > 3). ** Indicates a p-value < 0.01 and *** 
p-value < 0.001.
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3.7. Differential gene expression studies highlight central role of dual 
phosphatases in HDACi-induced cell death

To identify specific genes involved in TSA-induced cell death, we 
employed a subtractive DNA array approach (Fig. 5). We selected genes 
whose expression increased or decreased after 6 h of treatment with 
1 µM TSA in all TSA-induced cell death-sensitive cell lines. Data were 
obtained from DNA microarrays in L1210R, RWP-1, IMIM-PC-2, IMIM- 
PC-1, PANC1, and BxPC3. We excluded genes that were also regulated 
by TSA in the TSA-resistant cell lines L1210 and Hs766T. Further 
filtering was applied by selecting only genes whose TSA regulation was 
abolished in the presence of the serine protease inhibitor AEBSF, the 
only inhibitor capable to almost completely blocking TSA-induced cell 
death. This approach allowed us to identify fewer than 20 genes out of 
the more than 2500 regulated by TSA in each individual array.

Among the identified genes, we found two dual phosphatases, 
DUSP3 and DUSP10, whose expression levels in our gene expression 
array are shown in Table 2. DUSP3 is downregulated by TSA, and this 
effect was validated by RT-PCR in several pancreatic adenocarcinoma 
cell lines (Fig. 6A). Conversely, DUSP10 is upregulated by TSA, and this 
effect was validated by RT-PCR in the same cell lines used for DUSP3 
expression studies (Fig. 6B). Furthermore, DUSP10 knockdown using a 
specific siRNA in pancreatic carcinoma and glioblastoma cell lines 
significantly decreased DUSP10 mRNA levels in all models tested 
(Fig. 6C). More importantly, this decrease in DUSP10 expression par
alleled the reduction in TSA-induced cell death in the same cellular 
models (Fig. 6D), suggesting a cause relationship between TSA’s effect 
on DUSP10 expression and its ability to induce cell death.

Given that DUSPs negatively regulate MAPK activity, we used spe
cific ELISA assays to determine whether TSA differentially regulates 
MAPKs in TSA-sensitive versus TSA-resistant cells. Our results demon
strate that TSA 1 µM induces an increase in JNK kinase and P38 MAPK 
activity within the first 6 h of treatment (Fig. S7). An increase in ERK 
kinase activity was also observed after 24 h, a time frame too prolonged 
to implicate ERKs in TSA-induced cell death initiation. These effects on 
MAPKs activity were not observed in the TSA-resistant cell line Hs766T. 

Additionally, TSA treatment resulted in decreased AKT kinase activity.

3.8. HDACis-induced endoplasmic reticulum stress is required for TSA- 
induced cell death

Another interesting gene downregulated by TSA in our arrays is 
XBP1, which is typically associated with the cellular response to endo
plasmic reticulum stress. After validating this downregulation by RT- 
PCR in pancreatic carcinoma cell lines (Fig. 7A), we investigated 
whether XBP1 was spliced by IRE-1 following TSA treatment, a key 
initial response to endoplasmic reticulum stress. We found that TSA 
induces XBP1 splicing activation in pancreatic carcinoma cells sensitive 
to TSA-induced cell death, but not in the Hs766T cell line, which is 
resistant to TSA-induced cell death (Fig. 7B). Since these data suggest 
that TSA induces endoplasmic reticulum stress, we first examined by RT- 
PCR whether GRP78 (HSPA5) expression, the initial sensor of endo
plasmic reticulum stress, was affected by TSA treatment. As shown in 
Fig. 7C, TSA significantly increases HSPA5 mRNA levels in TSA-sensitive 
pancreatic carcinoma cell lines.

Furthermore, we transfected two TSA-sensitive pancreatic carci
noma cell lines with a reporter gene under the control of several endo
plasmic reticulum stress-response elements (ERSE). Our results indicate 
that TSA induces transcription mediated by the ERSE (Fig. 7D), sug
gesting an increase in endoplasmic reticulum stress. Given the known 
relationship between endoplasmic reticulum stress and proteasome ac
tivity, we next assessed whether TSA treatment affected proteasome 
activity in sensitive cell lines. Our results show that TSA inhibits pro
teasome activity in IMM-PC-2 and RWP-1 cell lines (Fig. 7E). Finally, to 
determine whether TSA-induced cell death is directly linked to XBP1, we 
knocked down XBP1 expression using a specific siRNA in pancreatic 
carcinoma and glioblastoma cell lines. Our results demonstrate that 
when XBP1 expression is knocked down (Fig. 7F), TSA-induced cell 
death is significantly inhibited (Fig. 7G).

