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ABSTRACT

Epigenetic abnormalities play important roles in the pathogenesis of Hodgkin
lymphoma (HL). Highly expressed class I histone acetyltransferase (HDAC) and
hyper-methylation of the promoter region of tumor suppressor genes have been
demonstrated in Hodgkin lymphoma. In this paper, we investigated the synergistic
effects of combination treatment of chidamide, a selective HDAC inhibitor, and
decitabine, a demethylation agent, for HL cell lines and explored a new strategy for
treating HL. The apoptosis rates, cell cycle, mitochondrial transmembrane potentials,
epigenetic changes and gene expression of HL cell lines treated with chidamide as a
single agent and in combination with decitabine were tested. We found that chidamide
inhibited the proliferation of HL cells through increased apoptosis. Interestingly,
after combined with decitabine, the inhibition rate and apoptotic death in HL cells
were significantly increased. Further studies demonstrated that when combined with
decitabine the expression of acetylated histone H3 and H3K9 induced by chidamide
in HL cells increased, and also the expression of tumor suppressor genes PU.1 and
KLF4, which exert inhibition through apoptosis pathway. Therefore, we could come
to a conclusion that chidamide and decitabine can synergistically induce apoptosis
of Hodgkin lymphoma cells by up-regulating the expression of PU.1 and KLF4. These
results provide a new sight in combining two different epigenetic regulatory agents
for treating HL.

INTRODUCTION

Hodgkin lymphoma (HL) is a well-established
malignancy and accounts for about 8~13% of all
lymphomas [1, 2] with the classical type being the
commonest. At present, chemotherapy combined with
involved field radiotherapy is the standard treatment of

HL and the long-term survival rate of early stage patients
reaches more than 90% [3, 4]. Despite the great success
there are still treatment failures and relapses to current
regimen [5]. High dose chemotherapy with autologous
hematopoietic stem cell transplantation showed some
efficacy in the treatment of relapsed and refractory HL,
but outcome is still poor for patients who were older
than 45 years, did not reach complete response before
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transplantation or with remission period less than 1 year
[6]. New drug regimens are needed for those difficult
cases.

In recent years, epigenetic abnormalities caught
attention in the research field of pathogenesis of HL [7—
10]. Excessive activation of histone deacetylase (HDAC)
and hyper-methylation of promoter region of tumor
suppressor gene are two most studied aspects of epigenetic
abnormalities in cancer. Class | HDAC was found highly
expressed in both tumor cells and lymphocytes of
microenvironment of HL and in HL cell lines [10, 11].
Promoter hyper-methylation of tumor suppressor gene
is another important epigenetic abnormality of HL and
two important tumor suppressor genes of HL (PU.1 and
KLF4) have been found to be down-regulated through
methylation changes in the promoter region in cell lines
and tumor cells of HL, besides, the down regulation of
KLF4 gene is related with characteristic phenotype of HL
[8, 9]. HDAC inhibitors could inhibit the proliferation
of HL cell lines in vitro through activation of caspase 9
pathway dependent apoptosis and through inhibiting and
blocking Akt and STAT6 signal pathway [12]. Chidamide,
the selective class I HDAC inhibitor, has been approved
for the treatment of peripheral T-cell lymphoma in China,
but its activity on HL has not been tested yet. Decitabine,
a demethylating agent widely used in myelodysplasia
syndrome and acute myelogenous leukemia [13], has
been evaluated in clinical trials of lymphoid malignancies
in recent years [14, 15]. in vitro studies showed that
Decitabine could inhibit the function of MY C gene by up-
regulating the expression of ID2 [16] and synergistically

suppressing the proliferation of diffuse large B cell
lymphoma cell lines with HDAC inhibitor Panobinostat
[17]. The purpose of this study is to investigate the anti-
tumor activity of chidamide and synergistic inhibition
effects when combined with decitabine in HL cell lines.

