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Abstract

The present study evaluated the anti-cancer activity of histone deacetylase (HDAC)-inhibiting CKD-581 in multiple myeloma (MM)
and its pharmacological mechanisms. CKD-581 potently inhibited a broad spectrum of HDAC isozymes. It concentration-de-
pendently inhibited proliferation of hematologic cancer cells including MM (MM.1S and RPMI8226) and T cell ymphoma (HH and
MJ). It increased the expression of the dishevelled binding antagonist of p-catenin 3 (DACT3) in T cell lymphoma and MM cells,
and decreased the expression of c-Myc and B-catenin in MM cells. Additionally, it enhanced phosphorylated p53, p21, cleaved
caspase-3 and the subG1 population, and reversely, downregulated cyclin D1, CDK4 and the anti-apoptotic BCL-2 family. Finally,
administration of CKD-581 exerted a significant anti-cancer activity in MM.1S-implanted xenografts. Overall, CKD-581 shows anti-
cancer activity via inhibition of the Wnt/B-catenin signaling pathway in hematologic malignancies. This finding is evidence of the
therapeutic potential and rationale of CKD-581 for treatment of MM.
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INTRODUCTION

Multiple myeloma (MM) is a cancer originating from plasma
cells (Bergsagel and Kuehl, 2005). MM is the second most
frequent hematologic malignancy; approximately 10% of the
all hematologic malignancy patients are diagnosed with MM
(Rajkumar et al., 2014). Although the survival rate of patients
has been improved due to the development of effective agents
such as proteasome inhibitors, immunomodulatory drugs and
monoclonal antibodies, MM patients eventually become resis-
tant to all forms of chemotherapies (de la Puente et al., 2014;
Giuliani et al., 2019; Imai et al., 2019). Hence, new therapeutic
options for resistant patients are urgently needed.

The diverse roles of epigenetic modifications of DNA and
histones in cancer development have been extensively stud-
ied (Li and Seto, 2016). Among them, histone acetylation is
controlled by two enzymes, histone acetyltransferase (HAT)
and histone deacetylases (HDAC) (Sanchez et al., 2011; Singh
et al., 2018). HATs are enzymes that acetylate lysine residues
of the target proteins, and HDACs remove acetyl groups from
lysine residues (Singh et al., 2018). Imbalances between HAT
and HDAC activities are associated to the development and

progression of many cancers (Sanchez et al., 2011; Dawson
and Kouzarides, 2012). Also, loss of acetylation and aber-
rant expression of various HDACs seem to be related to poor
prognosis in cancer patients. For example, loss of acetyla-
tion in histone H4 lysine 16 (H4K16) is considered to be a
tumor hallmark (Fraga et al., 2005) and a predictive marker of
poor prognosis in breast cancer (Elsheikh et al., 2009). More-
over, high expression levels of HDAC1, 2 and 3 are closely
related to poor outcomes in ovarian and gastric cancer pa-
tients (Weichert et al., 2008a, 2008b). In MM, dysregulation
of histone acetylation is also believed to be a critical patho-
genic process (Imai et al., 2019). HDACs are frequently over-
expressed in plasma cells sampled from MM patients (Yuan
et al., 2019), and higher HDAC expression is correlated with
poor overall-survival and progression-free survival outcomes
in MM patients (Mithraprabhu et al., 2014). Hence, it has been
suggested that HDACs are an attractive therapeutic target for
MM treatment (Sivaraj et al., 2017).

CKD-581 is a pan-HDAC inhibitor that targets class I-II
HDACs (Kim et al., 2020). A phase | clinical study was con-
ducted to evaluate the safety and tolerability of CKD-581 for
patients with lymphoma and MM. CKD-581 was well tolerated,
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and 44.4% patients achieved a stable disease (SD) or better
(Cho et al., 2018). CKD-581 combination with standard che-
motherapy was evaluated in patients with previously-treated
MM. Combination of CKD-581, lenalidomide and dexametha-
sone was safe and objective response rate (ORR) was 70%
(Min et al., 2019).

