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Targeting histones for degradation in cancer cells as a novel
strategy in cancer treatment
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The anticancer therapies with the joint treatment of a histone deacetylase (HDAC) inhibitor and a DNA-damaging approach are
actively under clinical investigations, but the underlying mechanism is unclear. Histone homeostasis is critical to genome
stability, transcriptional accuracy, DNA repair process, senescence, and survival. We have previously demonstrated that the
HDAC inhibitor, trichostatin A (TSA), could promote the degradation of the core histones induced by γ-radiation or the DNA-
alkylating agent methyl methanesulfonate (MMS) in non-cancer cells, including mouse spermatocyte and embryonic fibroblast
cell lines. In this study, we found that the joint treatment by TSA and MMS induced the death of the cultured cancer cells with an
additive effect, but induced degradation of the core histones synergistically in these cells. We then analyzed various combi-
nations of other HDAC inhibitors, including suberoylanilide hydroxamic acid and valproate sodium, with MMS or other DNA-
damaging agents, including etoposide and camptothecin. Most of these combined treatments induced cell death additively, but all
the tested combinations induced degradation of the core histones synergistically. Meanwhile, we showed that cell cycle arrest
might not be a primary consequence for the joint treatment of TSA and MMS. Given that clinic treatments of cancers jointly with
an HDAC inhibitor and a DNA-damaging approach often show synergistic effects, histone degradation might more accurately
underlie the synergistic effects of these joint treatments in clinic applications than other parameters, such as cell death and cell
cycle arrest. Thus, our studies might suggest that the degradation of the core histones can serve as a new target for the
development of cancer therapies.
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INTRODUCTION

Together with the surrounding DNA, the core histones form
the basic unit of the chromatin, the nucleosome, which
contains an octamer of H2A, H2B, H3 and H4. The home-
ostasis of histones, histone modifications and histone-mod-
ifying enzymes is critical to genome stability, transcriptional
accuracy, DNA repair process, senescence, and survival

(Altaf et al., 2007; Arnold et al., 2013; Dahlin et al., 2015;
Dovey et al., 2013). Among various histone modifications,
histone acetylation associates with actively transcribed
chromatin domains and the relaxed chromatin following
DNA double-strand breaks (Campos and Reinberg, 2009;
Downs et al., 2004; Murr et al., 2006; Reinke and Hörz,
2003). The formation of histone acetylation is catalyzed by
histone acetyltransferases (HAT), and its removal is cata-
lyzed by histone deacetylases (HDAC) (Ge et al., 2013).
HDACs can be divided into class I (HDAC1, 2, 3, and 8),

class IIa (HDAC4, 5, 7, and 9), class IIb (HDAC6 and 10),
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class III (SIRT1, 2, 3, 4, 5, 6, and 7) and class IV (HDAC11).
Upregulation or the increased activity of HDACs has been
associated with tumor development and progression (Dok-
manovic and Marks, 2005). HDAC inhibitors (HDACi) can
be categorized into four types according to their structures,
including fatty acids, hydroxamates, cyclic peptides and
benzamides. Some HDAC inhibitors can inhibit HDACs in
several classes. For, example, trichostatin A (TSA), a hy-
droxamate, can inhibit HDACs in classes I, II, and IV (Carew
et al., 2008). HDACi may cause cell cycle arrest, apoptosis,
anti-angiogenesis and immune modulation. Notably, tumor
cells are usually more sensitive to HDACi than normal cells
(Chrun et al., 2017; Haberland et al., 2009). But, the un-
derlying mechanism has not yet been fully exposed.
Many HDAC inhibitors are under clinical trials for treating

