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Abstract 

Heat stress, clinically known as hyperthermia, is a promising adjunctive modality in cancer treatment. 
However, the efficacy of hyperthermia as a monotherapy is limited and the underlying mechanism 
remains poorly understood. Targeting histone modifications is an emerging strategy for cancer therapy, 
but little is known regarding the role of heat stress in altering these modifications. Here, we report that 
heat shock inhibits H3K9 acetylation (H3K9ac) via histone deacetylase 6 (HDAC6) regulation. Heat 
shock inhibits the interaction between HDAC6 and heat shock protein 90 (HSP90), enhances nuclear 
localization of HDAC6, and promotes HDAC6 phosphorylation, which is regulated by protein 
phosphatase 2A (PP2A). Combining hyperthermia with HDAC inhibitors vorinostat or panobinostat 
leads to better anti-cancer effects compared to monotherapy. KEAP1 and DPP7 as genes affected by 
heat-induced inhibition of H3K9ac, and combining them with hyperthermia can better induce apoptosis in 
tumor cells. This study reveals previously unknown mechanisms of H3K9ac decreased by heat shock in 
cancer cells and highlights a potential combinational therapy involving hyperthermia and targeting of these 
new mechanisms. 
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Introduction 
Organisms can be exposed to different forms of 

stress, including sudden temperature increases. Heat 
shock, a common physiological and pathological 
stress, triggers an ancient signaling pathway that 
induces the transient expression of heat shock or heat 
stress proteins (HSPs) in cells [1, 2]. Thermal 
stimulation, clinically known as hyperthermia 
treatment, is a low-cost, convenient, and safe 
adjunctive modality in clinical practice [3, 4]. Notably, 
hyperthermia has been shown to exhibit maximum 
efficacy when combined with other established cancer 
therapies, such as radiotherapy or chemotherapy 
[5-8]. Although hyperthermia therapy has emerged as 
a promising anti-tumor therapeutic modality, the 
efficacy of hyperthermia as a monotherapy is limited 
[5, 9]. The effectiveness of hyperthermia therapy alone 
may be restricted in some cancer cells that exhibit 

resistance to heat-induced cell death, and the 
underlying mechanisms contributing to this 
phenomenon remain largely unexplored. 

Histone modifications play a crucial role in 
regulating gene expression and chromatin structure 
[10, 11], and are highly sensitive to environmental 
factors, including heat stress [12, 13]. Dysregulation of 
these modifications has been implicated in 
carcinogenesis [14, 15]. One such modification, H3K9 
acetylation (H3K9ac), is an epigenetic modification of 
the histone H3 protein, associated with gene 
transcription activation [16, 17]. Targeting histone 
modifications is an emerging strategy for cancer 
therapy [18, 19]. Several drugs that target histone 
modifying enzymes, particularly histone deacetylases 
(HDACs) that regulate histone acetylation levels [20, 
21], have been developed and are being marketed, 
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such as vorinostat (SAHA) and panobinostat 
(LBH589) [22-24]. SAHA was approved by the US 
FDA for the treatment of T-cell lymphoma in 2006 
[25]. Studies have also shown that it inhibits the 
activity of HDAC 1, HDAC 2, HDAC 3, and HDAC 6 
enzymes, and it has some therapeutic effects in 
treating gastrointestinal cancer [26, 27]. LBH589 is the 
first HDAC inhibitor approved by the US FDA for the 
treatment of multiple myeloma, which was launched 
in 2015 [28, 29]. It is a potent pan-deacetylase inhibitor 
that has demonstrated promising activity against 
hematologic and solid tumors in numerous research 
studies [30, 31]. Therefore, targeting histone 
modifications is a promising approach to developing 
new therapies for cancer treatment.  

However, little is known regarding heat stress’s 
role in altering histone modifications. Our study 
revealed that heat shock suppresses H3K9ac via 
HDAC6 regulation, which involves disrupting the 
HDAC6 and heat shock protein 90 (HSP90) 
interaction, promoting HDAC6 nuclear localization, 
and increasing HDAC6 phosphorylation. Treatment 
with HDAC inhibitors SAHA and LBH589 could 
sensitize cancer cells to hyperthermia. We identified 
KEAP1 and DPP7 as genes controlled by H3K9ac in 
response to heat shock that can better induce 
apoptosis in tumor cells when combined with hyper-
thermia. Our study discovered new mechanisms of 
H3K9ac modulation by heat shock and suggested a 
possible therapy combining hyperthermia and 
targeting these mechanisms. 

Results  
Heat shock induces the downregulation of 
H3K9ac  

To investigate the impact of heat shock on 
post-translational modifications of histone H3, we 
analyzed alterations in acetylation and methylation at 
H3K4, H3K9, H3K27, and H3K36. Our results indicate 
that heat shock induces a decrease in the specificity of 
H3K9ac across various cell lines, including human 
gastric cancer cells (AGS, HGC27, and BGC823), 
mouse gastric cancer cells (MFC), human intestinal 
cancer cells (SW480 and SW620), human pancreatic 
cancer cells (SW1990), and human glioma cells 
(U87-MG) (Fig. 1A-H). Notably, in AGS and SW480 
cells, heat shock treatment at 43°C resulted in a 
significant downregulation of H3K9ac expression at 
15 minutes, with a more pronounced decrease 
observed with increasing treatment duration (Fig. 1I). 
The kinetics of the decrease in H3K9ac varied among 
different cell types. Moreover, our findings 
demonstrated a significant H3K9ac downregulation at 
43°C, exhibiting more pronounced effects compared 

to treatment at 39°C, 40°C, 41°C, and 42°C after a 
1-hour exposure in multiple cancer cell lines (Fig. 1J 
and Fig. S1A). The decrease in H3K9ac was found to 
be significant when heat shock was applied for 1 hour 
at 43°C. Subsequently, we observed a partial 
restoration of the heat-induced downregulation of 
H3K9ac within a short period of 2 hours after 
returning the cells to 37°C and further culturing (Fig. 
1K and Fig. S1B). However, over a longer period of 24 
or 48 hours, the degree of restoration was more 
pronounced (Fig. 1L). Additionally, we found that 
fever conditions (39.5°C for 8h or 40°C for 6h) also 
resulted in a decrease in H3K9ac (Fig. S1C). These 
observations demonstrate that heat shock induces a 
rapid and significant downregulation of H3K9ac that 
is universal across different cell types. 

The downregulation of H3K9ac induced by 
heat shock is mainly regulated by HDAC6 

Histone acetylation modifications are important 
epigenetics regulated by histone acetyltransferases 
(HATs) and HDACs [32, 33]. To investigate whether 
HDACs are involved in the heat shock-induced 
decrease of H3K9ac, we screened major classes of 
HDAC inhibitors. Our findings showed that SAHA 
and LBH589, but not 3-TYP, a Sirtuins inhibitor, 
blocked the downregulation of H3K9ac by heat shock 
(Fig. 2A, B). Furthermore, we found that a selective 
HDAC6 inhibitor ACY-241, but not inhibitors of class 
I HDAC TC-H 106 and selective HDAC8 inhibitor 
PCI34051, also blocked the downregulation of 
H3K9ac by heat shock (Fig. 2C). Additionally, 
knockdown of HDAC6 by short interfering RNA 
(siRNA) also largely blocked the decrease of H3K9ac 
induced by heat shock (Fig. 2D). To investigate 
whether the function of HATs is inhibited under heat 
shock stress conditions, we employed the HATs 
activator, YF-2, to treat cells before subjecting them to 
heat shock. The results revealed that YF-2 could not 
block the heat shock-induced downregulation of 
H3K9ac, indicating that the function of HATs was not 
inhibited under heat shock stress (Fig. 2E). 

