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Abstract
Background: Histone deacetylase inhibitors (HDACIs) have distinctive epigenetic targets involved in
hepatocarcinogenesis and chemoresistance. A recent phase I/II study reported the possibility of HDACI as a
chemosensitizer in sorafenib-resistant patients. In this study, we evaluated whether CKD-5, a novel pan-HDACI, can
potentiate the efficacy of sorafenib.
Methods: The anticancer effect of CKD-5 with and without sorafenib was evaluated in vitro using an MTS assay
with human HCC cells (SNU-3058 and SNU-761) under both normoxic and hypoxic conditions. Microarray analysis
was performed to investigate the mechanism of cell death, which was also evaluated by small interfering RNA
(siRNA) transfection and subsequent immunoblot assays. In vivo experiments were conducted using two different
murine HCC models. C3H mice implanted with MH134 cells and C57BL/6 mice implanted with RIL-175 cells were
treated with weekly CKD-5 with and without sorafenib for 2 weeks.
Results: CKD-5 treatment significantly suppressed human HCC cell growth in both normoxic and hypoxic
conditions. Microarray analysis and real-time PCR showed that CKD-5 treatment significantly increased peripherin
expression in HCC cells and that downregulation of peripherin by siRNA decreased CKD-5-induced apoptosis. The
combination of CKD-5 and sorafenib decreased cell viability more effectively than sorafenib or CKD-5 monotherapy
in human and murine HCC cells. The effectiveness of the combination therapy was consistently demonstrated in
the animal models. Histological and biochemical analyses demonstrated good tolerance of CKD-5 plus sorafenib
in vivo.
Conclusion: CKD-5 may enhance sorafenib efficacy through epigenetic regulation. The combination of CKD-5 and
sorafenib might be a novel therapeutic option for the treatment of HCC.
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Background
Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver. Liver cancer is predicted to
be the fifth most commonly diagnosed cancer and the second leading cause of cancer mortality worldwide in 2018
[1]. Owing to its global disease burden and poor prognosis,
HCC remains a major global health problem. There are
various effective treatments for early to intermediate stage
HCC such as surgical resection, radiofrequency ablation,
trans-arterial chemoembolization, and transplantation. In
contrast, patients with advanced HCC have very poor
prognoses and limited effective treatments. Sorafenib, a
multi-kinase inhibitor, was established as a standard treatment for advanced HCC patients based on the results of
the SHARP (Sorafenib HCC Assessment Randomized
Protocol) trials [2]. In clinical practice, however, there have
been limitations in treating advanced HCC patients with
sorafenib because it has demonstrated limited survival
benefits with low tumor response rates, suggesting the existence of sorafenib-resistance [3]. To overcome these limitations of sorafenib, combination therapies with various
treatment modalities such as locoregional treatment [4–6],
conventional chemotherapy [7–9], and novel targeted
agents [10–12] have been tried.
Histone deacetylase inhibitors (HDACIs) have been
extensively studied and are considered promising anticancer agents based on preclinical and clinical trials [13,
14]. Many clinical trials have proved the efficacy of
HDACIs in hematologic malignancies, including various
kinds of lymphoma, and in thymoma and melanoma
[14]. Based on the positive results of these clinical trials,
the US FDA firstly approved panobinostat, one of
HDACIs, for treatment of progressive or relapsed T cell
lymphoma in the United States in 2006; it was approved
in Korea in 2012. Also, HDACI efficacy against advanced
HCC has been suggested in a preclinical study [15].
CKD-5 is a novel hydroxamic acid-based pan-HDACI
under investigation for the treatment of various tumor
types. In preclinical in vitro and in vivo studies, CKD-5
has demonstrated strong anti-tumor effects against multiple myeloma and cutaneous T-cell lymphoma [16, 17].
CKD-5 has also shown considerable cytotoxicity in multiple solid tumor cell lines and xenograft mouse models of
colon, prostate, and lung cancer [18]. A phase I study of
CKD-5 recently reported promising results with minimal
side effects and modest anti-tumor efficacy in patients
with lymphoma or multiple myeloma refractory to standard therapy [19]. In this study, we demonstrated that
CKD-5 has consistent anti-tumor effects in various HCC
cell lines and xenograft mice models, which is further potentiated when combined with sorafenib. This preclinical
study establishes a rationale for clinical studies of HDACI
therapy for HCC.
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Methods
Cell lines and cell culture