Whnt/B-catenin signal transduction plays a critical role in the
regulation of cell proliferation, differentiation and apoptosis in
MM cells (Kim et al., 2011). Dishevelled binding antagonist of

Ac-H3 ‘

e

Ac-H4 ‘

Ac-tubulin
Tubulin ‘---—-‘ ’- - .- . -‘

f3-catenin 3 (DACT3) is known to be a key regulator of Wnt/f-
catenin signaling in esophageal squamous cell carcinoma,
colorectal, breast and lung cancer types (Jiang et al., 2008; Xi
et al., 2010; Beltran et al., 2011; Ren et al., 2017; Zhao et al.,
2017). Notwithstanding a recent report demonstrating DACT3
to be a negative regulator of the Wnt/B-catenin pathway (Ji-
ang et al., 2008), HDAC-dependent DACTS3 regulation and its
function on the Wnt/B-catenin pathway have yet to be stud-
ied in hematologic malignancies. In the present study, we re-
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Fig. 1. CKD-581 increases acetylated proteins and suppresses cell proliferation in hematologic cancer cells. (A) The chemical structure of
CKD-581. (B) Acetylation of histone H3, H4 and tubulin. MM.1S cells were treated with 30-1000 nM CKD-581 or SAHA for 6 h. Acetylation
of proteins was analyzed by immunoblottings. (C) Inhibitory effects of CKD-581 and SAHA on cell viabilities of hematologic cancer cell lines.
All data represent mean + SEM of at least three independent experiments.
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vealed that CKD-581 (alteminostat), a novel pan-HDAC inhibi-
tor, downregulated oncoproteins with DACT3 induction in MM
cells, and further, we elucidated its pharmacological effective-
ness in MM xenograft experiments.

MATERIALS AND METHODS

Antibodies and compounds

Suberoylanilide hydroxamic acid (SAHA, Vorinostat) was
obtained from Sigma-Aldrich (St. Louis, MO, USA). CKD-581
(purity 98.80%, M.W. 588.72) was supplied from CKD Phar-
maceutical Corporation (Seoul, Korea). CellTiter-Glo lumi-
nescent cell viability assay kit was purchased from Promega
(Madison, WI, USA). Antibodies recognizing DACT1, DACTS3,
B-catenin, Cyclin D1, CDK4, p53, BCL-xL and BCL-2 were
supplied from Santa Cruz Biotechnology (Dallas, TX, USA).
Antibodies against histone H3, acetylated histone H3, histone
H4, acetylated histone H4, acetylated tubulin, p21, phospho-
p53 cleaved-caspase 3, AKT, phospho-AKT, p70S6K, phos-
pho-p70S6K (Thr389), mTOR and phospho-mTOR (Ser2448)
were obtained from Cell Signaling Technology (Danvers, MA,
USA). Antibodies targeting DACT2, c-Myc and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

HDAC enzyme assay

In vitro HDAC enzyme assays were performed by Reac-
tion Biology Corporation (Malvern, PA, USA). Ten points dose
response curve for CKD-581 was evaluated for each HDAC
isozymes. ICs, values for HDAC isozymes were calculated us-
ing the GraphPad Prism 5 program (Irvine, CA, USA). The
values are presented as average of at least three different ex-
periments.

Cell culture

Human multiple myeloma cell lines (MM.1S and RPMI18226)
and human T cell lymphoma cell lines (HH and MJ) were ob-
tained from American Type Culture Collection (ATCC, Rock-
ville, MD, USA). MM.1S, RPMI8226 and HH cells were cul-
tured in RPMI-1640 medium (Thermo Fisher Scientific) that
is supplemented with 10% fetal bovine serum (FBS, Thermo
Fisher Scientific) at 37°C in 5% CO,. MJ cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM, Thermo Fisher
Scientific) containing 20% FBS.

Cell proliferation assay

Cells cultured in 96-well plates were treated with vehicle
(0.1% DMSO), CKD-581 or SAHA. Cell viability was deter-
mined by CellTiter-Glo assay system (Promega) 72 h after
compound treatment. Luminescence was determined using
FlexStation 3 (Molecular Devices, San Jose, CA, USA).