RESULTS

Chidamide inhibits the proliferation of Hodgkin
lymphoma cell lines through apoptosis pathway

To observe the anti-proliferation effect of chidamide
on Hs445 and L428 cell lines, 2x10°/mL cells were seeded
in 96-well plates and treated with different concentrations
of chidamide. After incubated for 24, 48, 72 hours the
MTT assays were used to detect the cell proliferation rate.
Results showed that after 24 hours 1pM Chidamide could
inhibit both cell lines and the inhibition effect increased
with increasing concentration of chidamide which reached
70% with 30uM chidamide (Figure la, 1b). The same
concentration dependent inhibition effects of chidamide on
both cell lines were found after 48 and 72hours treatment
(Figure la, 1b). The IC50 values of Chidamide on Hs445
cells were 13.33uM at 24 hours (95%CI: 10.17-17.47),
1.91uM at 48 hours (95%CI: 1.37-2.66), 1.326uM at 72
hours (95%CI: 0.89-1.98), on L428 cell were 22.07uM
at 24 hours (95%CI: 16.38-29.75), 3.46uM at 48 hours
(95%CI: 2.69-4.44), 3.68uM at 72 hours (95%CI: 2.57-
5.25). Cell cycle analysis revealed that 1uM and 3uM
chidamide induced both cell lines arrested at GO/G1-

phase after 48h of treatment (Figure lc, 1d). Furthermore,
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Figure 1: Chidamide inhibit proliferation and induce apoptosis of Hs445 and L428 cells. (a) Proliferation rates at 24, 48,
72 hour of Hs445 cells after treated with 0.1uM, 0.3uM, 1uM, 3uM, 10uM, 30uM Chidamides; (b) proliferation rates at 24, 48, 72 hours
of L428 cells after treated with 0.1uM, 0.3uM, 1uM, 3uM, 10puM, 30uM Chidamide; (c) cell cycle of Hs445 after 48 hours treatment with
0.1uM, 0.3uM, 1uM, 3uM Chidamide; (d) cell cycle of L428 after 48 hours treatment with 0.1uM, 0.3uM, 1uM, 3uM Chidamide; (e)
apoptosis rates of Hs445 and L428 after 48 hours treatment with 0.1uM, 0.3uM, 1uM, 3uM Chidamide.
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Annexin V/PI assay revealed that after 48 hours treatment
1uM chidamide could induce apoptosis of Hs445 cell line
and the effect increased with increasing concentration of
chidamide. After 48 hours treatment 0.3uM chidamide
could induce apoptosis of L428 cell line and the effect
increased with increasing concentration of chidamide
(Figure le). These data suggest that as a single agent
chidamide can inhibit the proliferation of Hs445 and L428
cell lines through apoptosis pathway.

Chidamide and decitabine synergistically inhibit
proliferation of Hodgkin lymphoma cell lines

To examine whether the combination of chidamide
and decitabine could induce synergistic killing of Hodgkin
lymphoma cell lines in vitro, Hs445 and L428 cells were
treated with various combinations of chidamide(0.25,
0.5, 1, 2uM) and decitabine (0.25, 0.5, 1, 2uM) for 72h.
The inhibition effects were tested by MTT assays and the
combination indexes (CI) were calculated by CalcuSyn
software. The combination of 0.5uM chidamide and
0.25uM decitabine in Hs445 cell showed no synergism
(CI=1.15>1) (Figure 2a), but other combination groups in
both cell lines showed strong synergetic anti-proliferative
effects (CI<I) (Figure 2b). Similarly, isobologram analysis
also demonstrated this synergy of the combination in
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both cell lines (Figure 2¢, 2d). These data suggest that
combination of chidamide and decitabine synergistically
inhibits proliferation in Hodgkin lymphoma cell
lines in vitro. For the following experiments the drug
concentrations were 0.5uM chidamide and 2uM decitabine
for Hs445 and 0.5uM decitabine and 2uM chidamide for
L428.

Chidamide and decitabine synergistically
increase apoptotic death in Hodgkin lymphoma
cell lines