Five HCC cell lines were used: Huh-7, a well differentiated HCC cell line [20]; SNU-761, a poorly differentiated
HCC cell line [21]; SNU-3058, a hypovascular HCC cell
line provided by the Korea Cell Line Bank; MH-134 [22]
and RIL-175 (provided by Professor T. Greten, NIH)
murine HCC cell lines. Cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum (FBS), 100,
000 U/L penicillin and 100 mg/L streptomycin with or
without 100 mM insulin [23]. In all experiments, cells
were serum-starved overnight before the experiments to
avoid the effect of serum-induced signaling. Cells were
incubated under either standard normoxic (20% O2 and
5% CO2 at 37 °C) or hypoxic (1% O2, 5% CO2, and 94%
N2 at 37 °C) conditions. As hypoxia induced by the
rapid-growing nature of HCC, plays a critical role in
HCC malignance and treatment failure, we performed
the experiments in both normoxic and hypoxic conditions [24].
Reagents and animals

CKD-5, a novel HDACI, was provided by Chong Kun
Dang Pharmaceutical Corp. (Seoul, Korea). Panobinostat
was purchased from Novartis Pharmaceuticals (East
Hanover, NJ, USA). Sorafenib was purchased from LC
Laboratories (Woburn, MA, USA). C3H mice and
C57BL/6 mice were purchased from Orient Bio Inc.
(Seongnam, Korea) for in vivo experiments.
Cell proliferation analysis (MTS assay)

Cell proliferation was measured on the basis of cellular
conversion of the colorimetric reagent 3,4-(5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) into soluble formazan by dehydrogenase enzyme found in metabolically
proliferating cells with the Cell Titer 96 Aqueous One
Solution cell proliferation assay (Promega, Madison, WI)
[25]. Following each treatment, 20 μL of dye solution
was added into each well in 96-well plate and incubated
for 2 h. The absorbance was recorded at a wavelength of
490 nm using an enzyme-linked immunosorbent assay
plate reader (Molecular Devices, Sunnyvale, CA, USA).
Complementary deoxyribonucleic acid (cDNA) microarray
analysis

To compare relative gene expression profiles in human
HCC cells after HDACI treatment, total ribonucleic
acids (RNAs) from Huh-7 cells treated with HDACI
(M171) or control reagent were extracted and purified.
Microarray analysis was performed according to the
Macrogen Rat Bead Chip technical manual (Macrogen,
Seoul, Korea) using an Illumina RatRef-12 Expression
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Bead Chip (Illumina, Inc., San Diego, CA, USA) [25]. Biotinylated cRNAs were prepared from 0.55 μg quantities
of total RNA using the Illumina Total Prep RNA Amplification Kit (Ambion, Austin, TX, USA). After fragmentation, cRNAs were hybridized to the Illumina RatRef-12
Expression Bead Chip in 0.75 μg quantities using protocols provided by the manufacturer. Arrays were scanned
using the Illumina Bead Array Reader Confocal Scanner.
Array data export processing and analysis were performed using Illumina Bead Studio v3.1.3 (Gene Expression Module v3.3.8).
Real-time polymerase chain reaction (PCR) analysis