Histone protein extraction

Histone proteins were extracted in MM.1S cells treated
with CKD-581 or SAHA for 6 h. Histone protein extraction was
performed as previously described (Kim et al., 2020). The ex-
tracted proteins were subjected to analysis of histone protein
acetylation status.

cDNA microarray and gene expression analysis
Total RNA was isolated and purified using Trizol (Thermo
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Fisher Scientific) and RNeasy Mini Kit (Qiagen, Hilden, NRW,
Germany), respectively. The microarray hybridization was per-
formed using the Infinium® HumanHT-12 BeadChip (lllumina,
San Diego, CA, USA). Analyses and figure generation were
conducted using R (https://www.r-project.org/, version 3.5.2).
Raw data were normalized using quantile algorithm and heat-
maps were plotted using heatmap.2 from gplots R package
(https://cran.r-project.org/web/packages/gplots/index.html,
version 3.0.1.1).

Western blot analysis

Cell lysates were prepared using radioimmunoprecipita-
tion assay (RIPA) buffer (Sigma-Aldrich) supplemented with
protease and phosphatase inhibitor cocktail (Roche, Basel,
Switzerland). BCA protein assay kit (Thermo Fisher Scientific)
was used for quantification of protein concentration. Western
blotting was performed as previously described (Kim et al.,
2020). GAPDH was used for normalization of all immunoblot
results. ChemiDoc (Biorad, Hercules, CA, USA) was used to
detect chemiluinescence signals.

Flow cytometry analysis

MM.1S and RPMI8226 cells were incubated with vehicle or
CKD-581 for 24 h. Cells were harvested and fixed with 70%
ethanol in phosphate-buffered saline at —20°C for 24 h. The
fixed cells were stained with propidium iodide staining solution
at room temperature, and the stained cells were analyzed by
flow cytometry (FACSCalibur, BD Bioscience, NJ, USA).

Xenograft assay

All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of CKD Research
Institute (Approval # S014-037, July 21, 2014). Six-week-old
NOD.CB17 SCID mice were subcutaneously implanted with
2x10” MM.1S cells suspended in Matrigel (Trevigen, Gaith-
ersburg, MD, USA). Tumor volume and body weight gain were
monitored two times per week.

Statistical analysis

One-way ANOVA was used to assess the differences in
all experiments except tumor xenograft experiment. Two-
way ANOVA or t-test was used for tumor xenograft experi-
ment. Significance was expressed as *p<0.05, **p<0.01, and
***p<0.001.

Table 1. Effects of CKD-581 on HDAC enzymes. HDAC enzyme activity
was determined by fluorescence based-enzymatic assays

HDAC enzyme assay ICs, (nM)

Class | HDAC1 0.50 £ 0.1
HDAC2 2.22+0.39
HDAC3 0.61+0.09
HDACS8 49.82 + 18.24

Class lla HDAC4 1502 + 109
HDAC9 0.95 +0.69
HDAC11 26.91 +19.12

Class llb HDACG6 2.62+0.32
HDAC10 1.14 £0.76
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Fig. 2. CKD-581 down-regulates Wnt/B-catenin pathway. (A) Heatmap analysis of gene expression profiles in hematologic cancer cells. HH
and MJ cells were treated with 100 nM CKD-581, and Total RNA samples were purified. Expression level of mMRNA was analyzed with the
Infinium® HumanHT-12 BeadChip. (B) Effects of HDAC inhibitors on DACT family expression. MM.1S and RPMI8226 cells were treated with
the indicated concentrations of CKD-581 or SAHA for 24 h, and total cell lysates were subjected to immunoblottings. (C) DACT3 expression
induced by CKD-581. MM.1S and RPMI8226 cells were treated with 300 nM CKD-581 in a time-dependent manner. (D) MM.1S and
RPMI8226 cells were treated with various concentrations of CKD-581 or SAHA for 24 h. And total cell lysates were analyzed by immunob-
lottings for B-catenin and c-Myc. Data represent mean + SEM (significant vs. control; *p<0.05, **p<0.01, ***p<0.001). C, control; S, 1000 nM
SAHA.
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RESULTS

HDAC inhibition by CKD-581

To investigate the inhibitory activities of CKD-581 (Fig. 1A)
on HDAGCs, In vitro HDAC inhibition assays using purified
HDAC isozymes were conducted. CKD-581 treatment mark-
edly inhibited most of the tested HDAC isozymes, and espe-
cially, it potently inhibited HDAC1, 2, 3, 6, 9, 10 and 11 at a
concentration as low as 30 nM (Table 1). Further, the results
of enzyme assays confirmed that CKD-581 is a potent pan-
HDAC inhibitor (Kim et al., 2020).