We then investigate the synergistic effects of
chidamide and decitabine on apoptosis of both cell lines.
Both cell lines were seeded at 2x10°/mL in 12-well
plates or 5cm culture dishes and treated with chidamide
and decitabine alone or combined at concentrations
mentioned above. Combined treatment of chidamide
and decitabine resulted in higher percentage of apoptotic
cells (67.26%+7.87% for Hs445 and 70.58%+5.76% for
L428), when compared with either drug alone in both
cell lines (p<0.05) (Figure 3a). The RRRs of two drugs
for Hs445 was 0.44 and for L428 was 0.61 (Figure 3b).
We also detected the expression of cleaved PRAPI.
There were nearly no expression of cleaved PRAPI in
Hs445 cells treated with chidamide or decitabine alone,
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Figure 2: Synergy between chidamide and decitabine in Hs445 and L428 cells. (a) CI values for combination of chidamide
and decitabine in Hs445 cell line after 72 hours of incubation; (b) CI values for combination of chidamide and decitabine in L428 cell
line after 72 hours of incubation; (¢) CI shown in normalized isobolograme for combination of chidamide and decitabine in Hs445 cell
line after 72 hours of incubation; (d) CI shown in normalized isobolograme for combination of chidamide and decitabine in L428 cell line
after 72 hours of incubation; (e¢) Combination of chidamide and decitabine in Hs445 cell line after 72 hours of incubation. Values represent
means expressed as percentages compared with the untreated control, error bars represent SD; (f) Combination of chidamide and decitabine
in L428 after 72 hours of incubation. Values represent means expressed as percentages compared with the untreated control, error bars

represent SD.
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while the combined treatment induced its expression.
Exposure of L428 cells to either drug alone could induce
slight expression of cleaved PRAP1 protein, while the
combined treatment strongly increased its expression
(Figure 3c). Moreover, we performed the JC-1 assay to
investigate whether chidamide/decitabine could affect
the mitochondrial membrane potentials in both cell lines.
Our data showed that the combination could effectively
reduce the mitochondrial membrane potentials when
compared with either drug alone or control group (Figure
4). Collectively, we demonstrated that combination
of chidamide and decitabine synergistically increased
apoptosis of both cell lines.

Decitabine enhances in vitro activity of
chidamide in Hodgkin lymphoma cell lines

To explore whether decitabine would affect HDAC
activity of chidamide, 2x105/mL cells were seeded in
6-well plates and treated with chidamide and decitabine
alone or in combination as detailed above. After 48 hours
treatment cells were harvested and proteins were extracted
for western-blot analysis. Results showed that expression
of acetylated total H3 in Hs445 and L428 cells increased
after treated with chidamide alone in a dose-dependent
manner (Figure 5a). However acetylated H3K9 was not
observed in Hs445 or L428 cells treated with chidamide
alone even when the concentration increased to 10uM
(Figure 5b). The expression of acetylated total H3 in
Hs445 and L428 cells increased significantly after treated
with combination of chidamide and decitabine compared
with chidamide alone (Figure 5c). Moreover acetylated
H3K9 was observed in Hs445 or L428 cells treated with
combination of chidamide and decitabine (Figure 5d).
Taken together, our results suggest decitabine can enhance
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HDAC activity of chidamide in Hodgkin lymphoma cell
lines.

Combination of chidamide and decitabine
changes expression of tumor suppressor genes

PU.1 and KLF4 are potent tumor suppressor genes
in HL cells. To investigate whether the expression of these
two genes could be induced by the combined treatment of
chidamide and decitabine, 2x103/mL cells were seeded in
6-well plates and treated with chidamide and decitabine
alone or in combination as detailed above. After 48 hours
treatment cells were harvested, total RNAs were extracted
and converted to cDNAs for Q-PCR assay. Compared
to control group, the relative expression levels of PU.1
and KLF4 of Hs445 and L428 cells after treated with
chidamide or decitabine alone did not increase. However
the relative expression levels of PU.1 and KLF4 of
Hs445 and L428 cells after treated with combined drugs
significantly increased (Figure 6). The combination of
chidamide and decitabine could up-regulate the expression
of PU.1 and KLF4.

DISCUSSION

In this study, we demonstrated chidamide inhibits
the proliferation of Hodgkin lymphoma cell lines through
apoptosis pathway and arresting cell cycle in GO/G1
phase. Furthermore, the synergism of chidamide and
decitabine as two kinds of epigenetic regulatory drugs
was also identified, and more importantly, we observed
that decitabine could enhance the HDAC inhibitory
activity of chidamide in Hodgkin lymphoma cell lines.
Collectively, these results provided new insight into the
treatment strategies for Hodgkin lymphoma. Previous
studies indicated that HDAC inhibitor could kill HL
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Annexin V