We also investigated the changes in the 
expression of apoptosis-related proteins, such as 
c-PARP and c-Caspase 3, induced by HDAC 
inhibitors with or without heat shock at 43°C (Fig. 
S2A). To investigate the anti-cancer effects of the 
combination therapy of ACY-241 and hyperthermia, 
we analyzed the expression of c-PARP and c-Caspase 
3 by Western blot analysis and performed CCK-8 
assays and flow cytometry analysis. Our results 
demonstrated that under hyperthermia at 43°C, 
ACY-241 treatment led to a more significant induction 
of c-PARP and c-Caspase 3 expression in both AGS 
and SW480 cells (Fig. S2A). Furthermore, the 
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combination of ACY-241 and hyperthermia signifi-
cantly inhibited tumor cell growth and induced 
approximately twice as many apoptotic cells 
compared to ACY-241 alone (Fig. S2B-D). These 

observations indicate that HDAC6 plays a major role 
in the heat shock-induced H3K9ac downregulation 
and its potential implications for tumor cell apoptosis. 

 

 
Figure 1. Heat shock reduces H3K9ac. A-H AGS (A), HGC27 (B), BGC823 (C); MFC (D), SW480 (E), SW620 (F), SW1990 (G), and U87-MG (H) cells were heat shocked 
at 43°C for 30 min or 1 hour, followed by immunoblotting to determine changes in acetylation and methylation at histone 3 lysine 4, 9, 27, and 36. I AGS and SW480 cells were 
exposed to heat shock at 43°C for the indicated times and analyzed by western blotting (WB) to assess the changes in acetylation at histone 3 lysine 9 and 27. J AGS and SW480 
cells were subjected to heat shock at the indicated temperature for 1 hour and analyzed by WB to evaluate the changes in acetylation at histone 3 lysine 9 and 27. K-L AGS and 
SW480 cells were heat shocked at 43°C for 1 hour and allowed to recover at 37°C for various durations (0.5 hour, 1 hour, 2 hours in K; 24 hours and 48 hours in L) before cell 
lysates were collected for WB to determine changes in acetylation at histone 3 lysine 9 and 27. 
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Figure 2. Heat shock-induced H3K9ac downregulation is mainly influenced by HDAC6. A-B AGS and SW480 cells were treated with SAHA (0.01 and 0.02 μM) and 
3-TYP (5 and 10 μM) (A) or SAHA (0.1 μM) and LBH589 (0.05 μM) (B), followed by heat shock at 43°C for 1 hour. Changes in H3K9 acetylation were evaluated by WB. C AGS 
and SW480 cells were treated with a (0.5 μM), b (1 μM), c (0.5 μM), or d (1 μM), followed by heat shock at 43°C for 1 hour. Changes in H3K9 acetylation were analyzed by WB. 
a: ACY-241, b: TC-H 106, c: ACY-775, d: PCI34051. D AGS and SW480 cells were pre-transfected with control siRNA (siCon) or siRNAs targeting HDAC6 and subjected to 
heat shock at 43°C for 1 hour. Cells were lysed and evaluated by WB. Two independent siRNAs were used. E AGS and SW480 cells were treated with SAHA (0.01 μM) and YF-2 
(10 and 20 μM), followed by heat shock at 43°C for 1 hour. Changes in H3K9ac were evaluated by WB. F-G AGS cells were fixed and subjected to Nuclear cytoplasmic 
fractionation assay and stained for WB (F) and immunofluorescence microscopy using an anti-HA antibody, in case of AGS cells were transfected with HA-HDAC6 plasmid (G). 
Scale bars, 10 μm.  

 

Synergic effects of combining HDAC inhibitors 
and hyperthermia treatment on Apoptosis 
Activation 

Given the current lack of an HDAC6-specific 
inhibitor, we investigated the efficacy of marketed 

HDAC inhibitors SAHA and LBH589 in combination 
with hyperthermia. We have investigated the impact 
of the combination of hyperthermia and SAHA or 
LBH589 on apoptosis at different temperatures. The 
results show that the combination of SAHA or 
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LBH589 with hyperthermia at 43°C can better induce 
tumor cell apoptosis and inhibit the growth of tumor 
cells (Fig. S2E-F). In gastrointestinal cancer cells, our 
results indicate that the combination of SAHA or 
LBH589 with hyperthermia is more effective in 
inhibiting tumor cell growth than the use of SAHA or 
LBH589 or heat therapy alone, as evidenced by the 
CCK8 and clone formation assays (Fig. 3A, E and Fig. 
S3A). Western blotting revealed that SAHA or 
LBH589 consistently increased the expression of 
apoptosis-related proteins, such as c-PARP and/or 
c-Caspase 3, particularly when used in combination 
with hyperthermia (Fig. 3B, F). Moreover, we 
observed that the expression of c-PARP and/or 
c-Caspase 3 was enhanced as the concentration of 
SAHA or LBH589 treatment increased in combination 
with hyperthermia, as compared to SAHA or LBH589 
alone (Fig. 3F and Fig. S3D). 

To further evaluate the functional synergy 
between HDAC inhibitors and heat shock on 
apoptosis activation, we used apoptosis-specific assay 
Annexin V to distinguish early and late apoptosis. 
Our results demonstrate that the combined treatment 
of SAHA with hyperthermia treatment induces a 
significant increase in both early and late apoptosis in 
cells compared to treatment with SAHA or 
hyperthermia alone (Fig. 3C and Fig. S3B). Similarly, 
the combined use of LBH589 resulted in comparable 
results (Fig. 3G and Fig. S3C). In particular, the 
combined treatment of SAHA and hyperthermia 
induced a significant increase in apoptosis in AGS, 
HGC27, BGC823, and SW480 cells compared to 
treatment with SAHA alone (2.4-fold, 2.5-fold, 
2.9-fold, and 1.9-fold, respectively) (Fig. 3D). 
Likewise, the combined treatment of LBH589 and 
hyperthermia resulted in a significant increase in 
apoptosis in AGS, HGC27, and BGC823 cells 
compared to treatment with LBH589 alone (2.1-fold, 
2.3-fold, 2.9-fold, and 1.7-fold, respectively) (Fig. 3H). 
Importantly, the synergistic effect observed was 
found to be independent of the ferroptosis marker 
GPX4 and the pyroptosis marker GSDMD, as the 
combined use of SAHA and heat therapy did not 
result in an increase in their expression levels (Fig. 
S3E).  

It is noteworthy that SAHA has been approved 
by the FDA for the treatment of lymphoma. Our 
results demonstrate that heat shock downregulates 
H3K9ac in lymphoma cells (Fig. S1D), and that the 
combined treatment of SAHA and heat shock induces 
better apoptosis induction in lymphoma cells than 
treatment with SAHA or heat shock alone, as shown 
by the CCK8 assay (Fig. S3F) and flow cytometry 
assays (Fig. S3G-H). 

Heat shock induces the suppression of 
HDAC6-HSP90 interaction, enhancing 
phosphorylation and nuclear accumulation of 
HDAC6 

The activity of HDAC6 is influenced by various 
factors, including interactions with other proteins, 
post-translational modifications, and localization 
[34-36]. Herein, we investigated how HDAC6 
regulates the heat shock-induced downregulation of 
H3K9ac. We found that HDAC6 nuclear localization 
significantly increased under heat shock conditions at 
43°C, as demonstrated by the nuclear extract assay 
(Fig. 2F, 4F and Fig. S4B) and immunofluorescence 
staining (Fig. 2G). Besides histones, HDAC6 has been 
reported to deacetylate various nonhistone proteins, 
including Hsp90, a molecular chaperone that plays a 
vital role in heat stress response [37]. Our immuno-
precipitation assay showed that heat shock decreases 
HDAC6 and HSP90 interaction (Fig. 4A). Further 
co-immunoprecipitation experiments revealed that 
heat shock inhibits the interaction between HDAC6 
and either HSP90 AA1 or HSP90 AB1 (Fig. 4B). 

Our experiments showed that heat shock 
increased HDAC6 phosphorylation (Fig. 4C), whereas 
HSP90 AA1 and HSP90 AB1 phosphorylation 
remained unchanged (Fig. 4D). It has been reported 
that the activity of HDAC6 deacetylase increases after 
its phosphorylation at serine 22 (phospho-HDAC6) 
[38]. Consistent with this, our experiments showed 
that heat shock induces HDAC6 serine-22 
phosphorylation (Fig. 4E). Moreover, we investigated 
whether phosphorylation of HDAC6 at serine-22 
regulates heat-induced nuclear translocation of 
HDAC6. Mutation of the serine residue at the 
phosphorylation site to alanine or glutamate, as 
demonstrated by the nuclear extract assay (Fig. 4F and 
Fig. S4B) and immunofluorescence (Fig. 4G), revealed 
that heat shock could not induce an increase in 
HDAC6 nuclear localization. Therefore, these findings 
indicate that heat-induced HDAC6 nuclear translo-
cation is regulated by phosphorylation at serine-22. 