Total RNA was extracted using Trizol Reagent (Invitrogen,
Carlsbad, CA, USA). cDNA templates were synthesized
using oligo-dT random primers and Moloney murine
leukemia virus reverse transcriptase. After the reverse transcription reaction, the cDNA template was amplified by
PCR using Taq polymerase (Invitrogen) [26]. Peripherin
and glutathione peroxidase 4 (GPX4) were quantitated by
real-time PCR (LightCycler; Roche Molecular Biochemicals, Mannheim, Germany) using SYBR green as the fluorophore (Molecular Probes, Eugene, OR, USA). After
electrophoresis in 1% agarose gel, the portion of gel containing the expected peripherin PCR product was excised,
and the product was eluted into Tris-HCl using a DNA
elution kit (Qiagen, Valencia, CA, USA). Primers for peripherin were AGCTACTGGAAGGGGAGGAG (forward)
and CGGGTCTCAATTGTCCTGAT (reverse) [27, 28],
and primers for GPX4 were TAAGAACGGCTGCGTG
GTGAAG (forward) and AGAGATAGCACGGCAGGT
CCTT (reverse) [29]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression was used as a control. Peripherin mRNA expression levels were calculated as
the relative intensity of the PCR product bands compared
with those of the GAPDH gene using the 2–ΔΔCt method.
All PCR experiments were performed in triplicate.
Small interfering RNA (siRNA) transfection

Cells were seeded in a 6-well culture plate (2 × 105 cells/
well) in 2 mL antibiotic-free medium supplemented with
10% FBS. At 60–80% confluence, the cells were transfected with siRNA using the siRNA Transfection Reagent
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) according to the manufacturer’s instructions. The cells were
treated with siRNA for 6 h at 37 °C and growth medium
containing 20% FBS and antibiotics was added. After 18 h,
the medium was replaced with fresh medium containing
10% FBS and antibiotics, and 24 h after transfection, the
cells were used in the subsequent experiments [25].
Immunoblot analysis

For the immunoblot analysis, 20 nM CKD-5 was treated
24 h before, followed by treatment with 2 μM sorafenib.
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Cells were lysed on ice for 20 min using lysis buffer (50
mM Tris-HCl, pH 7.4; 1% Nonidet P-40, 0.25% sodium
deoxycholate; 150 mM NaCl; 1 mmol/L EDTA; 1 mM
phenylmethylsulfonyl-fluoride; 1 mM Na3VO4; 1 mM
NaF; and 1 mg/mL each of aprotinin, pepstatin, and leupeptin) and centrifuged at 14,000×g for 10 min at 4 °C.
50 μg and 30 μg of protein from SNU761 and SNU3058
cells, respectively, were loaded on a 12.5% SDS-PAGE
gel. Samples were transferred to nitrocellulose membranes, blotted with appropriate primary antibodies at a
dilution of 1:1000, and treated with peroxidaseconjugated secondary antibodies (Biosource International, Camarillo, CA, USA). Bound antibodies were
visualized using chemiluminescent substrate (ECL;
Amersham, Arlington Heights, IL, USA) and exposed to
Kodak X-OMAT film (Kodak, New Haven, CT, USA)
[25]. Primary antibodies included rabbit anti-caspase 9
and 7 (cleaved) (Cell Signaling Technology, Danvers,
MA, USA), anti-heat shock protein 90 (HSP90), anti-P21
(both from Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA), anti-GPX4, and anti-acetylated H3 (both
from Abcam, Cambridge, UK). A goat anti-actin antibody was also used (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA).
In vivo subcutaneous xenograft mouse models