Figure 3: Effects of combined treatment of chidamide and decitabine on apoptosis of Hs445 and L.428 cells. (a) Apoptosis
rates of Hs445 and L428 after 48 hours treatment with combination of chidamide and decitabine; (b) RRRs for Hs445 and L428 after 48
hours treatment with combination of chidamide and decitabine; (¢) cleaved PARP1 expression of Hs445 and L428 after 48 hours treatment

with combination of chidamide and decitabine.
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cells in vitro [12, 18, 19] and was reported successful in
clinical application [20]. Chidamide can selectively inhibit
HDACI, 2, 3 and 10 [21, 22], and IC50 of chidamide
in HL cell lines is between 0.4uM to 40uM. Moreover,
Gong K et, al [21] reported that chidamide could
induce apoptotic death of leukemia cell lines through
caspase-depending apoptotic pathways in vitro and in a
concentration dependent manner and leukemia cell lines
were arrested in GO/G1 phase after treated by chidamide
through upregulated cyclin E1. Similarly, we demonstrated
chidamide inhibited proliferation and increased
apoptosis of Hs445 and L1428 cells in vitro in time- and

concentration-dependent manner, and HL cell lines were
also arrested to GO/G1 phase. Hodgkin lymphoma is a
malignancy originated from B cells but lost characteristics.
Previous studies demonstrated that the genes related
with cell death, toll-likes receptor pathway and myeloid
differential are acetylated [23] and the genes related with
lymph cell activation, apoptosis and tumor suppression are
hyper methylated [7, 24-26]. These findings suggested a
possibility to combine these two different epigenetic
regulatory drugs to treat HL. Our results showed that
chidamide and decitabine could synergistically inhibit
Hs445 and 1428 cell lines by increased apoptotic death.
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Figure 4: Effects of combined treatment of chidamide and decitabine on mitochondrial damage of Hs445 and L1428
cells. (a) JC-1 assay of Hs445 cells after 72 h treatment with chidamide and decitabine; (b) JC-1 assay of L428 cells after 72 h treatment

with chidamide and decitabine.
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Figure 5: Expression of acetylated histones after treated with chidamide and decitabine. (a) Expression of acetylated-H3
in Hs445 and 1428 cells after 48 hours treatment of 0, 0.5, 5 and 10uM chidamide; (b) expression of acetylated-H3 in Hs445 and 1428
cells after 48 hours treatment of chidamide and decitabine alone or in combination; (¢) expression of acetylated-H3K9 in Hs445 and 1428
cells after 48 hours treatment of 0, 0.5, 5 and 10uM chidamide; (d) expression of acetylated-H3K9 in Hs445 and L1428 cells after 48 hours