Furthermore, we observed that Erythrosphingo-
sine, a PP2A activator that inhibits PKC, can reverse 
the downregulation of H3K9ac induced by heat 
shock, while LY317615, a PKC inhibitor, did not (Fig. 
4H). Our co-immunoprecipitation assay showed that 
HDAC6 interacts with PP2A, and heat shock inhibits 
the interaction between HDAC6 and PP2A (Fig. 4I 
and Fig. S4C). Subsequently, we investigated whether 
phosphorylation of HDAC6 affects its interaction with 
HSP90 and PP2A. The experimental findings 
demonstrated that upon mutation of the serine 
residue at the phosphorylation site to alanine of 
HDAC6, its interaction with HSP90 was weakened. 
Similarly, the interaction between HDAC6 and PP2A 
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also showed a reduced affinity (Fig. 4J). Based on 
these findings, we investigated the anti-cancer effects 
of combination treatment with Erythrosphingosine 
and hyperthermia. Our CCK8 assay demonstrated 
that the combination treatment had a more significant 
inhibitory effect on tumor cells than either treatment 
alone (Fig. 4L). Furthermore, Western blot analysis of 

the apoptotic marker c-PARP (Fig. 4K) and flow 
cytometry experiments (Fig. 4M, N and Fig. S4D) 
showed that the combination treatment induced 
greater tumor cell apoptosis. These results suggest 
that PP2A may play a role in regulating the 
expression of hyperthermia-enhanced HDAC6 
phosphorylation. 

 

 
Figure 3. SAHA and LBH589 enhance heat shock-induced apoptosis. A-D Effect of SAHA on heat shock-induced apoptosis in AGS, HGC27, BGC823, and SW480 cells 
analyzed by CCK8 assay (A), WB (B), and flow cytometry assay (C). Prior to heat shock at 43°C for 1 h, cells were treated with SAHA as the indicated concentration for 24 h 
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(B, C) or 48 h (A). Percentage of apoptotic cells was quantified by flow cytometry assay (D). N=3. E-H Effect of LBH589 on heat shock-induced apoptosis in AGS, HGC27, and 
BGC823 cells analyzed by CCK8 assay (E), WB (F), and flow cytometry assay (G). Prior to heat shock at 43°C for 1 h, cells were treated with LBH589 as indicated concentration 
for 24 h. Percentage of apoptotic cells was quantified by flow cytometry assay (H). N=3. Date: mean ± SEM. Statistical analysis: two-way ANOVA. *p-value <0.05, ***p-value 
<0.001, ****p-value <0.0001. ns, no significance. 

 
Figure 4. Heat shock suppresses the HDAC6-HSP90 interaction, increases HDAC6 phosphorylation, and enhances nuclear localization. A 
Co-immunoprecipitation (Co-IP) of HSP90 was detected by WB in AGS cells after heat shock at 43°C for 1 h and HDAC6 immunoprecipitation (IP). B Co-IP of HDAC6 and 
HA-HSP90 was detected by WB in HEK293T cells co-transfected with plasmids for HDAC6 and HA-HSP90 AA1 or HA-HSP90 AB1 and subjected to heat shock at 43°C for 1 
h. C-E HDAC6 phosphorylation and Co-IP of HSP90 were detected by WB. HEK293T cells were transfected with HA-HDAC6 plasmids and subjected to heat shock. HDAC6 
was immunoprecipitated with HA antibody. Phosphorylation of HDAC6 was detected using Pan Phospho-Serine/Threonine antibody (C). Similar experiments were performed 
with HA-HSP90 AA1 or HA-HSP90 AB1 plasmids (D), and with HA-HDAC6-S22A plasmid (E). F-G Nuclear localization was detected in cells. HEK293T cells were 
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co-transfected with HA-HDAC6-S22A and HA-HDAC6 plasmids, followed by heat shock for 1 h. Nuclear cytoplasmic fractionation assay was performed to and analyzed by WB 
(F). Immunofluorescence microscopy with an anti-HA antibody for AGS cells were transfected with HA-HDAC6-S22A and HA-HDAC6 plasmid (G). H Changes in acetylation 
at histone 3 lysine 9 and 27 were determined by immunoblotting in AGS cells were treated with LY317615 (5 μM) and Erythrosphingosine (5 μM) for 2 h before heat shock. I-J 
Co-precipitated proteins were detected by WB using anti-HA antibody after IP in HEK293T cells transfected with indicated plasmids and subjected to heat shock. K-N Effect of 
Erythrosphingosine on heat shock-induced apoptosis in AGS and/or SW480 cells analyzed by WB (K), CCK8 assay (L) and flow cytometry assay (M). Before treatment, cells were 
treated with Erythrosphingosine as indicated concentration for 24 h (K, M) or 48 h (L). Percentage of apoptotic cells was quantified by flow cytometry assay (N). N=3. Date: mean 
± SEM. Statistical analysis: two-way ANOVA. **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. ns, no significance. 

 

Gene Regulation through the downregulation 
of H3K9ac induced by heat shock 

A decrease in H3K9ac levels in tumor cells has 
been shown to play a role in the repression of genes 
[17, 39]. In this study, we investigated the effect of 
downregulation of H3K9ac induced by heat shock on 
gene expression in AGS cells, using RNA-seq analysis. 
We found that heat shock at 43°C resulted in the 
upregulation of 792 genes and the downregulation of 
292 genes in AGS cells (Fig. S5A, B). Among the genes 
that were downregulated by heat shock, we screened 
for those that could be upregulated by SAHA in the 
heat-shocked 43°C + SAHA group (Fig. 5A). Further 
detection using RT-PCR revealed that KEAP1 and 
DPP7 were better able to be simultaneously 
up-regulated by SAHA after being down-regulated 
by heat shock at 43°C (Fig. 5B, C and Fig. S5C). 

To investigate the combined effects of KEAP1 
and DPP7 with heat shock treatment, we 
overexpressed KEAP1 or DPP7 in AGS and SW480 
cells, followed by heat shock treatment. Western blot 
analysis revealed that overexpression of KEAP1 or 
DPP7 led to a significant increase in c-PARP levels 
when followed by hyperthermia. (Fig. 5D). Moreover, 
we observed a significant reduction in cell viability in 
AGS and SW480 cells when KEAP1 or DPP7 
overexpression was combined with hyperthermia, as 
compared to either heat treatment alone or 
overexpression of KEAP1 or DPP7 alone (Fig. 5E). 
Furthermore, flow cytometry assays showed that the 
combination of hyperthermia and overexpression of 
KEAP1 or DPP7 resulted in a significant increase in 
apoptotic cell death in AGS cells compared to 
overexpression of KEAP1 or DPP7 alone (2.6-fold and 
1.9-fold, respectively). Likewise, in SW480 cells, 
hyperthermia treatment combined with overexpres-
sion of KEAP1 or DPP7 also showed a significant 
increase in apoptosis when compared to treatment 
with overexpression of KEAP1 or DPP7 alone (2-fold, 
2.7-fold respectively) (Fig. 5F, G and Fig. S5D). Our 
results suggest that the combination of KEAP1 and 
DPP7 with hyperthermia treatment can more 
effectively inhibit tumor cell growth and induce 
tumor cell apoptosis. 

Combination treatment of SAHA or LBH589 
with hyperthermia has great inhibitory effects 
on gastric cells growth in vivo 

We evaluated the efficacy of combined treatment 
with SAHA or LBH589 and hyperthermia on tumor 
growth using murine syngeneic models. Our study 
revealed that the combination of SAHA or LBH589 
with hyperthermia showed a stronger expression of 
c-Caspase 3 in western blot (Fig. 6A) and lower cell 
viability in the CCK8 assay (Fig. 6B) in MFC cells 
compared to their individual effects. Further analysis 
using flow cytometry indicated that the combination 
of hyperthermia with SAHA or LBH589 induced more 
significant total cell apoptosis than SAHA or LBH589 
alone (Fig. 6C, D and Fig. S6A).  