To further investigate the relationship between TSA-induced cell 
death and endoplasmic reticulum stress, we examined the expression of 
proteins related to this type of cellular stress. Fig. 8A presents a 

Fig. 5. Schematic representation of DNA arrays performed on different cell lines after 6 h of TSA (1 µM) treatment. The arrays were conducted in TSA-sensitive and 
TSA-resistant cell lines, with or without AEBSF treatment. Genes regulated by TSA in the sensitive cell lines but not in the resistant ones were selected, as well as 
genes that lost their response to TSA after AEBSF (100 µM) treatment.
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schematic representation of key proteins modified during endoplasmic 
reticulum stress, while Fig. 8B shows the effect of TSA treatment in one 
TSA-sensitive cell line. Notably, TSA regulates several stress-response 
proteins, with some being downregulated, such as Nrf2 (NFE2L2), 
while others, such as IRE1, are upregulated. To confirm the role of 
endoplasmic reticulum stress in TSA-induced cell death, we analyzed 
data from our DNA arrays.

Three genes or gene families were consistently induced in TSA- 
sensitive cell lines following TSA treatment. One of these is RPS6KA5, 
a kinase linked to different stress conditions. Additionally, members of 
the ATF6 transcription factor family, particularly CREB3L2, were iden
tified in pancreatic carcinoma cell lines. Lastly, KDELR3, an endo
plasmic reticulum protein involved in the unfolded protein response 
(UPR), was also found. Based on the roles of these proteins, we knocked 
down RPS6KA5 and the sequential proteases SP1 (MBTSP1) and SP2 
(MBTSP2), required for ATF6 activation in the Golgi apparatus. Figs. 8C 
and 9 show that knockdown was successfully achieved in pancreatic 
adenocarcinoma and glioblastoma cell lines, leading to a significant 
reduction in TSA-induced cell death in both models.

We also identified three additional genes in our DNA arrays whose 
knockdown with specific siRNAs resulted in a decrease in TSA-induced 
cell death. These genes are EAF2, NANOS1, and CCNYL1 (Fig. 9A, B).

3.9. Apoptotic protein profiling and other techniques identify additional 
proteins related to HDACi-induced cell death

Our findings regarding AIF and BAX suggest that TSA does not 
regulate these genes at the transcriptional level but rather through post- 
transcriptional mechanisms. To identify other cell death-related proteins 
that might be activated by TSA but were not detected in our DNA arrays 
due to post-transcriptional regulation, we conducted a cell death-related 
protein array. This analysis was performed in a TSA-sensitive cell line 
(BxPC3) in the presence or absence of AEBSF, and in a TSA-resistant cell 
line (Hs766T). We focused on proteins that were either upregulated or 
downregulated by TSA in BxPC3 but not in Hs766T. To refine our se
lection further, we included only those proteins whose TSA-dependent 
regulation was abolished after AEBSF (100 µM) treatment. Based on 
these criteria, we identified DR5, HIF, HSP27, and PON2 (Fig. S8).

3.10. Protein interaction analysis shows that proteins related to 
endoplasmic reticulum stress and WNT signaling pathways may play 
important roles in HDACis-induced cell death

Thus far, we have found that TSA-induced cell death is significantly 
inhibited by specific siRNAs targeting AIF (AIFM1), BAX, CCNYL1, 

Table 2 
Expression levels of DUSP3 and DUSP10 genes obtained from DNA arrays in TSA-sensitive cell lines (L1210R, IMIM-PC-1, IMIM-PC-2, RWP-1, and PANC-1) and TSA- 
resistant cell lines (L1210 and Hs766T). The percentage of expression in TSA-treated cells is shown relative to untreated cells.