treatment of chidamide and decitabine alone or in combination.
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The finding of decreased mitochondrial membrane
potential and increased apoptosis protein Cleaved PARP1
was also consistent with the aforementioned findings.
Hyper-methylation in promoter of tumor repressor genes
plays a significant role in epigenetic dysregulation of HL.
Which contributes to downregulation of B cell specific
transcription factors in HL cell lines or primary HL tumor
cells and can be partially reversed by the demethylation
drugs [27]. PU.1 and KLF4 are acknowledged potent
tumor repressor genes in HL cell lines, which could
exert inhibitory effect through apoptotic pathway [8, 9],
but silenced due to the promoter hyper-methylation. Of
important note is that demethylation alone cannot increase
the expression of PU.1 gene in L428 cell line unless the
addition of specific transcription factors [26]. Other
findings also showed gene expression profiles induced by
combination of panobinostat and decitabine varied from
either drug alone. Panobinostat enhance the demethylation
effect of decitabine followed by tumor suppressor
genes upregulation and decitabine enhance the histone
acetylation of panobinostat in return. Our present study
showed that combination of chidamide and decitabine
greatly increased the expression of PU.1 and KLF4
compared to either drugs alone, which was consistent with
Yuki’s report [8]. We speculated that the difference is due
to histone acetylation. It is generally known that histone
H3 plays a critical role in DNA transcription involved in
epigenetic regulation. Acetylation of histone H3 occurs
at lysine site including K9, 14, 18, 23 [27]. Acetylated
H3K9 is relatively more important to gene expression
in HL cell lines [23]. Gong K et. al [21] observed that
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chidamide could induce acetylation of histone H3K9,
H3K18 and H4KS, and acetylated histone H3K9 also
could be induced by chidamide in pancreatic carcinoma
cell lines [28], while no effect on total H3. However,
unlike the previous reports, cells treated with chidamide
alone could not induce expression of acetylated histone
H3K9, whereas acetylated histone H3 could be induced
by chidamide in a concentration-dependent manner in
HL cell lines. There is a close relationship between the
function of the genome in eukaryote and post-translational
modifications (PTMs) of histones. Eukaryote recognizes
PTMs through specific protein to regulate gene expression,
and methylation and PTMs of histones exert synergism
on chromatin modifications, raising effector proteins,
promoting macromolecular complexes to remote sites of
genome, which suggests communication exists between
DNA methylation and PTMs of histones. Kalacc et.al
[17] observed acetylated histone H3 in diffuse large
B cell lymphoma (DLBCL) cell lines increased after
24h and 48h treatment with panobinostat combining
decitabine compared to either drug alone, which suggests
decitabine can enhance the activity of HDAC inhibitor.
Here, we performed the experiments in which combining
chidamide with Decitabine greatly induced acetylation of
histone H3 and H3K9 that coincide with the up-regulated
cell apoptosis, apoptosis protein and tumor repressor
genes. Collectively, these results suggest that decitabine
can enhance the activity of chidamide and indicate that
aberrant methylation of DNA may have a synergetic
effect with the aberrant activation of histone deacetylase
contributing to the pathogenesis and development of HL.
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Figure 6: Expression of PU.1 and KLLF4 gene after treated with chidamide and decitabine. (a) Expression PU.1 and KLF4 gene
in Hs445 after 48 hours treatment of chidamide and decitabine alone and combination, the concentrations were detailed in text; (b) expression
PU.1 and KLF4 gene in 1428 after 48 hours treatment of chidamide and decitabine alone and combination at indicated concentration.
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Histone  modifications include acetylation,
methylation, ubiquitination and phosphorylation, and
these modifications deeply interact with each other.
Combinatorial PTMs form a complex “modifying
language” that is interpreted by PTM-specific histone-
interacting protein modules [29]. Although decitabine is a
DNA demethylating drug, it also decreases the methylation
of histones in HL cell lines [30]. In summary, our study
showed that chidamide and decitabine can synergistically
up-regulating tumor repressor genes, subsequent cell
apoptosis induction. This finding indicates that the drug
combination exerts the synergism through changing the
“modifying language” to affect the anti-oncogenes.

MATERIALS AND METHODS

Cell lines and cell culture

The human HL cell lines Hs445 (Cobioer Bioscience,
Nanjing, China) and L428 (Cobioer Bioscience, Nanjing,
China) were cultured in complete RPMI 1640 medium as
described earlier [16]. Cells were treated with Chidamide
(Chipscreen, Shenzhen, China) and Decitabine (Hansoh,
Jiangsu, China) alone or in combination at various
concentrations. MTT assay was used to measure inhibitory
effect as previously described [31].

Cell-cycle analysis and apoptosis assay

After incubation the cells were collected and washed
with PBS. The cells were fixed overnight in 75% ice-cold
ethanol. The cells were harvested and washed by PBS
and then incubated with 50pug/ml PI (propidium iodide)
and 100pg/ml RNase A for 1 h. The DNA content was
analyzed by flow cytometry (Beckman Coulter). Annexin
V-FITC/PI staining assay was used for apoptosis assay and
performed according to the manufacturer’s instructions
(Four A Biotech, Beijing, China).

Analysis of mitochondrial transmembrane
potential

Changes of the mitochondrial transmembrane
potential were measured by JC-1 staining flow cytometry.
Hs445 and L1428 cells were collected and incubated
with the mitochondrial membrane potential-sensitive
fluorescent dye JC-1 for 20 min at 37°C, and then
centrifuged at 1000 r/m for 3 min and washed in PBS for
2 times followed by supernatant discarded, precipitate was
resuspended with 200pL PBS and immediately analyzed
with a flow cytometer.

Western blot analysis

After different treatment the cells were collected and
washed in ice cold PBS, added with Cocktail cell lysis

solution (Roche Molecular Bio chemicals, Indianapolis,
IN, USA) and 1% phosphatase inhibitors (Kaiji Biological
Technology, Nanjing, China) and lysed on ice for 40
minutes. The cell lysates were then centrifuged at 12000
RPM for 20 min at 4°C and the supernatant collected.
The protein levels of all samples were quantified by a
BCA assay according to the manufacturer’s instructions
(Kangwei Century Biotechnology, Beijing, China).
Protein samples were equalized and separated by SDS/
PAGE and transferred to PVDF membrane (Millipore)
and detected by chemiluminescent HRP (horseradish
peroxidase) substrate (Millipore). The antibodies used
were as following: anti-Cleaved-PRAP1 (Cell Signaling
Technology); anti-[acetyl-histone H3 (Lys9)] (Abcam);
anti-GAPDH (ZSGB Bio, Beijing, China); anti-[acetyl-
histone H3] (Abcam).