MH-134 cells (2.5 × 106/mL in 100 μL of RPMI-1640)
were injected subcutaneously into the flank of 6-weekold C3H mice (n = 64) [30]. Randomization into 8
groups with 8 mice each group was performed when the
implanted MH-134 tumor bud reached a volume of 0.2
cm3 in more than 60% of mice: control, low dose of
CKD-5 (40 mg/kg), high dose of CKD-5 (60 mg/kg),
panobinostat (10 mg/kg), sorafenib (30 mg/kg), panobinostat (10 mg/kg) + sorafenib (30 mg/kg), low dose of
CKD-5 (40 mg/kg) + sorafenib (30 mg/kg), high dose of
CKD-5 (60 mg/kg) + sorafenib (30 mg/kg). CKD-5 was
injected intraperitoneally once a week (D0, D7) using a
solution of 0.9% saline. Panobinostat was injected intraperitoneally 3 times a week (D0, D2, D4, D7, D9, and
D11) using a solution of 0.9% saline with 10% ethanol
and 10% Cremophor (Sigma, St. Louis, MO) as vehicle.
Sorafenib was administered per gavage once daily (D0 to
D13) using 0.5% carboxymethylcellulose sodium as vehicle. Animals were euthanized on day 14 to acquire
tumor, liver, spleen, and blood samples for analysis. Euthanasia was performed by introducing 100% carbon dioxide gas in the chamber with a fill rate of 10 to 30% of
the chamber volume per minute.
Repeated experiments were performed using the same
mouse model with increased numbers of individuals in
each group. A total of 35 C3H mice implanted with
MH-134 HCC cells were assigned to 4 groups: control,
CKD-5 (60 mg/kg), sorafenib (30 mg/kg), and CKD-5
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(60 mg/kg)
plus
sorafenib
(30 mg/kg).
After
randomization into 4 groups, experiments were conducted using the same protocol as in the previous experiments. To validate the results obtained with the MH134/C3H mouse model, another xenograft mouse model
was established. RIL-175 cells (2.5 × 106/mL in 100 μL of
RPMI-1640) were injected into C57BL/6 mice [31], and
experiments using the same protocol were performed.
Tumor volumes were measured using a Vernier caliper
and calculated as a standard formula: π /6 x (length) x
(width) 2 [32]. Pathologic analysis was performed using
an Aperio image analyzer (Aperio Technologies, Inc.,
Vista, CA, USA). Staining positivity was defined as
strong positive and positive results on Aperio image
analysis.
Statistical analysis

All the experimental results were obtained from at least
3 independent in vitro experiments and at least 8 mice
in vivo experiments and presented as the mean ± standard deviation. For comparisons between groups, data
were analyzed by student t-test, Mann-Whitney U test
or one-way ANOVA. Before conducting Student’s t-test,
the normal distribution of variables was verified using
Shapiro-Wilk test; Levene’s test was performed to assess
the homogeneity of variables between groups. Bliss independent analysis was conducted to confirm the synergistic anticancer efficacy of combination treatment [33].
For all tests, P < 0.05 was regarded as statistically significant. Statistical analyses were performed using PASW
version 23.0 (IMB, Chicago, IL, USA).
Ethics statement

We carried out this study in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
The in vivo study protocol was approved by the Institutional Animal Care and Use Committee (IACUC No.
18–0077-S1A0, 17–0060-C1A0) of Seoul National University Hospital.

Results
CKD-5 affected cell viability and apoptosis in HCC cell
lines

CKD-5 treatment decreased SNU-761 and SNU-3085
cell proliferation in both normoxic and hypoxic conditions in a dose-dependent manner after 24-h incubation
(Fig. 1a), and the anti-tumor effect was further enhanced
after 48-h incubation (Fig. 1b). Also, CKD-5 enhanced
apoptosis of HCC cells compared to controls, represented by increased expression of caspase-7 and -9
cleavages (Fig. 2b). The cytotoxic efficacy of CKD-5 was
further compared with that of panobinostat, a previously
approved HDAC inhibitor, using SNU761 cells. Both
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panobinostat and CKD-5 treatments reduced cell proliferation, and the cytotoxic efficacy was more potent when
treated with CKD-5 than with panobinostat, especially in
combination with sorafenib (Supplementary Figure 1).
CKD-5 overexpressed peripherin in HCC cells, mediating
CKD-5-induced HCC apoptosis