%Expression/ 
untreated cells

TSA-sensitive 
cell lines

TSA-resistant 
cell lines

L1210R IMIM-PC-1 IMIM-PC-2 RWP-1 PANC-1 L1210 Hs766T

DUSP3 57 ± 4.6 56 ± 5.6 37 ± 2.9 40 ± 5.3 61 ± 6.2 87 ± 5.1 92 ± 6.1
DUSP10 373 ± 12 141 ± 3.6 179 ± 7.5 246 ± 8.7 221 ± 8.5 100 ± 3.4 99 ± 4.7

Fig. 6. Role of DUSP3 and DUSP10 in TSA-induced cell death. DUSP3 (A) and DUSP10 (B) mRNA levels were obtained by RT-PCR after treating IMIM-PC-1, IMIM- 
PC-2, RWP-1, and PANC-1 cell lines for 1, 3, 6, 9, and 24 h with TSA (1 µM). DUSP10 expression (C) and the percentage of cells in the SubG1 phase (D) in RWP-1, 
IMIM-PC-2, HGUE-GB-18, and HGUE-GB-42 cell lines after treatment with TSA (1 µM) in the presence of a siRNA for DUSP10 or a non-specific siRNA (NS) used as a 
control. The mRNA levels were determined by RT-PCR, and the percentage of expression relative to cells transfected with NS siRNA is shown. The distribution of DNA 
content in the cell cycle was determined by flow cytometry after propidium iodide labeling, and the mean percentage of cells in the SubG1 phase is shown. Error bars 
represent SD (n < 3). * Indicates a p-value < 0.05 and ** p-value < 0.01.
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EAF2, NANOS1, RPS6KA5, MBTPS1, MBTPS2, XBP-1, and DUSP10. 
Additionally, we identified other proteins regulated by TSA in sensitive 
but not in resistant cell lines. The genes encoding these proteins include 
BCL2L1, DUSP3, HSPA5, ZSG, ARL13B, BLR2, TIAGLN3, ELMO2, 
FCHSD1, HBP1, MGAT4A, TXNIP, TTBK2, PI12, RNF24, and CSNK2A2, 
along with proteins identified through the cell death protein array (DR5, 
HIF, HSP27, and PON2). Finally, AKT, P38, and JNK (1,2,3) have been 
shown to be regulated by TSA in TSA-sensitive cell lines.

In some cases, we have insights into how these genes are functionally 
linked to TSA-induced cell death. For instance, MGAT4A is involved in 
Golgi apparatus transport, HSPA5 serves as a key sensor of endoplasmic 
reticulum stress, and TXNIP is also implicated in this type of stress. To 

explore potential interactions among these proteins, we used the 
STRING database (Fig. 10A). Additionally, to establish a hierarchy 
among the genes involved in TSA-induced cell death, we analyzed 
whether silencing a specific gene with siRNA affected the expression of 
the other nine genes that we knocked down (Fig. 10B).

The analysis of the protein interaction network (Fig. 10A) reveals 
several key observations. First, it is evident that the P38 and JNK kinases 
play a crucial role in the life-death balance of TSA-treated cells, as their 
phosphorylation increases following TSA treatment (Fig. S7). Addi
tionally, well-known inhibitors of these kinases, such as DUSP10, have 
been shown to be causally linked to TSA-induced cell death in different 
cell models (Fig. 6). Second, the endoplasmic reticulum stress clearly 