To evaluate the in vivo efficacy of the 
combination treatment, we inoculated MFC cells in 
615 mice and monitored tumor growth until day 22 
(Fig. 6E). Our results indicated that H3K9ac is 
specifically downregulated under the hyperthermia 
condition used in the mouse models (Fig. S6B). And 
the results also demonstrated that the combination 
treatment of SAHA or LBH589 with hyperthermia 
significantly suppressed tumor growth compared to 
their individual effects (Fig. 6F-H). Specifically, the 
tumor volume and weight of mice treated with SAHA 
+ hyperthermia decreased by approximately 3.4-fold 
and 6-fold, respectively, compared to those treated 
with SAHA alone. Similarly, the tumor volume and 
weight of mice treated with LBH589 + hyperthermia 
decreased by approximately 4.6-fold and 12-fold, 
respectively, compared to those treated with LBH589 
alone (Fig. 6G, H). Immunohistochemical staining 
revealed a notable elevation of cleaved caspase-3, an 
apoptosis marker, in the SAHA or LBH589 combined 
with hyperthermia treatment group when compared 
to the groups subjected to either SAHA or LBH589 
alone, or hyperthermia alone (Fig. 6I). Collectively, 
our findings suggest that the combination treatment 
of SAHA or LBH589 with hyperthermia can 
effectively inhibit the growth of gastric tumors in vivo. 

Discussion 
In this study, we discovered that heat shock 

could significantly decrease the level of H3K9ac in 
various cell types and diverse conditions. We 
observed that the downregulation of H3K9ac induced 
by heat shock conditions at 43°C is a rapid, sustained 
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and reversible process, resembling the self-protective 
mechanism of the organism under stress, commonly 

known as the "heat shock response".  

 

 
Figure 5. Modulation of gene expression via H3K9ac reduction induced by heat shock. A Heat map displaying representative genes that were downregulated by heat 
shock at 43°C for 1 h and subsequently upregulated by SAHA treatment (0.02 μM) in AGS cells. N=3. B Real-time PCR analysis of genes highlighted in A that showed significant 
differential expression with a p-value <0.0001. These genes were downregulated by heat shock at 43°C for 1 hour and subsequently upregulated by SAHA (0.02 μM). N=3. C 
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Changes in mRNA expression levels of KEAP1 and DPP7 were determined by real-time PCR. AGS cells were treated with heat shock at 43°C for 1 h in the presence or absence 
of SAHA (0.02 μM). N=3. D-G AGS and/or SW480 cells were transfected with plasmids HA-KEAP1 or HA-DPP7, followed by treatment with or without heat shock at 43°C for 
1 h. WB (D), CCK8 assay (E) and flow cytometry (F) were used for detection. Percentage of apoptotic cells was quantified by flow cytometry assay (G). N=3. Date: mean ± SEM. 
Statistical analysis: The data in C was using two-tailed unpaired t test; the others were tested with two-way ANOVA. *p-value <0.05, ***p-value <0.001, ****p-value <0.0001. ns, 
no significance. 

 
Figure 6. Synergistic effects of combining SAHA or LBH589 with hyperthermia on gastric cancer cells growth in vivo. A-D MFC cells were treated with or 
without heat shock at 43°C for 1 hour and were then detected for WB (A), CCK8 assay (B) and flow cytometry (C) after pre-treatment with SAHA at the indicated 
concentration for 24 h (A, C) or 48 h (B) and LBH589 for 24 h (A-C). Percentage of apoptotic cells was quantified by flow cytometry assay (D). N=3. E Schedule of animal 
experiments. 615 mice were subcutaneously (s.c.) injected with MFC cells. SAHA (25 mg/kg body weight) and LBH589 (10 mg/kg body weight) were administered via 
intraperitoneal (i.p.) injection every day or every other day, respectively, starting on day 4 after cell injection. Mice were exposed to hyperthermia at 40°C for 1 hour every other 
day starting on day 5 after cell injection. The mice were sacrificed and the tumors were collected on day 22. F Representative images MFC tumor burdens in mice. N=6. G Tumor 
growth was monitored at the indicated times. N=6. H Tumor weights of MFC tumors on day 22. N=6. I Immunohistochemistry of cleaved caspase-3. Scale bar, 100 μm. Date: 
mean ± SEM. Statistical analysis: The data in H was analyzed using two-tailed unpaired t test; the others were analyzed using two-way ANOVA. *p-value <0.05, **p-value <0.01, 
***p-value <0.001, ****p-value <0.0001. ns, no significance. 
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Our findings indicate that heat shock primarily 
downregulates H3K9ac through the regulation of 
HDAC6, although the involvement of other HDACs 
cannot be entirely excluded. This conclusion is 
supported by the recovery effects of HDAC inhibitors 
and the downregulation of H3K9ac upon heat 
shock-induced knockdown of HDAC6. While the 
HDAC6-specific inhibitor, ACY-241, and HDAC6 
knockdown can effectively restore the downregu-
lation of H3K9ac induced by heat shock, the recovery 
effect of another selective HDAC6 inhibitor, ACY-775, 
is not obvious. It is speculated that ACY-775 itself 
may not function well as an inhibitor under these 
conditions. Our subsequent experiments indicate that 
the combined use of hyperthermia and ACY-241 leads 
to better suppression of tumor cell growth and 
induction of tumor cell apoptosis compared to their 
individual effects. This finding indirectly supports the 
hypothesis that heat-induced inhibition of H3K9ac is 
mainly regulated by HDAC6 and provides new 
theoretical evidence for combining hyperthermia with 
HDAC inhibitors. 

HDAC6 is a unique deacetylase primarily 
localized in the cytoplasm and possesses a robust 
ability to deacetylate not only histones but also 
nonhistone proteins [40-42]. We have observed an 
increase in the nuclear translocation of HDAC6 under 
heat shock. This observation, combined with the 
results indicating that HDAC6 predominantly 
regulates the downregulation of H3K9ac under heat 
shock (Fig. 2), suggests that HDAC6 may efficiently 
enter the nucleus and exert its deacetylation function 
on H3K9ac. We observed that heat shock could inhibit 
the interaction between HSP90 and HDAC6. Previous 
studies have shown that blocking the interaction 
between HDAC6 and Hsp90 plays a crucial 
regulatory role in a wide range of diseases, especially 
in cancer [37, 43]. We observed that heat shock could 
increase the nuclear translocation and phospho-
rylation of HDAC6, which is regulated by phospho-
rylation at serine-22. Therefore, we hypothesize that 
heat-induced dissociation of the HDAC6-HSP90 
complex results in increased levels of free HDAC6, 
facilitating its translocation into the nucleus. In 
addition, the increase in HDAC6 phosphorylation 
enhances its nuclear entry, and its entry is regulated 
by phosphorylation at serine-22. This suggests that 
the increased activity of HDAC6 in the nucleus is 
mainly in the form of phosphorylation, which 
enhances its deacetylation of histones and better 
explains the downregulation of H3K9ac induced by 
heat, which is mainly regulated by HDAC6. However, 
whether HDAC6 enters the nucleus in a phospho-
rylated form or is phosphorylated after nuclear entry 
requires further investigation. Additionally, we 

observed that the increased phosphorylation of 
HDAC6 may be regulated by the phosphatase PP2A. 
Activators of PP2A in combination with hyperthermia 
also have a synergistic effect, providing new 
theoretical evidence for the combined use of 
hyperthermia and chemotherapy in the clinic from 
another perspective. 