We sought to identify molecules that had altered expression after HDACI treatment of HCC cells to explain the
mechanism of the CKD-5 anti-tumor effect. cDNA
microarray analysis (Supplementary Table 1 and Supplementary Figure 2) showed significant peripherin overexpression after HDACI treatment compared to levels in
controls with a 14.13-fold change. When SNU-761 and
SNU-3058 cells were exposed to CKD-5, peripherin
mRNA expression was significantly increased in both
cell lines (Fig. 2a).
To demonstrate the effect of CKD-5-induced peripherin overexpression in HCC cells, we transfected SNU761 and SNU-3058 cells with control or peripherin
siRNA and cultured the cells with CKD-5 for 24 h.
CKD-5-induced cleaved caspase-7 and -9 expression was
downregulated by peripherin knockdown with siRNA
(Fig. 2b), indicating that CKD-5 induces HCC cell apoptosis via peripherin overexpression. We examined the
expression of P21 and acetylated-HSP90, known to be
involved in anti-tumor mechanisms of HDACI, by western blot after CKD-5 treatment. Neither acetylation of
HSP90 nor p21 expression was altered after CKD-5
treatment (Fig. 2c), suggesting that HSP90 and p21 are
not involved in the anti-tumor mechanism of CKD-5.
CKD-5 and sorafenib synergistically inhibited HCC
proliferation

The cytotoxicity of co-treatment with CKD-5 and sorafenib was evaluated in SNU-761, SNU-3085, MH-134,
and RIL-175 cells. HCC cells were treated with 0–20 nM
of CKD-5 and 0–4 μM of sorafenib, followed by MTS
assay. Monotherapy with CKD-5 or sorafenib reduced
the viability of HCC cells in a dose-dependent manner,
and co-treatment with CKD-5 and sorafenib inhibited
HCC cell proliferation significantly more than either sorafenib or CKD-5 monotherapy in all four HCC cell
lines (Fig. 3). The synergistic anticancer efficacy of the
combination therapy with CKD-5 and sorafenib was
demonstrated by an excess over Bliss score > 0 in all the
investigated HCC cell lines (Supplementary Table 2).
The combination therapy of CKD-5 and sorafenib induced more apoptosis in HCC cells than either CKD-5
or sorafenib monotherapy, showing highly expressed
cleaved caspase-7 and -9 after CKD-5 and sorafenib
combination treatment (Fig. 4a). Histone acetylation
levels increased with CKD-5 and sorafenib monotherapy,
and the acetylation level was further increased by the
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Fig. 1 Anti-tumor effects of CKD-5 on SNU-761 and SNU-3085 after a 24-h and b 48-h incubation. CKD-5 treatment significantly attenuated HCC
cell proliferation in both normoxic and hypoxic conditions in a dose-dependent manner

combination treatment with CKD-5 and sorafenib
(Fig. 4b). Besides, the protein and mRNA expression of
GPX4 was reduced by sorafenib treatment, suggesting
that sorafenib induced ferroptosis in HCC cells. The effect was more significant in the combination treatment
with sorafenib and CKD-5, suggesting that the induction
of ferroptosis by sorafenib was further enhanced by
CKD-5 combination (Fig. 4b and c).
CKD-5 and sorafenib synergistically reduced tumor
volume in xenograft mouse models

First, 64 C3H mice implanted with MH-134 HCC cells
were divided into 8 groups (control, low-dose CKD-5,
high-dose CKD-5, panobinostat, sorafenib, panobinostat
plus sorafenib, low-dose CKD-5 plus sorafenib, and
high-dose CKD-5 plus sorafenib) and treated with each
drug or drug combination accordingly. After 2 weeks of
treatment, all the treatment groups exhibited