SAHA (Vorinostat®), a HDAC inhibitor, has been approved
for the treatment of refractory cutaneous and peripheral T cell
lymphoma (Dawson and Kouzarides, 2012; Singh et al., 2018).
The acetylation intensity of histone H3 and H4 was increased
following exposure to CKD-581 or SAHA in MM.1S cells. Addi-
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tionally, the acetylation of tubulin also was increased by CKD-
581 or SAHA, and the acetylation intensity was stronger by
CKD-581 than by SAHA in histone H3 and H4 (Fig. 1B). Ac-
cording to the overall results, CKD-581 potently inhibited both
class | and class Il HDAC enzyme activities and subsequently
induced acetylation of target molecules in MM cells.

Suppression of cell viabilities of T cell lymphoma and
MM cells by CKD-581

The inhibitory effects of CKD-581 on the cell viabilities of
T cell lymphoma cell lines (HH and MJ) and MM cell lines
(MM.1S and RPMI8226) were assessed using the CellTiter-
Glo luminescent cell viability assay system. CKD-581 concen-
tration-dependently inhibited the cell viabilities of the T cell
lymphoma and MM cell lines. The ICs, values of CKD-581 in
HH, MJ, MM.1S and RPMI8226 were 32.9 + 1.3, 93.3 £ 4.2,
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38.8 + 1.3 and 53.3 £ 5.0 nM, respectively (Fig. 1C). Moreover,
The ICs, values of CKD-581 were at least 6-fold lower than
those of SAHA. The data indicated that CKD-581 had potently
induced cancer cell death in both T cell lymphoma and MM
cells.

Selective induction of DACT3 by CKD-581 and
subsequent inhibition of Wnt/B-catenin signaling

To characterize the pharmacological mechanism of the an-
ti-cancer activities of CKD-581 in hematologic malignancies, a
cDNA microarray was performed in the two T cell lymphoma
cell lines (HH and MJ cells) exposed to vehicle or CKD-581 for

6, 12 and 24 h. The mRNA expression patterns were analyzed
by Infinium® HumanHT-12 BeadChip (48K probes). Heatmap
analysis of the gene expression profiles showed that the
genes related to the Wnt/B-catenin pathway were significantly
affected by CKD-581 treatment (Fig. 2A). Wnt/B-catenin sig-
naling is one of the key signaling pathways for control of the
development and stemness of cancer in hematologic malig-
nancies (Wang et al., 2009). Interestingly, DACT3 expression
was most distinctly increased in the two cell lines at all of the
tested time points (Fig. 2A).

Genes of which the expression levels increased or de-
creased by CKD-581 more than 4-fold relative to vehicle-
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Fig. 3. CKD-581 decreases the expression of cell cycle related proteins and induces apoptosis in MM. (A, B) Effects of CKD-581 and SAHA
on CDK4 and cyclin D1 expression. (A) 30-1000 nM CKD-581 or 30-3000 nM SAHA was treated on MM.1S cells for 24 h. (B) CKD-581 (30-
1000 nM) or 1000 nM SAHA was treated on RPMI8226 for 24 h (left). RPMI8226 cells were treated with 300 nM CKD-581 according to time
course (right). After treatment, total cell lysates were analyzed by immunoblotting for CDK4 and cyclin D1. (C) Flow-cytometry analysis.
MM.1S and RPMI8226 cells were treated with CKD-581 for 24 h. And cell cycle populations were determined using flow-cytometry. (D)
Cleaved caspase-3 was detected by immunoblotting. Data represent mean + SEM (significant vs. control; *p<0.05, **p<0.01, ***p<0.001). C,

control; S, 1000 nM SAHA.
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treated control samples were selected from cDNA microarray
data. A total of 19 genes were identified as down-regulated
and 9 genes as up-regulated by CKD-581 in HH cells, at 3
time points commonly. In the case of MJ cells, there was no
commonly down-regulated gene, and only one gene, DACTS3,
was identified as up-regulated by CKD-581 treatment at the
three different time points. Therefore, DACT3 was the only
gene modulated by CKD-581 in both cell types and at all time
points (Supplementary Fig. 1A).