Based on the mechanism of H3K9ac 
downregulation induced by heat shock described 
above, this study elucidates the potential limitations 
of hyperthermia monotherapy, which may guide the 
development of subsequent combination therapies in 
clinical practice. Gastric cancer, a disease with high 
incidence and mortality rates, is currently a research 
priority in oncology [44, 45], and improving treatment 
efficacy and patient outcomes is crucial for enhancing 
the quality of life and overall survival of gastric cancer 
patients. Therefore, hyperthermia was combined with 
the marketed HDAC inhibitors SAHA and LBH589 in 
gastric cancer cells, and the results showed that the 
combined application of hyperthermia with SAHA or 
LBH589 exhibits superior anticancer effects when 
compared to their respective individual usage. 
Previous studies have shown that SAHA exhibits 
potent cytotoxicity against gastric cancer cells in vitro 
[46, 47]. However, its efficacy in treating patients was 
not demonstrated in a phase II trial, which may be 
attributed to the dose-limiting toxicities of SAHA [46]. 
The combination of hyperthermia and SAHA may 
provide a promising new approach to the treatment of 
gastric cancer in the clinic. By using relatively low 
doses of SAHA in combination with hyperthermia to 
achieve the same efficacy, the toxic effects caused by 
high doses of SAHA can be avoided, and the 
therapeutic effect of SAHA and hyperthermia against 
gastric cancer can be fully realized. Currently, there is 
a limited number of studies exploring the role and 
mechanism of LBH589 in treating gastric cancer [48, 
49], and a research gap exists regarding the efficacy of 
LBH589 in treating gastric cancer. Therefore, the 
combination of LBH589 and hyperthermia in this 
study may provide a new approach to the treatment 
of gastric cancer with LBH589 in clinical practice. 

H3K9ac is a histone modification that is enriched 
in the promoter regions of transcriptionally active 
genes [39]. Previous studies have shown that the 
combined use of hyperthermia and gene therapy can 
result in improved anti-cancer efficacy [50-52]. In this 
study, we identified two genes, KEAP1 and DPP7, 
that showed significant tumor growth delay and 
enhanced tumor cell apoptosis only when overex-
pressed in combination with hyperthermia. The role 
of KEAP1 in cancer is that it serves as a critical 
antioxidant response element, affecting cellular 
growth, proliferation, and invasion in cancer [53, 54]. 
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DPP7 is involved in the regulation of various 
biological processes in tumors, including cell 
apoptosis, proliferation, invasion, and metastasis, and 
may play a tumor-suppressive role in certain types of 
tumors [55, 56]. Currently, there is a controversy 
regarding whether KEAP1 and DPP7 can act as tumor 
suppressors. However, experiments conducted under 
hyperthermia, downregulation of H3K9ac results in 
decreased expression of KEAP1 and DPP7. Based on 
this, overexpression of KEAP1 and DPP7 under 
hyperthermia can overcome the limitations of using 
hyperthermia alone and enhance the anticancer 
efficacy of hyperthermia. Further research is required 
to explore the commonalities between the genes 
regulated by the downregulation of H3K9ac induced 
by heat shock. Based on the mechanism of gene 
regulation through the downregulation of H3K9ac 
induced by heat shock, this study provides a new 
theoretical basis for the combined use of 
hyperthermia and gene therapy. 

This study demonstrates that blocking the 
reduction of H3K9 acetylation induced by heat shock 
effectively inhibits the growth of cancer cells under 
hyperthermic conditions, providing potential for 
improving the clinical efficacy of hyperthermia 
therapy in cancer by targeting this mechanism. The 
findings of this study provide a theoretical foundation 
and fresh perspectives for the development of new 
cancer treatments. 

Materials and Methods  
Cell culture 

All of the cell lines were cultured at 37°C in a 
humidified 5% CO2 atmosphere. AGS, HGC27, 
BGC823, SW480, SW620, U87-MG and HEK293T were 
cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco™, Thermo Fisher Scientific, 
Waltham, MA USA), and SW1990 and MFC were 
cultured in RPMI-1640 medium (Gibco™, Thermo 
Fisher Scientific) containing 10% Fetal Bovine Serum 
(FBS) and 1% penicillin/streptomycin (Gibco™, 
Thermo Fisher Scientific). All the cell lines were from 
ATCC and routinely tested for mycoplasma 
contamination. 

Heat stress exposure 
For all of the in vitro heat shock experiments, 

cells were placed in a culture incubator with an 
environmental temperature at 43°C and humidified 
5% CO2 for indicated time periods.  

For all of the in vivo heat shock experiments, 
male mice were housed in standard cages with ad 
libitum access to food and water and maintained at an 
ambient temperature of 25°C. Heat stress was induced 
by placing mice in a climate chamber maintained at 

40°C for 1 hour. After the heat shock, mice were 
immediately returned to their original condition with 
an environmental temperature at 25°C and free access 
to food and water. The sham control mice underwent 
the same procedure without heat stress. 

Plasmids and Transfection 
Plasmids pcmv-HA-HSP90 AA1 and pcmv- 

HA-HSP90 AB1 were kind gifts from Prof. Jianfeng 
Chen at the University of Chinese Academy of 
Sciences. The plasmid HDAC6 was a kind gift from 
Prof. Muqing Cao at Shanghai Jiao Tong University 
College of Basic Medical Science. Plasmids 
pcmv-HA-HDAC6, pcmv-HA-HDAC6-S22A, pcmv- 
HA-HDAC6-S22E, pcmv-myc-PP2A, pcmv-HA- 
KEAP1 and pcmv-HA-DPP7 were constructed using 
PCR. Duplex siRNAs targeting human HDAC6 were 
purchased from BioSune Biotechnology. Cells were 
transfected with lipofectamine 6000 (Beyotime 
Biotechnology, Shanghai, China) according to the 
instructions of the manufacturer. 

The sequences were as follows: siCon (UUCU 
CCGAACGUGUCACGUTT); human siHDAC6#1 
(CCAAUCUAGCGGAGGUAAA); siHDAC6#2 (GGA 
UGGAUCUGAACCUUGA). 

Antibodies and compounds 
Antibodies against the following antigens were 

used: H3K9ac (PTM BIO, Hangzhou, China; Cat# 
PTM-112), H3K9me3 (PTM BIO; Cat# PTM-616), 
H3K27ac (PTM BIO; Cat# PTM-116), H3K27me3 
(PTM BIO; Cat# PTM-5002), H3K4ac (PTM BIO; Cat# 
PTM-168), H3K4me3 (PTM BIO; Cat# PTM-613), 
H3K36me3 (PTM BIO; Cat# PTM-625), H3 (PTM BIO; 
Cat# PTM-1002), H3K36ac (Cell Signaling Techno-
logy, Danvers, MA USA; Cat# 27683S), HSP90 (Cell 
Signaling Technology; Cat# 4877S), HDAC6 (Cell 
Signaling Technology; Cat# 7558S), Cleave PARP 
(Cell Signaling Technology; Cat# 5625S), Cleave 
Caspase-3 (Cell Signaling Technology; Cat# 9664S), 
HA (ABclonal Technology, Wuhan, China; Cat# 
AE008), Pan Phospho-Serine/Threonine (Abmart, 
Shanghai, China; Cat# T91067), myc (Sigma-Aldrich, 
Saint Louis, USA; Cat# C3956), GSDMD (ABclonal 
Technology; Cat# A17308), GPX4 (Abways Techno-
logy, Shanghai, China; Cat# CY6959), β-actin (Cell 
Signaling Technology; Cat# 12620), GAPDH (Cell 
Signaling Technology; Cat# 8884), α-tubulin (Cell 
Signaling Technology; Cat# 9099). The following 
compounds were used: Vorinostat (SAHA) (Top-
science, Shanghai, China; Cat# T1583), 3-TYP (Sellect, 
Shanghai, China; Cat# S8628), Citarinostat (ACY-241) 
(Topscience; Cat# T3661), Pimelic Diphenylamide 106 
(TC-H 106) (Topscience; Cat# T3193), ACY-775 
(Topscience; Cat# TQ0074), PCI34051 (Topscience; 
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Cat# T6325), Panobinostat (LBH589) (Topscience; 
Cat# T2383), Erythrosphingosine (Topscience; Cat# 
T5891), LY317615 (Sellect; Cat# S1055), YF-2 (Sellect; 
Cat# S0022). 

Western Blotting  
Cell lysates were boiled in sodium dodecyl 

sulfate (SDS) sample loading buffer, resolved by SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) and 
transferred to 0.45 μm PVDF membrane. The 
membranes were blocked in 5% milk in Tris-buffered 
saline and Tween 20 (TBST; 10 mM Tris–HCl [pH 8.0], 
150 mM NaCl, 0.05% Tween 20) for 2 h at room 
temperature. Afterward, the membranes were 
incubated with antibodies as indicated in TBST 
overnight at 4°C and then washed with TBST three 
times at room temperature, probed with horseradish 
peroxide-linked anti-immunoglobulin for 1 h and 
washed three times with TBST again. Finally, 
immunoreactive products were visualized using 
enhanced chemiluminescence reagents and 
autoradiography. 