Fig. 7. Role of endoplasmic reticulum stress in TSA-induced cell death. XBP-1 (A) and GRP78 (C) mRNA levels were obtained by RT-PCR after treating IMIM-PC-1, 
IMIM-PC-2, RWP-1, and PANC-1 cell lines for 1, 3, 6, 9, and 24 h with TSA (1 µM). (B) XBP-1 spliced mRNA levels were obtained by RT-PCR after treating IMIM-PC-1, 
IMIM-PC-2, RWP-1, and Hs766T cell lines with TSA (1 µM). The percentage of expression in TSA-treated cells is plotted relative to untreated cells. (D) RWP-1 and 
IMIM-PC-2 cell lines were transfected with a luciferase expression plasmid under the control of endoplasmic reticulum stress response elements (ERSE). The plasmid 
also contains a renilla expression unit under a constitutively active promoter as an internal control for transfection efficiency. Transfected cells were treated with 
1 µM TSA for 24 h, and luciferase and renilla expression were determined using a luminometer. The graph shows the ratio of luciferase to renilla expression under 
each condition. (E) IMIM-PC-1, RWP-1, and IMIM-PC-2 cell lines were treated with or without 1 µM TSA for 6 and 24 h, and proteasome activity was determined. 
DUSP10 expression (F) and the percentage of cells in the SubG1 phase (G) in RWP-1, IMIM-PC-2, HGUE-GB-18, and HGUE-GB-42 cell lines after treatment with TSA 
(1 µM) in the presence of a siRNA for XBP-1 or a non-specific siRNA (NS) used as a control. The mRNA levels were determined by RT-PCR, and the percentage of 
expression relative to cells transfected with NS siRNA is shown. The distribution of DNA content in the cell cycle was determined by flow cytometry after propidium 
iodide labeling, and the mean percentage of cells in the SubG1 phase is shown. Error bars represent SD (n < 3). * Indicates a p-value < 0.05 and ** p-value < 0.01.
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Fig. 8. Effect of TSA on the expression of endoplasmic reticulum stress-related proteins. (A) Schematic of key proteins modified after endoplasmic reticulum stress. 
(B) mRNA levels of Nrf2, Gadd153, Ero1l, Ire1a, Eif2ak4, and H-47 were obtained by RT-PCR after treating or not treating the L1210R cell line with TSA (1 µM) for 
1 h, and with TSA in combination with AEBSF (100 µM). The percentage of expression in TSA-treated cells is plotted relative to untreated cells. RPS6KA5 expression 
(C) and the percentage of cells in the SubG1 phase (D) in RWP-1, IMIM-PC-2, HGUE-GB-18, and HGUE-GB-42 cell lines after treatment with TSA (1 µM) in the 
presence of a siRNA for RPS6KA5 or a non-specific siRNA (NS) used as a control. The mRNA levels were determined by RT-PCR and the percentage of expression 
relative to cells transfected with NS siRNA is shown. The distribution of DNA content in the cell cycle was determined by flow cytometry after propidium iodide 
labeling, and the mean percentage of cells in the SubG1 phase is shown. Error bars represent SD (n < 3). * Indicates a p-value < 0.05 and ** p-value < 0.01.

Fig. 9. Genes involved in TSA-induced cell death. Percentage of cells in the SubG1 phase in RWP-1 (A) and IMIM-PC-2 (B) cell lines after TSA treatment (1 µM) in the 
presence of a specific siRNA or a non-specific (NS) siRNA used as a control. DNA content distribution in the cell cycle was determined by flow cytometry after 
propidium iodide labeling. The mean percentage of cells in the SubG1 phase is shown. Error bars represent SD (n < 3).
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triggers TSA-induced cell death in the same models, with a strong 
relationship between endoplasmic reticulum stress and MAPK pathways 
also being apparent (Fig. 10A). Third, and perhaps one of the most 
intriguing findings, is that three genes -EAF2, NANOS1, and CCNYL1- 
which have been shown to have a cause-effect relationship with TSA- 
induced cell death, appear to have no interaction with each other or 
with other genes identified in our STRING database search. These genes 
have recently been linked to a WNT signaling pathway that regulates not 
only transcriptional processes but also critical post-transcriptional pro
cesses in the cell [31–35], as will be discussed in the appropriate section.

In Fig. 10B, the analysis of reciprocal regulation among TSA-induced 
cell death genes highlights XBP-1 as a central regulator, directly or 

indirectly controlling the expression of all other key genes (Fig. 10A). 
This further underscores the role of endoplasmic reticulum stress as a 
key driver of TSA-induced cell death. Additionally, we observed a cross- 
regulation between EAF2, NANOS1, and CCNYL1, which are linked to 
WNT signaling, and other TSA-regulated genes. Interestingly, EAF2 
appears to have a regulatory function similar to that of XBP-1, and a 
direct cross-regulatory relationships between EAF2 and XBP-1 suggest 
an interplay between WNT signaling and endoplasmic reticulum stress, a 
connection that will be discussed in the corresponding section.