DACT3 is known to be an epigenetic regulator of Wnt/p-
catenin signaling in colorectal cancer (Jiang et al., 2008) and
non-small cell lung cancer (NSCLC) (Zhao et al., 2017). It has
been reported that DACT3 expression is regulated by histone
modifications (Jiang et al., 2008). To further confirm whether
CKD-581 induces DACT3 in MM cell lines, the protein ex-
pression levels of the DACT family were determined in CKD-
581- or SAHA-treated MM.1S cells. The protein expression
of DACT3 was significantly enhanced by 300 nM CKD-581
or 3000 nM SAHA (Fig. 2B), and the protein expression of
DACT3 was increased in a time-dependent manner (Fig. 2C).
Notably, the protein expression of the other two DACT family
members, DACT1 and DACT2, was not altered by CKD-581
or SAHA in MM.1S cells. We also found that, in RPMI8226
cells, DACT3 was induced by 300 and 1000 nM CKD-581 but
not by 1000 nM SAHA (Fig. 2B).

We then tested the effects of CKD-581 on the expression
of B-catenin and c-Myc, which are representative downstream
target genes of the Wnt/B-catenin pathway in MM cells. As
expected, CKD-581 markedly decreased the protein levels of
B-catenin and c-Myc in MM.1S and RPMI8226 cells, and its
inhibition intensity was stronger than that of SAHA (Fig. 2D).
These results suggest that CKD-581 inactivates the Wnt/p3-
catenin pathway, presumably via DACT3 upregulation in MM
cells.
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Downregulation of cyclin D1/CDK4 and
apoptosis induction by CKD-581

Overexpression of B-catenin is known to increase the ex-
pression of several target oncogenes such as CCND1 and c-
myc (Xi and Chen, 2014). Cyclin D1 is a key regulator of the
cell cycle for stimulation of S-phase entry of cells from the G,
phase in human cancer (Musgrove et al., 2011; VanArsdale et
al., 2015; Qie and Diehl, 2016). D cyclins form active complex
with either CDK4 or CDK®6, which drives the Gi-to-S-phase
transition (Musgrove et al., 2011; Qie and Diehl, 2016). Im-
munoblotting results showed that treatment of the MM cell
lines (MM.1S and RPMI8226) with CKD-581 decreased the
levels of cyclin D1 and CDK4 in a concentration- and time-
dependent manners (Fig. 3A, 3B). SAHA also reduced the ex-
pression level of CDK4 and Cyclin D1 at higher concentration
ranges in the MM.1S cells. However, when we performed cell-
cycle analyses in MM.1S and RPMI8226 cells incubated with
CKD-581 for 24 h, we could not determine G+/S arrest in either
cell type (Fig. 3C). On the contrary, CKD-581 significantly in-
creased the sub-G; portion in concentration-dependent man-
ners in both MM.1S and RPMI8226 cells (Fig. 3C). Relative
to the vehicle-treated control cells, the sub-G, population in-
creased from 5.45 + 0.16% to 22.65 + 1.43 and 26.61 + 1.80%
in MM.1S cells following exposure to 300 and 1000 nM CKD-
581 for 24 h, respectively (p<0.001). We further found that
CKD-581 concentration-dependently increased the formation
of cleaved caspase-3 after 24 h incubation in MM.1S and
RPMI8226 cells (Fig. 3D). However, 1000 nM SAHA only mar-
ginally increased the cleaved caspase-3 in RPMI8226 cells
(Fig. 3D). The data imply that CKD-581 may cause apoptosis
via suppression of the Wnt/p-catenin pathway in hematologic
cancer cells.