different types of cancer as monotherapy or in combination
with other anticancer modalities. Among them, three HDAC
inhibitors, including SAHA (now an anticancer drug known
as vorinostat), Belinostat, and Romidepsin, have been ap-
proved by FDA for treatment of T-cell lymphoma, and Pa-
nabiostat has been approved for treating multiple myeloma.
In addition, Chidamide and HBI-8000 have been approved
by China to treat Peripheral T-cell lymphoma (Suraweera et
al., 2018). But, resistance has been developed against the
clinical applications of HDACi due to various reasons. For
example, elevated expressions of the cell cycle inhibitor p21
and thioredoxin (which reduces reactive-oxygen species-
mediated DNA damage) as well as constitutive activations of
NFκB and other signaling proteins, such as PI3K and STAT3,
have all been suggested to contribute to the resistance of
HDACi (Robey et al., 2011). Resistance to DNA-targeting
chemotherapies has long been known. Treatments of cancers
jointly with HDACi and DNA-damaging approach, such as
chemotherapy or radiation therapy, often show synergistic
effects (Suraweera et al., 2018). For example, the combina-
tion of valproic acid followed by the topoisomerase II in-
hibitor, epirubicin, shows responses in patients with
anthracycline-resistant tumors and in heavily pretreated pa-
tients (ClinicalTrial.gov identifier: NCT00246103). How-
ever, numerous in vitro studies using cultured cancer cells
show that the combined treatments of an HDACi and a
DNA-damaging chemotherapeutic agents often induce cell
death additively (Eckschlager et al., 2017; Shabason et al.,
2011; Stiborova et al., 2012). We previously demonstrated
that TSA potentiated the degradation of the core histones
induced by radiation or the DNA-damaging agent methyl
methanesulfonate (MMS) in mouse spermatocyte and em-
bryonic fibroblast cell lines (Qian et al., 2013). It remains
unclear whether the combined treatments with an HDAC
inhibitor and a DNA-damaging agent facilitate degradation
of the core histones in cancer cells, and whether histone
degradation contributes to clinic consequences of the com-
bined treatments. In this study, we analyzed histone de-

gradation, and examined the influences on the expression of
cell cycle inhibitors and the cell death rates in cancer cell
lines following the combined treatments with various HDAC
inhibitors and DNA-damaging agents.

RESULTS

Joint treatments with HDAC inhibitors and MMS
induce cancer cell death additively

MMS may stall replication forks and cause DNA double-
strand breaks by methylating DNA (Kumar et al., 2011;
Lundin et al., 2005). Suberoylanilide hydroxamic acid
(SAHA), an inhibitor of histone deacetylase, has been ap-
proved by FDA as an anti-cancer agent vorinostat. To ex-
amine the effects of the joint treatments with the HDAC
inhibitor (TSA or SAHA) and MMS on cancer cells, we used
the TUNEL (TdT-mediated dUTP Nick-End Labeling) kit to
detect cell apoptosis in HeLa human epitheloid carcinoma
cells, which were treated with either a single agent or the
combination of an HDAC inhibitor and MMS for 4 h. The
results showed that either TSA or SAHA could induce
apoptosis together with MMS additively (Figure 1A and 1B).
To validate the above notion systematically, we tested the

optimal concentrations of MMS in inducing death of more
cancer cell lines, including HCT116 human colon carcinoma
and MCF-7 human breast adenocarcinoma cells, in addition
to HeLa cells. Trypan blue exclusion assay was instead used
to detect cell death rates. All three cell lines responded si-
milarly to MMS treatment for 24 h with median lethal con-
centrations (LC50) of MMS at approximately 6 mmol L−1

(~0.05%) (Figure 1C). When HeLa cells were jointly treat-
ment with 0.3 μmol L−1 of TSA and 1 mmol L−1 of MMS,
cell death rates increased additively with the increasing time
of treatments (Figure 1D). Valproate sodium (VPA) inhibits
class I and class II of HDACs. Similarly, joint treatments
with SAHA (Figure 1E–G) or VPA (Figure 1H–J) and MMS
also induced cell death additively in HeLa cells.