Fig. 10. Relationship between TSA-regulated genes. (A) Network representation of interactions between TSA-regulated proteins, obtained using the STRING 
database. Genes marked in blue are involved in endoplasmic reticulum stress response, those in red participate in the oxidative stress response, those in green 
regulate cell death processes, and those in yellow are involved in stress responses. Red boxes indicate genes directly associated with TSA-induced cell death (B) 
Schematic representation of the interactions among TSA-regulated genes, determined by RT-PCR after siRNA-mediated knockdown. Blue lines indicate increased 
expression, orange lines represent a decreased expression, and dashed lines indicate a moderate increase in expression.
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4. Discussion

To identify alternative cell death pathways that remain active after 
the acquisition of chemoresistance, we tested many potential inducers of 
cell death in several cancer cell lines exhibiting the multidrug resistance 
(MDR) phenotype, as well as in intrinsically resistant cell lines of 
different origins. Given that HDACis are being investigated as novel 
antineoplastic agents [17,36,37], we analyzed their effects on our che
moresistant cell lines.

Our findings [5,6], in agreement with previous studies [38–40], 
demonstrate that HDACis effectively induce cell death in many cancer 
cell lines with the MDR phenotype, as well as in some intrinsically 
resistant cell lines. Notably, HDACi-induced cell death occurs at lower 
concentrations in chemoresistant cells compared to non-transformed 
cells [41], highlighting their potential clinical relevance. However, the 
efficacy of HDACis in solid tumors has been disappointing, likely due to 
drug instability, toxicity, and, most critically, off-target effects due to 
their broad impact on transcription [42,43]. To address this limitations, 
different strategies are being explored. One approach involves devel
oping more selective HDACis targeting specific HDACs or 
bromodomain-containing proteins, which recognize acetylated marks 
on histones and other proteins [14]. Another strategy employs nano
particles to enhance the targeted delivery of HDACis or other epigenetic 
drugs, thereby increasing drug concentration at tumor sites, improving 
stability, and reducing side effects [15].

Our research follows a distinct approach, focusing on two key 
questions: first, whether there exists a universal molecular mechanism 
that triggers HDACi-induced cell death, and second, if such a mechanism 
exists, whether it can be activated without inducing the broad tran
scriptional effects associated with HDACis. Despite numerous studies, 
the mechanisms underlying HDACi-induced cell death in chemoresistant 
cells remain unclear, and some puzzling questions arise from the 
different reports.

Some studies have suggested that p53 plays a crucial role in HDACi- 
induced cell death [44,45]. However, our results challenge this 
assumption. First, in the murine leukemia cell line L1210 (resistant to 
TSA-induced cell death) and its derived cell line L1210R (sensitive to 
TSA), p53 was activated by TSA, as demonstrated by transient trans
fection with a p53 reporter construct (Fig. 1). Second, TSA and SAHA 
induced cell death in p53-null HL-60 and HL-60R cells (Table 1). Third, 
TSA treatment triggered cell death in HT-29, SW620, IMIM-PC-1, 
IMIM-PC-2 and RWP-1 cell lines, all of which harbor different p53 
mutations (Table 1). Although one study suggested that HDACis might 
act via activation of specific p53 mutations [46], our data do not support 
a pivotal role of p53 in HDACis-induced cell death.

Our results indicate that HDACis-induced cell death is not a caspase- 
dependent process. First, in IMIM-PC-1, IMIM-PC-2, and RWP-1 
pancreatic carcinoma cell lines, HDACis did not significantly increase 
caspase activation, and both general and caspase-specific inhibitors 
failed to prevent cell death [6]. Second, although HDACis led to caspase 
activation (primarily caspase 3) in L1210R (Fig. 2A), HL-60, HL-60R, 
K-562, K562/Adr (Fig. S1A), and HT-29 cells, and also in other cell lines, 
caspase inhibitors, alone or in combination, could not block 
HDACi-induced cell death, at high concentrations (Fig. 2B, C). Third, 
caspase activation via the mitochondrial pathway requires cytochrome c 
release, which occurs later than other hallmarks of cell death, such as 
mitochondrial depolarization, annexin staining, etc. Time-course ex
periments further confirmed that caspase-3 activation and cytochrome c 
release are late events in L1210R cells (data not shown). Thus, caspase 
activation is unlikely to be primary trigger of HDACi-induced cell death.