p53/p21 activation and BCL-xL inactivation by
CKD-581 in MM cells

Because B-catenin and c-Myc are related to regulation of
p53 phosphorylation, inhibition of the Wnt/B-catenin pathway
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induces apoptotic cell death in cancer cells (Riascos-Bernal CDKs. As shown in Fig. 4A, CKD-581 increased the level of
et al., 2016; Kwak et al., 2018). To determine whether the p21 in MM cells. The expression of p21 was correlated with
increased sub-G; population mainly results from the activa- increased Ser'® phosphorylation of p53 (Fig. 4A). Under the
tion of the p53 pathway, p53 and downstream effectors were transcriptional regulation of p53, BCL-2 family proteins also
analyzed by immunoblottings. Ser'® phosphorylation of p53 are involved in control of apoptosis (Burger et al., 1998). BCL-
is critical to proper functioning of p53 as a transcription fac- XL protein expression was downregulated by CKD-581 in both

tor, and p53 activation controls the diverse proteins related MM.1S and RPMI8226 cells (Fig. 4B). However, BCL-2 was
to DNA repair and apoptosis, including p21 and the BCL-2 only marginally affected by CKD-581 (Fig. 4B). It support-

family (Vousden, 2000). Among them, p21 plays a crucial role edthat CKD-581 increased the expression of tumor suppres-
in the induction of cell-cycle arrest by acting as an inhibitor of sor genes, which led in turn to MM cell death via apoptosis.
A MM.1S RPMI8226
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Fig. 4. CKD-581 activates tumor suppressors and reduces the expression of BCL-2 family in MM. (A) MM.1S and RPMI8226 cells were
treated with 300 nM CKD-581 according to time course. And total cell lysates were subjected to immunoblottings for Ser'>-phosphorylated
p53, p53 and p21. (B) MM.1S and RPMI8226 cells were treated with CKD-581 or SAHA for 24 h. BCL-2 and BCL-xL were detected by im-
munoblottings. Data represent mean + SEM (significant vs. control; *p<0.05, **p<0.01, ***p<0.001). C, control; S, 1000 nM SAHA.
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Fig. 5. Tumor growth is delayed by CKD-581 in MM.1S xenograft model. (A) NOD.CB17 SCID mice were used for MM.1S (1x10° cells/
mouse) implantation. After tumors reached to about 100 mm?®, the mice were treated with vehicle or CKD-581 (40 and 60 mg/kg) two times
a week. (B) Dot graph showed individual tumor size. (C) Body weight change. Data represent mean + SEM (significant vs. vehicle group;

*p<0.01, **p<0.001).

Anti-cancer effect of CKD-581 in MM xenograft model

SCID mice bearing MM.1S cells were used to assess the
in vivo anti-cancer effect of CKD-581 on MM. CKD-581 (40
and 60 mg/kg) or vehicle (normal saline) were intraperitone-
ally injected twice per week. As depicted in Fig. 5A and 5B, the
tumor sizes of the CKD-581-treated groups were significantly
diminished relative to the vehicle-treated group (p<0.001).
Although the CKD-581 groups showed slightly smaller body-
weight gains (Fig. 5C), there was no symptomatic toxicity.
Thus, we assumed that the smaller body weight gains by
CKD-581 treatment may have resulted from the reduced tu-
mor sizes.