significantly more tumor volume reduction compared
with the control group (all P < 0.001, Supplement Figure
3). In comparison with the sorafenib group, the CKD-5
groups and the CKD-5 plus sorafenib groups showed
significantly decreased tumor volumes (all P < 0.001); in
contrast, the panobinostat group and the panobinostat
plus sorafenib group did not show decreased tumor volumes (both P = 1.000).
Based on these results, repeated experiments were performed using the same mouse model with increased numbers in each group to evaluate the synergistic effect of
combined CKD-5 and sorafenib. A total of 35 C3H mice
implanted with MH-134 HCC cells were assigned to the
following 4 groups: control, CKD-5 (60 mg/kg), sorafenib
(30 mg/kg), and CKD-5 (60 mg/kg) plus sorafenib (30 mg/
kg). After 2 weeks of treatment with each regimen, all the
treatment groups showed significantly more tumor volume reduction than the control group (all P < 0.001).
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Fig. 2 The mechanism of anti-tumor effects of CKD-5. a Peripherin mRNA was significantly overexpressed after CKD-5 treatment compared to control
treatment in both SNU-761 and SNU-3058 cells. b CKD-5 treatment increased cleaved caspase-7 and -9 expression, which was downregulated after
knockdown of peripherin with peripherin-specific siRNA in both SNU-761 and SNU-3058 cells. c Neither acetylated-HSP90 nor p21 expression was
altered after CKD-5 treatment in both SNU-761 and SNU-3058 cells
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Fig. 3 Synergistic anti-tumor effects of CKD-5 in combination with sorafenib on a SNU-761, b SNU-3058, c MH-134 and d RIL-175 cells.
Combination therapy of CKD-5 with sorafenib significantly decreased HCC cell proliferation compared to CKD-5 or sorafenib monotherapy

Additionally, the combination of CKD-5 and sorafenib resulted in significantly less tumor volume than either sorafenib (P < 0.001) or CKD-5 (P = 0.001) alone (Fig. 5a–c).
In a validation model of C57BL/6 mice implanted with
RIL-175 HCC cells, CKD-5 combined with sorafenib significantly inhibited tumor growth more than either sorafenib or CKD-5 (both P < 0.001) monotherapy (Fig. 5d–f).

mice (Fig. 5). Additionally, the CKD-5 treated mice
had decreased microvessel density compared to controls, which was enhanced by combination with sorafenib, resulting in lower vessel density than in the
control and sorafenib-treated mice (Fig. 6).

CKD-5 and sorafenib additively induced apoptosis and
reduced vessel density in HCC xenografts

The levels of creatinine, alanine transaminase (ALT),
and aspartate transaminase (AST) were examined to assess renal and hepatic toxicity of the combination therapy with CKD-5 and sorafenib. The combination
treatment group showed significantly lower levels of creatinine and ALT, and the CKD-5 group showed significantly lower levels of ALT and AST, than the control
group (Table 1). There were no significant differences in
body weight between the treatment groups. These

To further evaluate apoptosis and angiogenesis
in vivo, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) immunohistochemistry
and hematoxylin and eosin (H&E) staining were performed. TUNEL staining revealed a marked increase
of apoptotic cells in the tumor tissue of combination
treated mice compared to sorafenib or CKD-5 treated

Combination therapy with CKD-5 and sorafenib was welltolerated without evidence of renal and hepatic toxicity
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Fig. 4 a Cleaved caspase-7 and -9 were highly expressed with CKD-5 and sorafenib combination therapy. b CKD-5 and sorafenib monotherapy
increased acetylated histone H3 levels, which were further increased by the combination treatment with CKD-5 and sorafenib. GPX4 expression
was reduced by sorafenib treatment, and further decreased by the combination treatment of sorafenib and CKD-5. c mRNA expression of GPX4
was reduced by sorafenib treatment, which was further decreased by the combination treatment of sorafenib and CKD-5

biochemical results demonstrate that there was no renal
or hepatotoxicity in the combination therapy group.
Additionally, liver and spleen tissues of sacrificed mice
were extracted, and the degree of apoptosis was assessed
in both organs by TUNEL and H&E staining to identify
toxicities of each treatment. Little apoptosis of the liver

and spleen tissues was detected in all treatment groups
(Supplementary Figure 4).