RNA extraction and real-time PCR

Total RNA from cell lines was extracted using
Trizol (Invitrogen, Carlsbad, CA) and converted to
cDNAs using Reverse Transcription kit (TaKaRa
Biotechnology) according to the manufacturer’s
instructions. SYBR Green Q-PCR reagent (Bio-tol)
was used to detect expression of two tumor suppressor
genes PU.1 and KLF4. The primer for PU.1 was
Forward ATGACGTGTGTTGAACAAGACA, Reverse
CGATGGTTGATTAAAGCCAGGT, the primer for KLF4
was Forward CCCACATGAAGCGACTTCCC, Reverse
CAGGTCCAGGAGATCGTTGAA. Reactions were
performed using a Bio-Red Real-Time PCR system. The
expression levels of GAPDH were used to normalize the
relative expression levels of both genes.

Statistical analyses

GraphPad Prism 5.0 software was used to calculate
IC50 (half the maximal inhibitory concentration)
for each cell line. Combinational indexes (CI) were
calculated using Calcusyn Version 2.0 software. Values
<1 represents synergistic effect of the two drugs,
values equal to 1 indicates the mean additive effect
of the drugs, and values >1 represents an antagonistic
effect. Relative risk ratio (RRR) was also used as a
model for establishing synergy between two drugs.
RRR is based on calculating the ratio between the
actual value and expected value (EV). In the case of
2 cytotoxic compounds, EV is calculated by formula:
EV=NAxNB/100, where NA represents the percentage
of viable cells in the sample treated with drug A and
NB represents the percentage of viable cells in the
sample treated with drug B. RRR values<l represents
the synergistic effect of the 2 drugs: values equal to
1 indicates the mean additive effect of the drugs; and
values>1 represents an antagonistic effect.

www.impactjournals.com/oncotarget

77592

Oncotarget



Abbreviations

Hodgkin lymphoma HL; histone acetyltransferase
HDAC,; Combinational indexes CI; Relative risk ratio
RRR; expected value EV; post-translational modifications
PTMs; diffuse large B cell lymphoma DLBCL.

Author contributions

TJ started and performed most experiments and
wrote the manuscript. LJH, FIW and XMC performed
western blot and wrote the manuscript. YQJ started
this study, supervised all experiment and made critical
modification of the manuscript. YHZ supervised all
experiment and made critical modification of the
manuscript. TL supervised part experiment and made
critical modification of the manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

FUNDING

None.

REFERENCES

1. Yang QP, Zhang WY, Yu JB, Zhao S, Xu H, Wang WY, Bi
CF, Zuo Z, Wang XQ, Huang J, Dai L, Liu WP. Subtype
distribution of lymphomas in Southwest China: analysis of
6,382 cases using WHO classification in a single institution.
Diagn Pathol. 2011; 6:77.

2. SunJ, Yang Q, Lu Z, He M, Gao L, Zhu M, Sun L, Wei L,
Li M, Liu C, Zheng J, Liu W, Li G, Chen J. Distribution
of lymphoid neoplasms in China: analysis of 4,638 cases
according to the World Health Organization classification.
Am J Clin Pathol. 2012; 138:429-434.

3. Meyer RM, Gospodarowicz MK, Connors JM, Pearcey
RG, Wells WA, Winter JN, Horning SJ, Dar AR, Shustik
C, Stewart DA, Crump M, Djurfeldt MS, Chen BE, et al.
Group NCT and Eastern Cooperative Oncology G. ABVD
alone versus radiation-based therapy in limited-stage
Hodgkin's lymphoma. N Engl J Med. 2012; 366:399-408.

4. von Tresckow B, Plutschow A, Fuchs M, Klimm B,
Markova J, Lohri A, Kral Z, Greil R, Topp MS, Meissner J,
Zijlstra JM, Soekler M, Stein H, et al. Dose-intensification
in early unfavorable Hodgkin's lymphoma: final analysis of
the German Hodgkin Study Group HD14 trial. J Clin Oncol.
2012; 30:907-913.