Conversely, our findings reveal a crucial role for serine proteases in 
HDACi-induced cell death. In all tested cell lines, AEBSF, a serine pro
tease inhibitor, completely blocked HDACis-induced cell death (Fig. 2C). 
Additional inhibitors, TLCK and TPCK, also significantly reduced cell 
death (Fig. 2D), implicating serine proteases in this process. Specifically, 
ucf-101, an inhibitor of the Omi/ HtrA2 serine protease, blocked HDACi- 

induced cell death in several pancreatic adenocarcinoma cell lines [6], 
suggesting that Omi/HtrA2 is involved. However, since ucf-101 itself 
induces cell death in hematopoietic cell lines, we cannot conclude that 
Omi/HtrA2 is the sole serine protease mediating HDACi-induced cell 
death across all cell models, just in pancreatic adenocarcinoma and 
multiple myeloma cell lines [6,47].

Another key finding is that the observed caspase activation in many 
cell lines is a late consequence of serine protease activation. Supporting 
this, AEBSF and other serine protease inhibitors failed to inhibit re
combinant caspase activity (Fig. S1B), indicating that their effects are 
specific. Furthermore, these inhibitors completely abrogated HDACi- 
induced caspase activation in cell extracts, suggesting that caspase 
activation is a downstream effect of serine protease activity in early- 
stage HDACi-induced cell death (Fig. S1C). This mechanism may 
explain why HDACis induce cell death in Pgp-expressing cell lines 
despite the protective effects of Pgp against caspase-dependent 
apoptosis [48].

In agreement with our previous reports in pancreatic adenocarci
noma and multiple myeloma cell lines [6,47], we found that HDACis 
induce the release and nuclear translocation of AIF in other cell lines 
(Fig. S4B). Knockdown of AIF via siRNA significantly reduced 
HDACi-induced cell death in pancreatic carcinoma cells (Fig. 4A, B), 
underscoring its role in this pathway.

The Bcl-2 family also plays a crucial role in HDACis-induced cell 
death [6,49–51]. In pancreatic adenocarcinoma cells, HDACis increase 
the levels of Bax, a pro-apoptotic Bcl-2 family member [6] (Fig. S6A). 
Similar Bax upregulation was observed in HL-60, HL-60R, and other cell 
lines (data not shown). Notably, Bax knockdown via siRNA inhibited 
HDACi-induced cell death in pancreatic carcinoma cells (Fig. 4C, D). 
Interestingly, in L1210R cells, HDACis not only increased Bax levels but 
also reduced Bcl-2 expression. These findings suggest that 
HDACi-induced cell death depends on shifting the balance between pro- 
and anti-apoptotic Bcl-2 family members in favor of cell death. The 
importance of the Bax/Bcl-2 switch in achieving apoptosis in chemo
resistant cells has been highlighted by other authors [52,53].

Another Bcl-2 family member that appears to be regulated in many of 
the cell models studied is Bcl-xL, whose expression is downregulated 
(Fig. S6B). However, this downregulation does not occur in the TSA- 
resistant cell lines L1210 and Hs766T, suggesting that Bcl-xL may play 
a role in TSA-induced cell death.

A controversial aspect is the role of different BH-3-only members of 
the Bcl-2 family in HDACi-induced cell death. While it is well established 
that many of these proteins are activated after HDACi treatment in 
various cell models [19,54–56], the key question remains whether their 
activation is a cause or consequence of HDACi-induced cell death. Our 
findings suggest that, at least in the case of Bid, its cleavage does not act 
as a trigger for HDACi-induced cell death, despite previous reports 
suggesting a more prominent role [57]. This conclusion is based on the 
time course of cell death induction and Bid cleavage.

An interesting hypothesis is that the key trigger for HDACi-induced 
cell death may be the alteration of the Bcl-2/Bax ratio via increased 
Bax expression, rather than a competition between Bax and a BH-3-only 
protein. In this regard, the effects of TSA on proteasome activity in 
pancreatic adenocarcinoma cell lines (Fig. 7E), which have also been 
observed in colon carcinoma cell lines [58], may explain the increase in 
AIF and Bax protein levels without a corresponding increase in their 
mRNAs (Fig. S4A). This could account for reports on HDACi-induced 
post-transcriptional regulation of p27 and NF-kB [59] and the collabo
rative effect of HDACis and proteasome inhibitors [60].