CCK8 assay  
Cell viability was assessed by Cell Counting 

Kit-8 (Yeasen Biotechnology, Shanghai, China) 
according to the manufacturer’s protocol. A total of 50 
μL CCK8 was added per 1 mL medium and cultured 
for an additional 1.5 h. Then, the absorbance at 450 nm 
was measured by Gen5 Microplate Reader (BioTek 
Instruments, Vermont, USA) using the area scanning 
method (8×12 points for a 96 well plate). The results 
were calculated by GraphPad Prism 8.0 software. 

Colony-formation assay 
Cells were seeded into 6-well plates at a density 

of 1000 cells per well and treated with the indicated 
condition. The medium was replaced every 6 days. 
After 12–14 days, the cells were fixed with 4% 
paraformaldehyde, stained with 0.1% crystal violet 
and washed twice with PBS.  

Apoptosis determination by flow cytometry 
The PE Annexin V Apoptosis Detection Kit I 

(ShareBio, Shanghai, China) was used following the 
manufacturer’s protocol. All samples were then 
processed using the Flow Cytometer (BD LSR 
Fortessa, BD Biosciences, New Jersey, USA). Cells 
undergoing early apoptosis (Q3) were characterized 
as Annexin V-positive and propidium iodide-negative 
cells, while cells undergoing late apoptosis (Q2) were 
characterized as Annexin V and propidium iodide 
double-positive cells. The results were analyzed using 
FlowJo version 10 software. 

Immunoprecipitation 
Cells were harvested in lysis buffer (10 mM Tris 

[pH 7.5], 150 mM NaCl, 1% Triton X-100, 5 mM 
EDTA, containing protease and phosphatase 
inhibitors). The lysate was centrifuged at 13 000 rpm 
for 15 min at 4°C, and a small portion of the resulting 
supernatant was transferred as a control and boiled 
with SDS loading buffer. The remaining supernatants 
were incubated with corresponding antibodies with 
rotation overnight at 4°C. And then pulled down with 
protein A/G-Sepharose for an additional 3 h. After 
being washed with lysis buffer, the beads were boiled 
in SDS sample loading buffer and assessed by WB.  

Nuclear cytoplasmic fractionation assay 
Nuclear cytoplasmic fractionation was prepared 

using NE-PERTM Nuclear and Cytoplasmic Extraction 
Reagents (Thermo Fisher Scientific) in according with 
the manufacturer’s instructions. Proteins from cell 
lysates or nuclear extracts were separated and 
assessed by WB. The cellular nuclear content was 
detected using H3 antibody, while the cytoplasmic 
content was detected using GAPDH antibody. 

Immunofluorescence 
Cells were incubated on glass slides and 

permeabilized with 0.05% Triton X-100 in PBS for 12 
min at 4°C. They were then blocked with 1% fetal 
bovine serum in PBS for 30 min at room temperature 
and incubated with corresponding primary 
antibodies at 4°C for 3 h. Alexa Fluor 488-labeled Goat 
Anti-Mouse IgG (1:200, Beyotime Biotechnology) or 
Alexa Fluor 647-labeled Goat Anti-Rabbit IgG (1:200, 
Beyotime Biotechnology) were used to pull down the 
primary antibodies at room temperature for 1 h. To 
stain the nuclei, the cells were co-stained with 
4′,6-diamidino-2-phenylindole (DAPI) (1:10000, 
Thermo Fisher Scientific). The images were captured 
and analyzed by a Ti-E+A1 SI confocal laser scanning 
microscope system (Nikon, Tokyo, Japan). 

RNA isolation and real-time PCR 
Total RNA from cells by using Total RNA 

Extractor Kit (Sangon Biotech, Shanghai, China) 
according to the manufacturer’s instruction. In total, 1 
μg RNA was reversed transcribed to cDNA using a 
ABScript III RT Master Mix for qPCR kit (ABclonal) 
and quantified by real-time PCR (RT-PCR) using 
ABclonal Genious 2X SYBR Green Fast qPCR Mix (No 
ROX) (ABclonal) in LightCycler96 instrument. The 
relative messenger RNA abundance of the target gene 
was calculated using the ΔΔCt method normalized to 
the expression of GAPDH. 

The primers used (forward and reverse, respect-
ively) were as follows: human SFPQ (5′-CAGCAT 
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GGCACGTTTGAGTA-3′ and 5′-CCTCCTCTTGCCT 
CAATTGC-3′); human SLC1A5 (5′-TCGTGGAGATG 
GAGGATGTG-3′ and 5′-GATGAAACGGCTGATGT 
GCT-3′); human MRPL12 (5′-CCTCAACGAGCTCC 
TGAAGA-3′ and 5′-GCTTTGATTTCCTGGGGCAG- 
3′); human MSX2 (5′-ATATGAGCCCTACCACCT 
GC-3′ and 5′-GGGAAAGGGAGACTGAAGCT-3′); 
human SLC25A1 (5′-AGCCCATGAACCCTC 
TGATC-3′ and 5′-TCCACACTTTGTTGAGCAGC-3′); 
human KEAP1 (5′-CTCATCCAGCCCTGTCTTCA-3′ 
and 5′-CCAATCTGCTCAGCGAAGTT-3′); human 
TGIF1 (5′-CTTTCTTCATCCGCTGGCTC-3′ and 
5′-TCCACAGAGCTCGTTTCAGA-3′); human DPP7 
(5′-CCAGCAACAATGTGACCGAT-3′ and 5′-CAGG 
ATCTTCTGGGTGGGAG-3′); human NAA20 (5′-CAG 
AATTTCGACGCCTTGGT-3′ and 5′-CAATGTCTTCA 
GGCCTCACAG-3′); human VAT1 (5′-TGTCCGACG 
AGAGAGAGGTA-3′ and 5′-CCATGAGGTCTGCG 
AAGTTG-3′); human ADIRF (5′-GCAACAGGTGGA 
GGGGAC-3′ and 5′-CCCAGAGAAGGTGTCAG 
AGG-3′); human ZNF441 (5′-ATAGTCAATGTGGA 
GGACCCTT-3′ and 5′-AGATGAACGACCCATG 
AGGAC-3′); human GAPDH (5′-GGATTTGGTCGT 
ATTGGGCG-3′ and 5′-TGACAAGCTTCCCGTTC 
TCA-3′). 

RNA-seq and bioinformatics analysis 
Total RNAs were extracted from AGS cells using 

TRIzol (Thermo Fisher Scientific). The cells were 
divided into three groups: (1) untreated control, (2) 
subjected to heat shock at 43°C for 1 hour, and (3) 
treated with 0.02 μM SAHA for 1 hour and 
simultaneously subjected to heat shock at 43°C for 1 
hour. Three replicates for each sample were generated 
and analyzed. RNA extraction, library preparation 
and sequencing were outsourced to Tsingke 
Biotechnology (Beijing, China). Reads counts were 
scaled to CPM (count per million). Then we used R 
package DESeq2 to identify the differentially 
expressed genes (DEGs). We set p-value less than 0.05 
and log2 fold change greater than 0.585 or less than 
-0.585 as cutoff of significant DEGs. The original RNA 
sequencing (RNA-seq) data are uploaded in the 
open-access Gene Expression Omnibus (GSE228159, 
https://www.ncbi.nlm.nih.gov/geo/). 