5. Ramchandren R. Advances in the treatment of relapsed

or refractory Hodgkin's lymphoma. Oncologist. 2012;
17:367-376.

10.

11.

12.

13.

14.

15.

16.

Czyz A, Lojko-Dankowska A, Dytfeld D, Nowicki A, Gil
L, Matuszak M, Kozlowska-Skrzypczak M, Kazmierczak
M, Bembnista E, Komarnicki M. Prognostic factors and
long-term outcome of autologous haematopoietic stem
cell transplantation following a uniform-modified BEAM-
conditioning regimen for patients with refractory or
relapsed Hodgkin lymphoma: a single-center experience.
Med Oncol. 2013; 30:611.

Wang Z, Li L, Su X, Gao Z, Srivastava G, Murray PG,
Ambinder R, Tao Q. Epigenetic silencing of the 3p22 tumor
suppressor DLEC1 by promoter CpG methylation in non-
Hodgkin and Hodgkin lymphomas. J Transl Med. 2012;
10:209.

Yuki H, Ueno S, Tatetsu H, Niiro H, lino T, Endo S,
Kawano Y, Komohara Y, Takeya M, Hata H, Okada S,
Watanabe T, Akashi K, et al. PU.1 is a potent tumor
suppressor in classical Hodgkin lymphoma cells. Blood.
2013; 121:962-970.

Guan H, Xie L, Leithauser F, Flossbach L, Moller P, Wirth
T, Ushmorov A. KLF4 is a tumor suppressor in B-cell non-
Hodgkin lymphoma and in classic Hodgkin lymphoma.
Blood. 2010; 116:1469-1478.

Gloghini A, Buglio D, Khaskhely NM, Georgakis
G, Orlowski RZ, Neelapu SS, Carbone A, Younes
A. Expression of histone deacetylases in lymphoma:
implication for the development of selective inhibitors. Br
J Haematol. 2009; 147:515-525.

Adams H, Fritzsche FR, Dirnhofer S, Kristiansen G,
Tzankov A. Class I histone deacetylases 1, 2 and 3 are
highly expressed in classical Hodgkin's lymphoma. Expert
Opin Ther Targets. 2010; 14:577-584.

Buglio D, Georgakis GV, Hanabuchi S, Arima K,
Khaskhely NM, Liu YJ, Younes A. Vorinostat inhibits
STAT6-mediated TH2 cytokine and TARC production and
induces cell death in Hodgkin lymphoma cell lines. Blood.
2008; 112:1424-1433.

Plimack ER, Kantarjian HM, Issa JP. Decitabine and its
role in the treatment of hematopoietic malignancies. Leuk
Lymphoma. 2007; 48:1472-1481.

Yanez L, Bermudez A, Richard C, Bureo E, Iriondo A.
Successful induction therapy with decitabine in refractory
childhood acute lymphoblastic leukemia. Leukemia. 2009;
23:1342-1343.

Benton CB, Thomas DA, Yang H, Ravandi F, Rytting
M, O'Brien S, Franklin AR, Borthakur G, Dara S, Kwari
M, Pierce SR, Jabbour E, Kantarjian H, Garcia-Manero
G. Safety and clinical activity of 5-aza-2'-deoxycytidine
(decitabine) with or without Hyper-CVAD in relapsed/
refractory acute lymphocytic leukaemia. Br J Haematol.
2014; 167:356-365.

Guan H, Xie L, Klapproth K, Weitzer CD, Wirth
T, Ushmorov A. Decitabine represses translocated
MYC oncogene in Burkitt lymphoma. J Pathol. 2013;
229:775-783.

www.impactjournals.com/oncotarget

77593

Oncotarget



18.

19.

20.

21.

22.

23.

Kalac M, Scotto L, Marchi E, Amengual J, Seshan VE,
Bhagat G, Ulahannan N, Leshchenko VV, Temkin AM,
Parckh S, Tycko B, O'Connor OA. HDAC inhibitors and
decitabine are highly synergistic and associated with
unique gene-expression and epigenetic profiles in models
of DLBCL. Blood. 2011; 118:5506-5516.