Joint treatments with an HDAC inhibitor and MMS
induce the degradation of the core histones
synergistically

We have previously shown that the combined treatment of
TSA and MMS induces the degradation of the core histones
in GC-2spd spermatocyte cells (Qian et al., 2013). This de-
gradation requires the proteasome activator PA200 (Qian et
al., 2013). PA200 is highly expressed in testes and in sper-
matocytes and is present at relatively low levels in other
tissue or cell types (Khor et al., 2006; Ustrell et al., 2002). To
test whether the joint treatment of TSA and MMS can induce
degradation of the core histones in cancer cells, HeLa cells
were treated with TSA alone and with TSA andMMS jointly,
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Figure 1 Joint treatments with an HDAC inhibitor and MMS induce cancer cell death additively. A, HeLa cells were treated with DMSO, 1 mmol L−1

MMS, 0.3 μmol L−1 TSA, 5 μmol L−1 SAHA, 1 mmol L−1 MMS and 0.3 μmol L−1 TSA, 1 mmol L−1 MMS and 5 μmol L−1 SAHA (from left to right),
respectively, for 4 h, observed under a fluorescence microscope after TUNEL staining. B, Count the number of apoptotic cells stained by TUNEL relative to
the number of nuclei stained by DAPI. C, HeLa, HCT116 and MCF-7 cells were treated with different concentrations of MMS for 24 h. D, Joint treatments of
HeLa with 0.3 μmol L−1 TSA and 1 mmol L−1 MMS induce cell death additively. Cell death rates were analyzed by trypan blue staining. E, HeLa cells were
treated with 1 mmol L−1 MMS and 5 μmol L−1 SAHA for different periods of time. F, HeLa cells were treated with 1 mmol L−1 MMS and different
concentrations of SAHA for 4 h. G, HeLa cells were treated with 5 μmol L−1 SAHA and different concentrations of MMS for 4 h. H, HeLa cells were treated
with 1 mmol L−1 MMS and 10 mmol L−1 VPA for different periods of time. I, HeLa cells were treated with 1 mmol L−1 MMS and different concentrations of
VPA for 4 h. J, HeLa cells were treated with 10 mmol L−1 VPA and different concentrations of MMS for 4 h. Data are representative of one experiment with
at least two independent biological replicates, mean±SEM, *P<0.05, **P<0.01 (two-tailed paired t-test).
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respectively. As in GC-2spd cells, the joint treatment with
TSA and MMS reduced the levels of histone H2B sy-
nergistically, whereas TSA alone at the same concentration
could not reduce the levels of H2B (Figure 2A). No matter
whether the MMS was added, the treatment with TSA in-
creased the levels of H4K16ac, consistent with the note that
the acetylation mediates the proteasomal degradation of the
core histones (Qian et al., 2013). γ-H2AX, a marker for DNA
damage (Turinetto and Giachino, 2015), was induced by the
treatment of MMS (Figure 2A). More strikingly, the joint
treatment with another HDAC inhibitor SAHA and MMS
dramatically induced degradation of histone H2B, whereas
SAHA alone at various concentrations could not affect the
levels of H2B (Figure 2B). Thus, joint treatments with an
HDAC inhibitor and MMS induce the degradation of the
core histones synergistically.

Cell cycle arrest might not be a primary consequence for
the joint treatment of TSA and MMS

Since TSA can also induce the expression of the cell cycle
inhibitor p21 (Blagosklonny et al., 2002), we examined the
levels of p21 together with H2B. As shown above, TSA itself
could not cause the reduction in the levels of H2B, but its
joint treatments with MMS reduced the levels of H2B sy-
nergistically (Figure 3A). In contrast, these joint treatments
still induced cell death additively (Figure 3B). As reported,
treatment with TSA induced expression of p21 sharply, but
addition of MMS reduced the levels of p21, even though

TSA was present (Figure 3A). To test whether the above
phenomenon was cell-type specific, we further examined
their effects in MEF cells. Interestingly, TSA alone slightly
reduced the levels of H2B, and the addition of MMS po-
tentiated this reduction in MEF cells (Figure 3C). In contrast
to reducing the levels of p21, the combined treatment with
TSA and MMS had almost no effect on the levels of p19,
another cell cycle inhibitor (Capparelli et al., 2012), in MEF
cells. Again, these joint treatments still induced cell death
additively (Figure 3D). To test whether the reduced levels of
p21 was due to the PA200-mediated proteasomal degrada-
tion, we employed the PA200-deficient MEF cells treated
with TSA and MMS. It turned out that deletion of PA200
could not slow the degradation of p21 as examined in the
presence of cycloheximide, an inhibitor of protein translation
(Figure 3E). These results suggest that the cell cycle arrest
might not be a primary consequence for the combined
treatment with an HDAC inhibitor and a DNA-damaging
agent.