Animal Studies 
615 adult male mice were purchased from 

National Longitudinal Cohort of Hematological 
Diseases in China. MFC cells (1×106) were injected 
subcutaneously into the back of 6- to 8-week-old male 
615 mice. Tumors were measured by a caliper. When 
tumors reached a size of approximately 50 mm3, we 
randomly distributed the mice into six groups (six 
mice in each group): (1) untreated control, (2) hyper-

thermia alone, (3) SAHA (25 mg/kg bodyweight) 
alone, (4) LBH589 (10mg/kg bodyweight) alone, (5) 
SAHA (25 mg/kg bodyweight) + hyperthermia, and 
(6) LBH589 (10mg/kg bodyweight) + hyperthermia. 
And then, SAHA (25 mg/kg) was injected 
intra-peritoneally every day until day 21. LBH589 (10 
mg/kg bodyweight) was injected intra-peritoneally 
every other day until day 21. Hyperthermia was given 
every other day until day 21. Tumor volume 
measured twice a week after the initial injection, and 
the volumes were calculated using the formula 
(length×width2/2). The mice were sacrificed on day 
22 after tumor inoculation and the tumors were 
harvested. Experimental procedures involving 
animals were performed in accordance with 
guidelines of the Ethics Committee of Shanghai Jiao 
Tong University (A2022012). 

Immunohistochemistry 
For histological examination, mouse tumors 

were fixed in 4% neutral buffered formalin phosphate 
(pH 7.0) and subsequently embedded in paraffin. 
Tumor paraffin sections were subjected to deparaf-
finization and rehydration using xylene and alcohol 
gradients. Antigen retrieval was performed in citrate 
buffer (pH 6.0) with a subsequent treatment of 3% 
H2O2 for 30 minutes to inhibit endogenous peroxidase 
activity. Following the pre-treatment steps, the 
sections were incubated overnight at 4°C with a 
cleaved caspase-3 antibody. Detection of the antibody 
was carried out using an Immunohistochemistry Kit 
(Sangon Biotech) in accordance with the manu-
facturer's instructions. 

Statistical Analysis 
Statistical significances are reported in the 

Figures and in the Figure legends. Each experiment 
was performed three times independently. The values 
shown are the mean ± SEM, as indicated in each 
Figure caption. P values were determined using 
two-tailed unpaired t test or two-way ANOVA. N 
numbers are indicated in the Figure legends. 
Statistical analysis was performed using GraphPad 
Prism 8.0. p < 0.05 was considered statistically 
significant (*), p < 0.01 as highly significant (**), p < 
0.001 as very highly significant (***), p < 0.0001 as 
extremely significant (****), and ns as not significant. 

Abbreviations 
HSPs: heat stress proteins; H3K9ac: H3K9 

acetylation; HDACs: histone deacetylases; HSP90: 
heat shock protein 90; DMEM: Dulbecco’s modified 
Eagle’s medium; FBS: Fetal Bovine Serum; SDS: 
sodium dodecyl sulfate; SDS–PAGE: SDS–polyacryl-
amide gel electrophoresis; CCK8: Cell Counting Kit-8; 
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acetyltransferases; siRNA: short interfering RNA. 

Supplementary Material 
Supplementary figures.  
https://www.ijbs.com/v19p4849s1.pdf 

Acknowledgements 
This work was supported in part by the National 

Natural Science Foundation of China (No.81672310 
and 81472610), and Shanghai Jiao Tong University 
science and Technology Innovation Fund (No. 
YG2021QN81). We thank Prof. Jianfeng Chen 
(Chinese Academy of Sciences) for sharing plasmids 
pcmv-HA-HSP90 AA1 and pcmv-HA-HSP90 AB1. 
We thank Prof. Muqing Cao for sharing the plasmid 
HDAC6 (Shanghai Jiao Tong University College of 
Basic Medical Science). We thank Wenke Xu 
(Shanghai Jiao Tong University College of Systems 
Biomedicine) for the animal care.  

Author Contributions 
Huiyun Lin designed experiments, performed 

experiments, analyzed the data and wrote the 
manuscript. Yihui Song revised the manuscript. 
Lingjun Song assisted with the RNA-seq experiments. 
Zilong Geng and Runtan Cheng performed 
bioinformatics analysis. Fang Guo and Yinrui Lei 
conceived the study and supervised the work. 

Data Availability Statement 
Data will be made available on request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Richter K, Haslbeck M, Buchner J. The heat shock response: life on the verge of 

death. Mol Cell. 2010; 40: 253-66. 
2. Kainth AS, Chowdhary S, Pincus D, Gross DS. Primordial super-enhancers: 

heat shock-induced chromatin organization in yeast. Trends Cell Biol. 2021; 31: 
801-13. 

3. Ahmed K, Tabuchi Y, Kondo T. Hyperthermia: an effective strategy to induce 
apoptosis in cancer cells. Apoptosis. 2015; 20: 1411-9. 

4. Vaupel P, Piazena H, Müller W, Notter M. Biophysical and photobiological 
basics of water-filtered infrared-A hyperthermia of superficial tumors. Int J 
Hyperthermia. 2018; 35: 26-36. 

5. Wust P, Hildebrandt B, Sreenivasa G, Rau B, Gellermann J, Riess H, et al. 
Hyperthermia in combined treatment of cancer. Lancet Oncol. 2002; 3: 487-97. 

6. Kim JH, Hahn EW, Ahmed SA. Combination hyperthermia and radiation 
therapy for malignant melanoma. Cancer. 1982; 50: 478-82. 

7. Schaaf L, Schwab M, Ulmer C, Heine S, Mürdter TE, Schmid JO, et al. 
Hyperthermia Synergizes with Chemotherapy by Inhibiting 
PARP1-Dependent DNA Replication Arrest. Cancer Res. 2016; 76: 2868-75. 

8. Gao J, Wang F, Wang S, Liu L, Liu K, Ye Y, et al. Hyperthermia-Triggered 
On-Demand Biomimetic Nanocarriers for Synergetic Photothermal and 
Chemotherapy. Adv Sci (Weinh). 2020; 7: 1903642. 

9. Ahmed K, Zaidi SF, Mati Ur R, Rehman R, Kondo T. Hyperthermia and 
protein homeostasis: Cytoprotection and cell death. J Therm Biol. 2020; 91: 
102615. 

10. Skvortsova K, Iovino N, Bogdanović O. Functions and mechanisms of 
epigenetic inheritance in animals. Nat Rev Mol Cell Biol. 2018; 19: 774-90. 

11. Stillman B. Histone Modifications: Insights into Their Influence on Gene 
Expression. Cell. 2018; 175: 6-9. 

12. Maunakea AK, Chepelev I, Zhao K. Epigenome mapping in normal and 
disease States. Circ Res. 2010; 107: 327-39. 

13. Xu D, Fang H, Liu J, Chen Y, Gu Y, Sun G, et al. ChIP-seq assay revealed 
histone modification H3K9ac involved in heat shock response of the sea 
cucumber Apostichopus japonicus. Sci Total Environ. 2022; 820: 153168. 

14. Audia JE, Campbell RM. Histone Modifications and Cancer. Cold Spring Harb 
Perspect Biol. 2016; 8: a019521. 

15. Yu J, Chai P, Xie M, Ge S, Ruan J, Fan X, et al. Histone lactylation drives 
oncogenesis by facilitating m6A reader protein YTHDF2 expression in ocular 
melanoma. Genome Biol. 2021; 22: 85. 

16. Lee DY, Hayes JJ, Pruss D, Wolffe AP. A positive role for histone acetylation in 
transcription factor access to nucleosomal DNA. Cell. 1993; 72: 73-84. 

17. Ji H, Zhou Y, Zhuang X, Zhu Y, Wu Z, Lu Y, et al. HDAC3 Deficiency 
Promotes Liver Cancer through a Defect in H3K9ac/H3K9me3 Transition. 
Cancer Res. 2019; 79: 3676-88. 

18. Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to therapy. 
Cell. 2012; 150: 12-27. 

19. Jones PA, Issa J-PJ, Baylin S. Targeting the cancer epigenome for therapy. Nat 
Rev Genet. 2016; 17: 630-41. 

20. Ramaiah MJ, Tangutur AD, Manyam RR. Epigenetic modulation and 
understanding of HDAC inhibitors in cancer therapy. Life Sci. 2021; 277: 
119504. 

21. Pulya S, Amin SA, Adhikari N, Biswas S, Jha T, Ghosh B. HDAC6 as 
privileged target in drug discovery: A perspective. Pharmacol Res. 2021; 163: 
105274. 