Buglio D, Mamidipudi V, Khaskhely NM, Brady H,
Heise C, Besterman J, Martell RE, MacBeth K, Younes
A. The class-1 HDAC inhibitor MGCDO0103 induces
apoptosis in Hodgkin lymphoma cell lines and synergizes
with proteasome inhibitors by an HDAC6-independent
mechanism. Br J] Haematol. 2010; 151:387-396.

Klein JM, Henke A, Sauer M, Bessler M, Reiners KS,
Engert A, Hansen HP, von Strandmann EP. The histone
deacetylase inhibitor LBH589 (panobinostat) modulates
the crosstalk of lymphocytes with Hodgkin lymphoma cell
lines. PLoS One. 2013; 8:¢79502.

Subbiah V, Brown RE, McGuire MF, Buryanek J, Janku
F, Younes A, Hong D. A novel immunomodulatory
molecularly targeted strategy for refractory Hodgkin's
lymphoma. Oncotarget. 2014; 5:95-102. https://doi.
org/10.18632/oncotarget.1468.

Gong K, Xie J, Yi H, Li W. CS055 (Chidamide/HBI-8000),
a novel histone deacetylase inhibitor, induces G1 arrest,
ROS-dependent apoptosis and differentiation in human
leukaemia cells. Biochem J. 2012; 443:735-746.

Ning ZQ, Li ZB, Newman MJ, Shan S, Wang XH, Pan DS,
Zhang J, Dong M, Du X, Lu XP. Chidamide (CS055/HBI-
8000): a new histone deacetylase inhibitor of the benzamide
class with antitumor activity and the ability to enhance
immune cell-mediated tumor cell cytotoxicity. Cancer
Chemother Pharmacol. 2012; 69:901-909.

Seitz V, Thomas PE, Zimmermann K, Paul U, Ehlers A,
Joosten M, Dimitrova L, Lenze D, Sommerfeld A, Oker
E, Leser U, Stein H, Hummel M. Classical Hodgkin's

24.

25.

26.

27.

28.

29.

30.

31.

lymphoma shows epigenetic features of abortive plasma
cell differentiation. Haematologica. 2011; 96:863-870.

Eberth S, Schneider B, Rosenwald A, Hartmann EM,
Romani J, Zaborski M, Siebert R, Drexler HG, Quentmeier
H. Epigenetic regulation of CD44 in Hodgkin and non-
Hodgkin lymphoma. BMC Cancer. 2010; 10:517.

Murray PG, Fan Y, Davies G, Ying J, Geng H, Ng KM, Li
H, Gao Z, Wei W, Bose S, Anderton J, Kapatai G, Reynolds
G, et al. Epigenetic silencing of a proapoptotic cell adhesion
molecule, the immunoglobulin superfamily member IGSF4,
by promoter CpG methylation protects Hodgkin lymphoma
cells from apoptosis. Am J Pathol. 2010; 177:1480-1490.
Ushmorov A, Ritz O, Hummel M, Leithauser F,
Moller P, Stein H, Wirth T. Epigenetic silencing of the
immunoglobulin heavy-chain gene in classical Hodgkin
lymphoma-derived cell lines contributes to the loss of
immunoglobulin expression. Blood. 2004; 104:3326-3334.
Strahl BD, Allis CD. The language of covalent histone
modifications. Nature. 2000; 403:41-45.

Qiao Z, Ren S, Li W, Wang X, He M, Guo Y, Sun L, He
Y, Ge Y, Yu Q. Chidamide, a novel histone deacetylase
inhibitor, synergistically enhances gemcitabine cytotoxicity
in pancreatic cancer cells. Biochem Biophys Res Commun.
2013; 434:95-101.

Su Z, Denu JM. Reading the Combinatorial Histone
Language. ACS Chem Biol. 2015.

Kato N, Fujimoto H, Yoda A, Oishi I, Matsumura N, Kondo
T, Tsukada J, Tanaka Y, Imamura M, Minami Y. Regulation
of Chk2 gene expression in lymphoid malignancies:
involvement of epigenetic mechanisms in Hodgkin's
lymphoma cell lines. Cell Death Differ. 2004; 11:S153-161.
Shimizu R, Kikuchi J, Wada T, Ozawa K, Kano Y, Furukawa
Y. HDAC inhibitors augment cytotoxic activity of rituximab
by upregulating CD20 expression on lymphoma cells.
Leukemia. 2010; 24:1760-1768.

www.impactjournals.com/oncotarget

77594

Oncotarget