Joint treatment of etoposide and TSA induces the
degradation of the core histones synergistically

Topoisomerases, classified into types I and II, play a vital
role in replication, transcription, recombination, DNA repair,
and chromatin remodeling by modulating the DNA helix.
Etoposide directly inhibits topoisomerase II to prevent re-
ligation of the DNA strands, and thus promotes DNA breaks.
Etoposide is clinically used for the treatments of various

Figure 2 Joint treatments of HDAC inhibitors and MMS induce the degradation of the core histones synergistically. A, HeLa cells were treated with
different concentrations of MMS and 0.3 μmol L−1 of TSA for 4 h. B, HeLa cells were treated with different concentrations of SAHA and 1 mmol L−1 MMS
for 4 h. Protein levels in all panels were analyzed by immunoblotting. Data are representative of one experiment with at least two independent biological
replicates, mean±SEM, *P<0.05, **P<0.01 (two-tailed paired t-test).
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cancers, including testicular cancer, lung cancer, lymphoma,
leukemia, neuroblastoma, and ovarian cancer (Montecucco
et al., 2015; Pommier et al., 2010). To test whether other
DNA-damaging anticancer agents can also act similarly to
MMS, we tested the role of etoposide. Treatment with eto-
poside by itself reduced the levels of H2B in a dose-depen-
dent manner in MEF cells (Figure 4A). Addition of TSA
further strengthened the reduction dramatically, suggesting a
synergistic effect (Figure 4A). But, these joint treatments
induced cell death additively in MEF cells (Figure 4B). The
treatment with etoposide alone or the joint treatment with
etoposide and TSA reduced the levels of H2B in HeLa cells
in a way similar to MEF cells (Figure 4C and D). These joint
treatments also induced cell death additively in HeLa cells
(Figure 4D). Thus, the joint treatment of etoposide and TSA
promotes the degradation of the core histones synergistically,
whereas it induces cell death in cancer cells additively.

Treatments with an HDAC inhibitor in conjunction with
either etoposide or camptothecin induce cancer cell
death additively

Next, we further analyze the effects of joint treatments with
HDAC inhibitors and etoposide on cell death rates. In
comparison to MMS, additional treatment with etoposide
much less efficiently increased the rates of cell death in the
presence of either SAHA (Figure 5A–C) or VPA (Figure
5D–F). But, joint treatment with etoposide and SAHA still
induced the degradation of the core histones synergistically
in HeLa cells (Figure 5G). Camptothecin (CPT) is an in-
hibitor of DNA topoisomerase I. However, the additive ef-
fects of CPT on cell death rates were as remarkable as those
for MMS in the presence of TSA (Figure 6A–C), SAHA
(Figure 6D–F), or VPA (Figure 6G–I). Thus, all joint treat-
ments with any tested DNA-damaging agent and any tested

Figure 3 Cell cycle arrest might not be a primary consequence for the joint treatment of TSA and MMS. A, HeLa cells were treated with different
concentrations of TSA and 1 mmol L−1 of MMS for 4 h. B, HeLa cells were treated as in (A), and cell death rates were analyzed by trypan blue staining. C,
MEF cells were treated with different concentrations of TSA and with or without 1 mmol L−1 of MMS for 4 h. D, MEF cells were treated as in (C), and cell
death rates were analyzed by trypan staining. E, WT and PA200−/− MEF cells were treated with 0.008% of MMS, 0.3 μmol L−1 of TSA and/or 25 μg mL−1 of
CHX. Protein levels in all panels were analyzed by immunoblotting. Data are representative of one experiment with at least two independent biological
replicates, mean±SEM, * P<0.05, ** P<0.01 (two-tailed paired t-test).
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HDAC inhibitor induce cell death additively, but induce
degradation of the core histones synergistically.