DISCUSSION

CKD-581, a novel HDAC inhibitor, is an efficacious anti-
cancer agent in patients suffering from lymphoma or MM (Cho
et al., 2018). Currently, two clinical trials with MM patients are
ongoing (NCT03051841, NCT03150316). Although we have
reported that CKD-581 showed anti-cancer activity against dif-
fuse large B cell lymphoma (DLBCL) (Kim et al., 2020), the
pharmacological mechanism of CKD-581-induced cancer cell
death has yet to be studied in MM. In this study, we showed
that CKD-581 induced apoptosis via suppression of the Wnt/j3-
catenin pathway in MM cells. Several studies have suggested
that the Wnt/B-catenin pathway could be a possible therapeu-
tic target for inhibition of cancer progression, metastasis, che-
mo-resistance and immunosurveillance evasion (Xi and Chen,
2014; Yuan et al., 2020). The Wnt/B-catenin pathway also
plays a crucial role in the progression of hematologic cancers
(Spaan et al., 2018). In MM, B-catenin silencing caused induc-
tion of apoptosis as well as recovery of lenalidomide sensitiv-
ity (Bjorklund et al., 2011; Su et al., 2016). However, the physi-
ological role of Wnt/B-catenin signaling would differ by cancer
type. Unlike most cancer types, wherein Wnt/B-catenin is cru-
cial to tumorigenesis, the opposite aspects have been shown
in several cancer types. For instance, low B-catenin levels are
related to poor prognosis in melanoma and pancreatic ductal
adenocarcinoma (PDAC) patients (Chien et al., 2009; Sauk-
konen et al., 2016). HDAC inhibitors, such as sodium butyr-
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ate, trichostatin A, suberoyl bis-hydroxamic acid and valproic
acid, induced apoptosis via hyperactivation of Wnt/p3-catenin
in solid or hematologic cancer (Bordonaro et al., 2007; Shao
et al., 2012). Although the pathological functions on the Wnt/p-
catenin pathway remain controversial, HDAC inhibitors show
anti-cancer activity regardless of cancer type. This phenom-
enon may reflect the multiple functions of the HDAC family
and/or the variable mutations involved in the Wnt/B-catenin
pathway. For instance, diverse targets regulating prolifera-
tion, differentiation and cell death are simultaneously affected
by HDACs (Gong et al., 2019). Thus, the therapeutic effects
of HDAC inhibitors could be the sum of complicated factors
on various pathways. Additionally, mutations in adenomatous
polyposis coli (APC) and B-catenin induce constitutive acti-
vation of canonical Wnt/B-catenin signaling in colon cancer
(Munemitsu et al., 1995; Morin et al., 1997), which may cause
HDAC-independent activity changes in the signaling pathway.

The DACT family, consisting of DACT1, DACT2 and
DACTS3, is known to be a functional suppressor group for the
Whnt/B-catenin pathway during embryonic development and
carcinogenesis (Fisher et al., 2006; Jiang et al., 2008; Mandal
and Waxman, 2014; Zhao et al., 2017). Especially, DACT3
expression can be regulated by histone modification such as
acetylation or methylation (Jiang et al., 2008). However, up to
now, nothing is known about the function of HDAC-inhibitor-
mediated DACT3 regulation in MM. In these pages, we have
reported that CKD-581 and SAHA suppressed the Wnt/B-
catenin pathway by selective induction of DACT3. Hence, it is
plausible that the Wnt/B-catenin signaling pathway is regulated
by HDAC inhibitors via DACT3 overexpression in MM. How-
ever, the precise regulation mechanism of interaction between
DACT3 and HDAC needs to be clarified in future studies.

In the present study, we determined that CKD-581 induced
apoptosis in the tested MM cell lines, though cell-cycle arrest
was not seen up to 1 uM CKD-581. c-Myc, a representative
target gene of the Wnt/B-catenin pathway, is known to be a
potent oncogene (Gabay et al., 2014; Rennoll and Yochum,
2015). In fact, several HDAC inhibitors reduce c-Myc expres-
sion and increase apoptotic cell death in cancer cells (Nebbio-
so et al., 2017; Shieh et al., 2017). For example, it was report-
ed that c-Myc increases Bcl-xL expression through IncRNA
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H19 and STATS activation in leukemia (Guo et al., 2014),
and that loss of Bcl-xL prevents c-Myc-induced lymphomato-
genesis (Kelly et al., 2011). Therefore, Bcl-xL upregulation
coinciding with limited apoptosis may be actively involved in
c-Myc-driven tumor progression. In this study, HDAC inhibitors
(CKD-581 and SAHA) efficiently decreased the expression of
c-Myc and BCL-xL in MM cells (Fig. 2D, 4B).

Whnt/B-catenin activation suppresses p53 function. Active
B-catenin abrogated the transcriptional activity of p53, and in-
activation of B-catenin by XAV939 increased the p53 acetyla-
tion and transcriptional activity in smooth muscle cells (Rias-
cos-Bernal et al., 2016). Also, itis known that the Wnt/p-catenin
signaling pathway inhibits expression of p53 via miR-552 in
colorectal cancers (Kwak et al., 2018). Therefore, it seems
certain that inhibition of the Wnt/B-catenin axis by CKD-581
affects p53, a representative tumor suppressor gene. In fact,
the protein level of Ser'>-phosphorylated p53 was enhanced
by CKD-581 without change to total p53 expression (Fig.
4B). Both Ser'-phosphorylated p53 and p21 expression are
known to be good prognostic markers in cancer (Kao et al.,
2007; Yang et al., 2019). Thus, the pharmacological features
of CKD-581 for activation of tumor suppressor genes p53 and
p21 would be involved in its anti-cancer effects against MM.