Discussion
Sorafenib was the first approved targeted agent in advanced HCC, achieving a significantly prolonged

Chang et al. BMC Cancer

(2020) 20:1001

Page 9 of 13

Fig. 5 Changes in tumor volume over time after each treatment in (a) C3H mice implanted with MH-134 cells and (d) C57BL/6 mice implanted with RIL175 cells. Tumor volumes at the end of each treatment in (b) C3H mice implanted with MH-134 cells and (e) C57BL/6 mice implanted with RIL-175 cells.
Gross specimen of tumors at the end of each treatment in (c) C3H mice implanted with MH-134 cells and (f) C57BL/6 mice implanted with RIL-175 cells.
The numbers of mice assigned to each treatment group are as follows: control (n = 8), sorafenib (n = 9), CKD-5 (n = 9), and CKD-5 plus sorafenib (n = 9) in
C3H mice, control (n = 6), sorafenib (n = 7), CKD-5 (n = 7), and CKD-5 plus sorafenib (n = 7) in C57BL/6 mice. Combination therapy of CKD-5 with sorafenib
significantly suppressed tumor growth more than either sorafenib or CKD-5 monotherapy

median survival time of 10.7 months in the treatment
group compared to 7.9 months in a control group
that received supportive care only [2]. However, the
need for a new therapeutic agent or a combination
agent with sorafenib has emerged due to the limited
efficacy of sorafenib monotherapy [3]. Many clinical
trials investigating effective anti-tumor agents in combination with sorafenib have failed to prove the superiority of combination therapy over sorafenib
monotherapy [34]. In response to this need, we investigated the efficacy of the combination of sorafenib
and CKD-5, a novel pan-HDACI that was found to

have an acceptable safety profile in a phase I study
involving patients with multiple myeloma [19].
In this study, we demonstrated the anticancer effect of
CKD-5 in HCC, which was synergistically enhanced by sorafenib. In vitro, CKD-5 monotherapy reduced cell viability and induced HCC cell apoptosis, and peripherin was
involved in CKD-5-mediated HCC apoptosis. Other
known HDACI-related mediators such as P21 and HSP90
were not associated with CKD-5 treatment. When combined with sorafenib, CKD-5 synergistically inhibited
HCC proliferation. In vivo, CKD-5 alone decreased tumor
volume in treated mice compared to controls, and the
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Fig. 6 Apoptosis and microvessel density in tumor tissue after each treatment. Combination therapy of CKD-5 with sorafenib markedly increased
apoptosis and decreased vessel density compared with CKD-5 or sorafenib monotherapy

combination of CKD-5 and sorafenib synergistically reduced tumor volume in the mouse models. There were no
demonstrable major organ toxicities. These results indicate the potential efficacy and safety of combination therapy with CKD-5 and sorafenib.
Generally, HDACIs manifest a direct anti-cancer effect
by hyperacetylating histone or non-histone proteins.
Several HDACIs with proven clinical efficacy for cancer
treatment have received US FDA approval. Vorinostat
and romidepsin for cutaneous T-cell lymphoma [35, 36],
belinostat for relapsed or refractory peripheral T-cell
lymphoma [37], and panobinostat for multiple myeloma
[38] were sequentially approved. Although the anticancer effects of HDACIs are largely seen in hematologic
malignancies, they have also been demonstrated in
preclinical studies of solid cancers, particularly when administered in combination with various other treatments: with lapatinib in colon cancer [39], irradiation in
non-small cell lung cancer [40], and sorafenib in HCC
[15]. Further, in a recently reported case of panobinostat
treatment in combination with sorafenib, a patient with
advanced stage HCC showed a partial response [41]. We
used panobinostat as a combination agent with sorafenib
to compare its anticancer efficacy with CKD-5. As a