DISCUSSION

The joint treatments with an HDAC inhibitor and a DNA-
damaging agent can finally cause cell cycle arrest and
apoptosis (Feng et al., 2015; Meng et al., 2012). Although the
combined treatments of an HDACi and a DNA-damaging
chemotherapeutic agents often induce cell death additively
(Eckschlager et al., 2017; Shabason et al., 2011; Stiborova et
al., 2012), these joint treatments mostly show synergistic
effects in clinic investigations (Suraweera et al., 2018). The
results from this study further support that all joint treatments
with any tested DNA-damaging agent (including MMS,
etoposide and CPT) and any tested HDAC inhibitor (in-
cluding TSA, SAHA, and VPA) induce cell death additively.
But, we show here that all these joint treatments surprisingly
induce degradation of the core histones synergistically in
tumor cells, in a way similar to their clinical consequences.
The joint treatment of a DNA-damaging agent and an HDAC
inhibitor could also induce histone degradation synergisti-
cally in non-tumor MEF cells (Qian et al., 2013). Given that
upregulation or the increased activity of HDACs has been
associated with tumor development and progression (Dok-
manovic and Marks, 2005), inhibition of HDAC might elu-

cidate its enhanced activity in the tumor cells with the
increased activity of HDACs. TSA alone induced the ex-
pression of the cell cycle inhibitor p21, but not another cell
cycle inhibitor p19. Moreover, addition of MMS reduced the
levels of p21, suggesting that cell cycle arrest is probably not
a primary mechanism for the joint treatment of TSA and
MMS. Given that loss of the core histones can be critical to
genome stability, transcriptional accuracy, DNA repair pro-
cess, senescence, and survival (Altaf et al., 2007; Arnold et
al., 2013; Dahlin et al., 2015; Dovey et al., 2013), our results
reveal the induction of histone degradation as a new me-
chanism underlying the effect of these joint treatments
against cancer cells. Thus, we propose that targeting the core
histones for degradation could be a novel approach for the
development of cancer therapy.

MATERIALS AND METHODS

Cell culture

HeLa human epitheloid carcinoma cells, MCF-7 human
breast adenocarcinoma cells, and HCT116 human colon
carcinoma cells were maintained in the Dulbecco’s modified
Eagle’s medium (DMEM, Gibco), supplemented with 10%
fetal bovine serum (FBS), 100 U mL−1 penicillin,
100 μg mL−1 streptomycin. All the above cell lines were

Figure 4 Joint treatment with etoposide and TSA induces degradation of the core histones in HeLa and MEF cells synergistically. A, MEF cells were
treated with etoposide and 0.3 μmol L−1 of TSA for 24 h. Detection the degradation of the core histones by immunoblotting. B, MEF cells were treated with
different concentrations of etoposide and with or without 0.3 μmol L−1 TSA for 24 h. Cell death rates were analyzed by trypan staining. C, HeLa cells were
treated with etoposide and 0.3 μmol L−1 of TSA for 24 h. Detection the degradation of the core histones by immunoblotting. D, HeLa cells were treated with
different concentrations of etoposide and with or without 0.3 μmol L−1 TSA for 24 h. Cell death rates were analyzed by trypan blue staining. Data are
representative of one experiment with at least two independent biological replicates, mean ± SEM, *P<0.05, **P<0.01 (two-tailed paired t-test).
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obtained from the American Type Culture Collection. MEF
cells were obtained as described (Qian et al., 2013), and were
cultured in the above DMEM additionally supplemented
with 1% non-essential amino acids and 200 μmol L−1 of β-

mercaptoethanol. They were cultured at 37°C with 5% CO2.
We have used PCR to detect the contamination of myco-
plasma, and confirmed that there was no contamination for
any cell lines used in this study.

Figure 5 Joint treatments with an HDAC inhibitor and etoposide induce tumor cell death with a weak additive effect. A, HeLa cells were treated with
10 μmol L−1 etoposide and 5 μmol L−1 SAHA for different time. B, HeLa cells were treated with 10 μmol L−1 etoposide and different concentrations of SAHA
for 4 h. C, HeLa cells were treated with 5 μmol L−1 SAHA and different concentrations of etoposide for 4 h. D, HeLa cells were treated with 10 μmol L−1

etoposide and 10 mmol L−1 VPA for different time. E, HeLa cells were treated with 10 μmol L−1 etoposide and different concentrations of VPA for 4 h. F,
HeLa cells were treated with 10 mmol L−1 VPA and different concentrations of etoposide for 4 h. G. HeLa cells were treated with 5 μmol L−1 SAHA and with
or without different concentrations of etoposide for 4 h. The levels of the core histones were analyzed by immunoblotting. Data are representative of one
experiment with at least two independent biological replicates, mean ± SEM, *P<0.05, **P<0.01 (two-tailed paired t-test).
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Trypan blue exclusion