The AKT/mTOR signaling pathway is one of the well-known
cancer-related pathways that regulate cell proliferation, sur-
vival, metabolism and immunity (Leal et al., 2013; Hua et
al., 2019), and crosstalk between the AKT/mTOR and Wnt/
B-catenin pathway has been reported (Daisy Precilla et al.,
2022). In addition, mTOR is believed as a therapeutic target
for anti-cancer therapy. Because HDAC inhibitors suppress
the AKT/mTOR signaling pathway in cancer cells (Zhang et
al., 2015), we tested whether CKD-581 affects the AKT/mTOR
pathway. CKD-581 decreased phosphorylation of mTOR and
70 kDa ribosomal protein S6 kinase (p70S6K) in MM cell lines
(Supplementary Fig. 1B), indicating that mTOR pathway in-
hibition is related with anti-cancer effects of CKD-581 in MM.

The intensity of tubulin acetylation induced by CKD-581
or SAHA was comparable (Fig. 1B). Tubulins are subject to
various post-translational modifications (PTMs), such as dety-
rosination, polyglutamylation, polyglycylation and acetylation
(Janke and Bulinski, 2011). It has been known that paclitaxel
induces acetylation at Lys40 on the luminal surface of mi-
crotubules (Howes et al., 2014). Paclitaxel stimulates Lys40
acetylation of tubulin and stabilizes myeloid cell leukemia-1
(MCL-1), an anti-apoptotic protein, which is related with che-
moresistance (Wattanathamsan et al., 2021). MCL-1 overex-
pression has been reported in various cancers, and down-reg-
ulation of MCL-1 increase the sensitivity to chemotherapies
(Xiang et al., 2018).

HDAC enzymes are able to remove the acetyl groups from
various proteins. Whereas HDAC inhibitors increase the acet-
ylation of the target proteins (Kim and Bae, 2011). Although
tubulin acetylation at Lys40 was increased by HDACSG inhibi-
tion, MCL-1 and other anti-apoptotic proteins were down-reg-
ulated by pan- or class | HDAC inhibition (He et al., 2013; Ra-
makrishnan et al., 2019; Kim et al., 2020). Hence, class I- or
pan-HDAC inhibitors, including CKD-581 would increase the
sensitivity to chemotherapy through MCL-1 down-regulation.

In comparison with SAHA, CKD-581 more potently induced
acetylationofhistone proteins. Theseresultsimplythat CKD-581
more efficiently acetylates target proteins in class | HDACs.
Because dysregulation of class | HDAC is correlated with poor
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prognosis in MM patients (Mithraprabhu et al., 2014), and MM
cell death is more prominent by class | HDAC inhibitors than
class Il HDAC inhibitors (Mithraprabhu et al., 2013), CKD-581
is expected to be more effective than SAHA for treatment of
MM. Safety is an important issue in new-drug development,
particularly since combination therapy is considered to be
a means of improving treatment efficacy for diverse cancer
types. Thus far in clinical trials, CKD-581 has had an accept-
able safety profile (Cho et al., 2018).

In summary, CKD-581 is a potent HDAC inhibitor targeting
types | and Il HDACs. CKD-581 is highly effective in inhibit-
ing proliferation of hematologic cancer cells including MM and
T cell lymphoma. cDNA microarray and immunoblot analyses
revealed that DACT3 overexpression-related downregulation
of the Wnt/B-catenin pathway is correlated with CKD-581-in-
duced cell death in hematologic cancer. Certainly, CKD-581
could be a useful HDAC inhibitor against hematologic can-
cers. Our present findings, furthermore, are meaningful in ex-
plicating the mechanistic basis of HDAC inhibitors’ anti-cancer
effects.
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