22. Nguyen TTT, Zhang Y, Shang E, Shu C, Torrini C, Zhao J, et al. HDAC 
inhibitors elicit metabolic reprogramming by targeting super-enhancers in 
glioblastoma models. J Clin Invest. 2020; 130: 3699-716. 

23. Eckschlager T, Plch J, Stiborova M, Hrabeta J. Histone Deacetylase Inhibitors 
as Anticancer Drugs. Int J Mol Sci. 2017; 18: 1414. 

24. Biersack B, Polat S, Höpfner M. Anticancer properties of chimeric HDAC and 
kinase inhibitors. Semin Cancer Biol. 2022; 83: 472-86. 

25. Kim YH, Bagot M, Pinter-Brown L, Rook AH, Porcu P, Horwitz SM, et al. 
Mogamulizumab versus vorinostat in previously treated cutaneous T-cell 
lymphoma (MAVORIC): an international, open-label, randomised, controlled 
phase 3 trial. Lancet Oncol. 2018; 19: 1192-204. 

26. Zhu S, Chen Z, Wang L, Peng D, Belkhiri A, Lockhart AC, et al. A 
Combination of SAHA and Quinacrine Is Effective in Inducing Cancer Cell 
Death in Upper Gastrointestinal Cancers. Clin Cancer Res. 2018; 24: 1905-16. 

27. Ree AH, Dueland S, Folkvord S, Hole KH, Seierstad T, Johansen M, et al. 
Vorinostat, a histone deacetylase inhibitor, combined with pelvic palliative 
radiotherapy for gastrointestinal carcinoma: the Pelvic Radiation and 
Vorinostat (PRAVO) phase 1 study. Lancet Oncol. 2010; 11: 459-64. 

28. Laubach JP, Moreau P, San-Miguel JF, Richardson PG. Panobinostat for the 
Treatment of Multiple Myeloma. Clin Cancer Res. 2015; 21: 4767-73. 

29. Garnock-Jones KP. Panobinostat: first global approval. Drugs. 2015; 75: 
695-704. 

30. Prince HM, Bishton MJ, Johnstone RW. Panobinostat (LBH589): a potent 
pan-deacetylase inhibitor with promising activity against hematologic and 
solid tumors. Future Oncol. 2009; 5: 601-12. 

31. Atadja P. Development of the pan-DAC inhibitor panobinostat (LBH589): 
successes and challenges. Cancer Lett. 2009; 280: 233-41. 

32. Shen Y, Wei W, Zhou D-X. Histone Acetylation Enzymes Coordinate 
Metabolism and Gene Expression. Trends Plant Sci. 2015; 20: 614-21. 

33. Wang J, Feng S, Zhang Q, Qin H, Xu C, Fu X, et al. Roles of Histone 
Acetyltransferases and Deacetylases in the Retinal Development and Diseases. 
Mol Neurobiol. 2023; 60: 2330-54. 

34. Richter-Landsberg C, Leyk J. Inclusion body formation, macroautophagy, and 
the role of HDAC6 in neurodegeneration. Acta Neuropathol. 2013; 126: 
793-807. 

35. Deribe YL, Wild P, Chandrashaker A, Curak J, Schmidt MHH, Kalaidzidis Y, 
et al. Regulation of epidermal growth factor receptor trafficking by lysine 
deacetylase HDAC6. Sci Signal. 2009; 2: ra84. 

36. Aoyagi S, Archer TK. Modulating molecular chaperone Hsp90 functions 
through reversible acetylation. Trends Cell Biol. 2005; 15: 565-7. 

37. Liu P, Xiao J, Wang Y, Song X, Huang L, Ren Z, et al. Posttranslational 
modification and beyond: interplay between histone deacetylase 6 and 
heat-shock protein 90. Mol Med. 2021; 27: 110. 

38. Mazzetti S, De Leonardis M, Gagliardi G, Calogero AM, Basellini MJ, 
Madaschi L, et al. Phospho-HDAC6 Gathers Into Protein Aggregates in 
Parkinson's Disease and Atypical Parkinsonisms. Front Neurosci. 2020; 14: 
624. 

39. Gates LA, Shi J, Rohira AD, Feng Q, Zhu B, Bedford MT, et al. Acetylation on 
histone H3 lysine 9 mediates a switch from transcription initiation to 
elongation. J Biol Chem. 2017; 292: 14456-72. 

40. Li T, Zhang C, Hassan S, Liu X, Song F, Chen K, et al. Histone deacetylase 6 in 
cancer. J Hematol Oncol. 2018; 11: 111. 

41. Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, et al. HDAC6 
is a microtubule-associated deacetylase. Nature. 2002; 417: 455-8. 

42. Kaur S, Rajoria P, Chopra M. HDAC6: A unique HDAC family member as a 
cancer target. Cell Oncol (Dordr). 2022; 45: 779-829. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4864 

43. Ojha R, Nepali K, Chen C-H, Chuang K-H, Wu T-Y, Lin TE, et al. Isoindoline 
scaffold-based dual inhibitors of HDAC6 and HSP90 suppressing the growth 
of lung cancer in vitro and in vivo. Eur J Med Chem. 2020; 190: 112086. 

44. Kobayashi H, Enomoto A, Woods SL, Burt AD, Takahashi M, Worthley DL. 
Cancer-associated fibroblasts in gastrointestinal cancer. Nat Rev Gastroenterol 
Hepatol. 2019; 16: 282-95. 

45. Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric cancer. 
Lancet. 2020; 396: 635-48. 

46. Yoo C, Ryu M-H, Na Y-S, Ryoo B-Y, Lee C-W, Kang Y-K. Vorinostat in 
combination with capecitabine plus cisplatin as a first-line chemotherapy for 
patients with metastatic or unresectable gastric cancer: phase II study and 
biomarker analysis. Br J Cancer. 2016; 114: 1185-90. 

47. Xiong K, Zhang H, Du Y, Tian J, Ding S. Identification of HDAC9 as a viable 
therapeutic target for the treatment of gastric cancer. Exp Mol Med. 2019; 51: 
1-15. 

48. Regel I, Merkl L, Friedrich T, Burgermeister E, Zimmermann W, Einwächter 
H, et al. Pan-histone deacetylase inhibitor panobinostat sensitizes gastric 
cancer cells to anthracyclines via induction of CITED2. Gastroenterology. 2012; 
143: 99-109. 

49. Lee N-R, Kim D-Y, Jin H, Meng R, Chae OH, Kim S-H, et al. Inactivation of the 
Akt/FOXM1 Signaling Pathway by Panobinostat Suppresses the Proliferation 
and Metastasis of Gastric Cancer Cells. Int J Mol Sci. 2021; 22: 5955. 

50. Huang Q, Hu JK, Lohr F, Zhang L, Braun R, Lanzen J, et al. Heat-induced gene 
expression as a novel targeted cancer gene therapy strategy. Cancer Res. 2000; 
60: 3435-9. 

51. Li GC, He F, Ling CC. Hyperthermia and gene therapy: potential use of 
microPET imaging. Int J Hyperthermia. 2006; 22: 215-21. 

52. Luo M, Meng Z, Moroishi T, Lin KC, Shen G, Mo F, et al. Heat stress activates 
YAP/TAZ to induce the heat shock transcriptome. Nat Cell Biol. 2020; 22: 
1447-59. 

53. Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1 signaling 
pathway in cancer. Genes Dev. 2013; 27: 2179-91. 

54. Best SA, Ding S, Kersbergen A, Dong X, Song J-Y, Xie Y, et al. Distinct 
initiating events underpin the immune and metabolic heterogeneity of 
KRAS-mutant lung adenocarcinoma. Nat Commun. 2019; 10: 4190. 

55. Miettinen JJ, Kumari R, Traustadottir GA, Huppunen M-E, Sergeev P, 
Majumder MM, et al. Aminopeptidase Expression in Multiple Myeloma 
Associates with Disease Progression and Sensitivity to Melflufen. Cancers 
(Basel). 2021; 13: 1527. 

56. Poplawski P, Alseekh S, Jankowska U, Skupien-Rabian B, Iwanicka-Nowicka 
R, Kossowska H, et al. Coordinated reprogramming of renal cancer 
transcriptome, metabolome and secretome associates with immune tumor 
infiltration. Cancer Cell Int. 2023; 23: 2. 

 