After drug treatments, cells were collected in centrifuge
tubes, and centrifuged at 500×g for 5 min at 4°C. The cell
pellet was resuspended in 1 mL of medium. Cell suspension
was mixed with 0.04% trypan blue, and the mixture was
added to a hemacytometer for counting.

Whole cell extract and immunoblotting

Wash cells with cold PBS once, scrape the cells in PBS, and
collect the cells in a pre-cold 1.5-mL tube. Add 1.2×SDS
sample buffer with urea into cells from a 6-cm plate, mix
well by flipping, and spin briefly to make sure that all the
samples are at the bottom. After adding 1.2×SDS sample
buffer into the frozen cells, all the steps are performed at RT.
Sonicate at 200 W for 4 s twice, and then use pipette tips to
check whether the samples are sonicated completely. Heat
sonicated samples at 97°C for 6 min and spin them at 16,000
at RT for 10 min. Transfer the supernatant into a new 1.5-mL

tube, and place the samples at RT.
Separate the samples in SDS-PAGE at 150V for ~90 min.

Transfer at 60V for 3 h using ice-cold transfer buffer. After
blocking, incubate the membrane with primary anti-bodies
for 1 h. Then perform the second antibody incubation and
ECL detection as usual.

TUNEL assay

Dilute 0.4% PFA and 0.1% Triton X-100 by PBS, and collect
the treated HeLa cells. Resuspend the cells in the prepared
diluent and add them to the slides. Wash the slides twice with
PBS for 5 min, add 100 μL equilibration buffer to cover the
slides for 10 min. Prepare the rTdT incubation buffer, which
contains 45 μL equilibration buffer, 5 μL Nucleotide Mix
and 1 μL rTdT Enzyme. Cover the slides with 50 μL rTdT
incubation buffer in a dark box in 37°C for 1 h. Dilute
20×SSC to 2×SSC with H2O. Termination of the reaction by
2×SSC for 15 min. Wash the slides three times with PBS for
5 min. Dilute DAPI with Mountain solution (DAPI: Moun-

Figure 6 Joint treatments with an HDAC inhibitor and camptothecin induce tumor cell death additively. A, HeLa cells were treated with 0.04 μmol L−1 CPT
and 0.3 μmol L−1 TSA for different time. B, HeLa cells were treated with 0.04 μmol L−1 CPT and different concentrations of TSA for 4 h. C, HeLa cells were
treated with 0.3 μmol L−1 TSA and different concentrations of CPT for 4 h. D, HeLa cells were treated with 0.04 μmol L−1 CPT and 5 μmol L−1 SAHA for
different time. E, HeLa cells were treated with 0.04 μmol L−1 CPT and different concentrations of SAHA for 4 h. F, HeLa cells were treated with 5 μmol L−1

SAHA and different concentrations of CPT for 4 h. G, HeLa cells were treated with 0.04 μmol L−1 CPT and 10 mmol L−1 VPA for different time. H, HeLa
cells were treated with 0.04 μmol L−1 CPT and different concentrations of VPA for 4 h. I, HeLa cells were treated with 10 mmol L−1 VPA and different
concentrations of CPT for 4 h. Data are representative of one experiment with at least two independent biological replicates, mean ± SEM, *P<0.05,
**P<0.01 (two-tailed paired t-test).
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tain solution=1:20,000). Cells were stained by DAPI for
20 min. Observe cells under a fluorescence microscope.

Statistical analysis

Unless stated elsewhere, significance levels for comparisons
between two groups were determined by one-way ANOVA
tests, mean±SEM (*P<0.05 and **P<0.01), normal dis-
tribution. Sample size was based on empirical data from pilot
experiments. No additional randomization or blinding was
used to allocate experimental groups.
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