result, CKD-5 showed higher anticancer efficacy than
panobinostat when combined with sorafenib. This result
demonstrates that anti-cancer effects of various HDACIs
vary by tumor type and CKD-5 may have a greater efficacy in HCC than panobinostat.
We have identified peripherin as a possible mechanism
of anticancer activity of CKD-5 by cDNA microarray
analysis and it was validated with real-time PCR. Peripherin is a protein-coding gene that encodes a type III
intermediate filament protein found in the neurons of
the peripheral nervous system [42]. Its function and related diseases have not been fully understood, and there
are only reports confined to the nervous system, such as
axonal regrowth [43] or amyptrophic lateral sclerosis
[44–46]. Recently, Revill et al. [47] have reported peripherin as one of 13 novel tumor suppressor candidate
genes in HCC, although two other genes were finally selected after subsequent validation. Enrichr analysis
showed that peripherin was a negative target of the polycomb repressive complex 2 (PRC2) [48]. PRC2 is one of
the two classes of polycomb-group proteins, which has
histone methyltransferase activity and primarily methylates histone H3 [49, 50]. PRC2 is known to interact with
HDACs in transcriptional silencing and is related to

Table 1 Results of biochemical tests to evaluate renal and hepatic toxicity of sorafenib and CKD-5 treatment
Control

Sorafenib

CKD-5

CKD-5 + sorafenib

Creatinine (mg/dL)

0.43 ± 0.03

0.41 ± 0.04

0.39 ± 0.02

0.37 ± 0.04*

ALT (mg/dL)

221.50 ± 188.65

78.44 ± 45.41*

67.75 ± 41.98*

70.00 ± 30.71*

AST (mg/dL)

578.25 ± 166.24

452.7 ± 77.16

378.88 ± 154.01*

412.38 ± 91.83

Weight (g)

25.62 ± 0.94

24.97 ± 0.97

24.76 ± 1.27

24.67 ± 1.17

ALT Alanine transaminase, AST Aspartate transaminase
*
P < 0.05 compared to control
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tumor suppressor loss [51, 52]. These studies suggest
that CKD-5-induced peripherin may act as a tumor suppressor by repressing PRC2.
A recent study has reported that inhibition of HDAC
is one of the anticancer activities of sorafenib, and upregulated HDAC activity may contribute to the development of sorafenib resistance [53]. In this study, we
demonstrated that both CKD-5 and sorafenib increased
histone acetylation, which was further enhanced with
combination of CKD-4 and sorafenib. These findings
suggest that CKD-5, a novel HDACi, enhanced the anticancer activity of sorafenib by amplifying the HDAC inhibitory activity of sorafenib. Several reports showed that
the anticancer efficacy of sorafenib was enhanced or restored by HDAC inhibition with various agents. Statins
have been reported to assist in overcoming the hypoxic
resistance of HCC cells to sorafenib by inhibition of
HDAC [54]. Methotrexate showed synergistic anticancer
effects in combination with sorafenib through HDAC inhibition [55]. Panobinostat, the first reported HDACI,
showed synergistic anticancer efficacy with sorafenib in
a preclinical study and a case report [15, 41]. In the
present study, CKD-5 demonstrated superior anticancer
efficacy compared to panobinostat in combination with
sorafenib.
Ferroptosis is a recently recognized mechanism of regulated cell death that is distinct from apoptosis and
necroptosis [56]. Glutathione peroxidase 4 (GPX4) is
known as the central regulator of ferroptosis; a decrease
in GPX4 expression is a signal of ferroptosis Ferroptosis
is involved in various diseases, including cancer [57],
and sorafenib induces ferroptosis in HCC [58]. This was
also confirmed in our study. Furthermore, we found that
the induction of ferroptosis was enhanced by the combination of sorafenib with CKD-5.
There are several limitations in this study. Although
the synergistic anticancer effect of combination therapy
with CKD-5 and sorafenib was demonstrated using an
appropriate statistical model, the synergistic efficacy was
less significant in vitro than in vivo. The synergistic effects of CKD-5 and sorafenib may be achieved by modulating the tumor microenvironement as well as the
cancer cells directly. Second, the role of peripherin in
the synergistic anticancer effect of CKD-5 and sorafenib
has not been investigated in this study. Further studies
are needed to understand the mechanism of such
synergism.
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