We have demonstrated that HDACi-induced cell death depends on 
mitochondrial depolarization (Fig. 3B), which may be triggered by 
intracellular calcium mobilization (Fig. 3A). Interestingly, mitochon
drial depolarization is inhibited both by the calcium chelator BAPTA- 
AM and by the serine protease inhibitor AEBSF, which is able to block 
TSA-induced cell death in all tested models (Fig. S3), as well as by the 
disruption of the balance between Bcl-2 family members. Taken 
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together, our results suggest that this process results in Bax-mediated 
mitochondrial depolarization, leading to the release of AIF and Omi/ 
HtrA2, and, in some cases, a delayed release of cytochrome c and sub
sequent caspase activation [6]. Increasing evidence supports a rela
tionship between the Bcl-2 family and the regulation of intracellular 
calcium mobilization from the endoplasmic reticulum [61–63]. Thus, it 
is likely that TSA and other HDACis induce calcium release from the 
endoplasmic reticulum by modulating the balance between pro- and 
anti-apoptotic Bcl-2 family members.

The significance of the endoplasmic reticulum–mitochondria axis in 
HDACi-induced cell death is reinforced by multiple lines of evidence. 
Our differential gene expression analysis between TSA-sensitive and 
TSA-resistant cell lines, including both murine and human models, as 
well as hematopoietic and solid tumor cell lines, identified a small set of 
genes whose regulation by TSA disappears in cells treated with the 
serine protease inhibitor AEBSF (Fig. 5). Notably, among the TSA- 
regulated genes, XBP-1 was identified (Fig. 7B), underscoring the 
involvement of the endoplasmic reticulum stress pathway. Our siRNA 
experiments (Fig. 7F, G) demonstrated a causal relationship between 
XBP-1 expression and TSA-induced cell death. Furthermore, additional 
endoplasmic reticulum stress-related proteins, such as GPR78, IRE1, 
NRF2, and RPS6KA5, were also regulated by TSA (Figs. 7C, 8). This was 
further supported by transient transfection experiments using a reporter 
gene under ERSE regulation (Fig. 7D) and confirmation of TSA-induced 
proteasome inhibition (Fig. 7E), which has also been reported by other 
authors [64]. In this sense, recent articles have pointed out the rela
tionship between ER stress and AIF release, particularly in TP53 
wild-type cell lines. The differential expression of AIF in different cell 
lines could be linked to varied responses to HDACi treatment and may 
underlie potential resistance mechanisms [65]. However, as we have 
shown in this study, HDACi can exert beneficial effects even in cell lines 
that are resistant to therapy and in those deficient in p53.

Regardless of the precise mechanisms, our findings establish that 
HDACi-induced cell death is a caspase-independent, a serine protease- 
dependent process, requiring either increased expression of pro- 
apoptotic Bcl-2 family members or decreased expression of their anti- 
apoptotic counterparts.

Finally, our results demonstrate a causal relationship between 
HDACi-mediated regulation of EA2F, NANOS1, and CCNYL1 and the 
induction of cell death in both cell models (Fig. 9) and primary cultures 
from diverse origins (data not shown). Notably, EAF2, NANOS1, and 
CCNYL1 have been linked to both canonical and non-canonical WNT 
signaling pathways [31–35]. Increasing evidence supports a connection 
between WNT signaling and various effects of HDACis in the same cell 
models [66,67], including proliferation control, cell survival, drug 
resistance, stem cell maintenance, and immune evasion [68–73]. Our 
findings suggest that modifying WNT signaling could mimic 
HDACi-induced cell death while avoiding the broad transcriptional ef
fects associated with HDACi treatment.

An intriguing possibility is that a single, universal mechanism trig
gered by HDACis may lead to distinct forms of cell death depending on 
the cellular context. In addition to the numerous studies linking HDACi- 
induced cell death to classical apoptosis and autophagy, emerging evi
dence now implicates these agents in ferroptosis and necroptosis 
[74–78]. This is not unexpected, as previous reports have associated 
HDACis with the generation of reactive oxygen species (ROS) and their 
regulation via the transcription factor Nrf2 [79,80], as well as with al
terations in iron metabolism [81].

Notably, a growing body of literature connects ferroptosis with the 
WNT signaling [82–84]. This association is particularly relevant in light 
of our findings, which indicate that three WNT-related genes signifi
cantly influence TSA-induced cell death across different cellular models. 
These observations raise the possibility that HDACi-induced cell death, 
particularly in glioblastoma models, may involve ferroptosis—a hy
pothesis that warrants further investigation.
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