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This study investigated the role of cancer/testis antigen
DDX53 in regulating cancer stem cell-like properties. DDX53
shows co-expression with CD133, a marker for cancer stem
cells. DDX53 directly regulates the SOX-2 expression in anti-
cancer drug-resistant Malme3MF cells. DDX53 and miR-200b
were found to be involved in the regulation of tumor sphe-
roid forming potential of Malme3M and Malme3M® cells.
Furthermore, the self-renewal activity and the tumorigenic
potential of Malme3M™-CD133 (+) cells were also regulated
by DDX53. A miR-200b inhibitor induced the direct regula-
tion of SOX-2 by DDX53 We therefore, conclude that DDX53
may serve as an immunotherapeutic target for regulating
cancer stem-like properties of melanomas.
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INTRODUCTION

Cancer /testis antigen DDX53 is found in the sera of various
cancers (Cho et al., 2002; lwata et al., 2005; Liggins et al.,
2010). Methylation has an important role for the expression
regulation of DDX53 (Cho et al., 2003). DDX53 regulates
the expression of cyclins and acts as an oncogene (Por et al.,
2010). DDX53 confers resistance to various anti-cancer
drugs (Kim et al,, 2010). miR-200b-DDX53 negative feed-
back loop (Kim et al., 2013) and miR-217-DDX53 feedback
loop (Kim et al., 2016) regulate responses to anti-cancer
drugs.

miRNAs are known to regulate cancer stem-cell like prop-
erties. miR-200b enhances sensitivity to erlotinib in lung
cancer cells and cancer stem cell markers (Ahmad et al,,
2013). miR-1181 negatively regulates the cancer stem cell-
like properties in pancreatic cancer (Jiang et al.,, 2015). The
downregulation of miRNA-148a, inhibits the stem cell-like
properties of glioblastoma (Lopez-Bertoni et al., 2015). miR-
200c negatively regulates the expression of SOX-2 to sup-
press PI3K-AKT pathway (Lu et al., 2014). miR-638 negative-
ly regulates mesenchymal-like transition by directly targeting
SOX-2 (Ma et al., 2014). By targeting OCT4/SOX-2 expres-
sion, the Lin28B-Let7 pathway regulates stemness properties
of oral squamous cell carcinoma cells (Chien et al., 2015).

Cancer/testis antigens are overexpressed in cancer stem-
like cells (Yang et al., 2015). MAGEA-3 is expressed in side
population (SP) and main population (MP) cells derived from
human bladder cancer SW780 cells (Yin et al., 2014). Since
DDX53 regulates anti-cancer drug-resistance, the regulatory
role of DDX53 in cancer stem cell-like properties has been
further investigated.

In this study, we found that anti-cancer drug-resistant can-
cer cells have cancer stem cell-like properties. DDX53
showed a co-expression with CD133, and binding to SOX-2,
a marker of cancer stemness. DDX53 directly regulated the
expression of SOX-2 and the cancer stem cell-like properties
in Malme3M® cells. We show a novel role of DDX53 in regu-
lating cancer stem cell-like properties.
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MAERIALS AND METHODS

Materials

Antibodies to MDR1, NANOG, YY1, PARP, SOX-2, and
CAGE were purchased from Santa Cruz Biotechnology. Sec-
ondary antibodies conjugated to HRP and ECL kit (enhanced
chemiluminescence) were purchased from Pierce Company.
Lipofectamine and PlusTM reagent were purchased from
Invitrogen. SiRNAs and miR-inhibitor were commercially
synthesized by Bioneer Company (Korea).

Cell lines and cell culture

The melanoma cell lines (Malme3M, Malme3M®) were
grown in Dulbecco's Modified Eagle's Medium/Ham's Nutri-
ent Mixture F-12 (DME/F12, Invitrogen). For all cell lines,
media was supplemented with 10 % heat-inactivated fetal
bovine serum (FBS, Invitrogen) and 1% penicil-
lin/streptomycin (GIBCO). CD133" cells isolated from Mal-
me3MR SNU387® cells were maintained in serum-free
DMEM/F12 (Gibco-BRL, USA) supplemented with 20 ng/ml
epidermal growth factor (EGF) (Sigma, USA), 10 ng/ml basic
fibroblast growth factor (bFGF) (Sigma, USA), and 20 ng/ml
leukemia inhibitor factor (LIF) (Sigma, USA). Malme3M® and
SNU387" cells were established from their parental Mal-
me3M and SNU387 respectively by continuous exposure to
celastrol (Kim et al., 2010). SNU387"**“* and Mame3M™
ASCAGE (ol stably express anti-sense cDNA. Malme3M*™®
2000 ols stably express miR-200b (Kim et al., 2013).

Western blot and immunoprecipitation
Western blot and immunoprecipitation were performed as
describe (Kim et al., 2014).

Chromatin immunoprecipitation (ChIP) Assays

The ChIP assay was performed using a ChIP assay kit (Up-
state Biotechnology). Briefly, 2 x 10° cells were crosslinked
with 1% (v/v) formaldehyde (Sigma) at 37°C for 10 min and
nuclear extracts were isolated. The nuclear lysates were im-
munoprecipitated with either anti-CAGE (1 pg/ml, Abcam),
anti-SOX-2 (1 pg/ml, Santa Cruz) or rabbit IgG at 4T over-
night. Purified immunoprecipitated DNAs were subjected to
PCR. human SOX-2 promoter-1 [5-TAAGGCCTTTTG GCTA
GGGC-3' (sense) and 5-AAACTAACTGTGGCTGGCGA-3'
(antisense)], SOX-2 promoter-2 [5-TCTTGGTCTGCCCTTTGT
GG-3' (sense) and 5'-TCCAATCAACCTTCCTGCCC-3' (anti-
sense)], SOX-2 promoter-3 [5'-GGGCGGAGAGA GTGTTAC
AG-3' (sense) and 5-GCACTGTATGGAGGTGGC TT-3' (anti-
sense)], SOX-2 promoter-4 [5-GTGGGATGCCAGGAAGTT
GA-3' (sense) and 5'-TT GTTCTCCCGCTCATCCAC-3' (anti-
sense)] and SOX-2 promoter-5 [5-AACTCCTGCACTG GCTG
TTT-3' (sense) and 5'-TTTGTATCCCCTCTCGCAGC-3' (anti-
sense)] were used to detect the binding of CAGE to the
promoter sequences of SOX-2.

Transfection

The siRNA or control siRNA was purchased from Bioneer
(Korea). To test the effect of miR-200b in Malme3M or
Malme3M*™ 2% call lines, miR-200b inhibitor (Bioneer,
Korea) was used to knockdown the expression of miR-200b.
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The sequences used were 5-UCAUCAUUACCCA GUAUUA-
3’ (miR-200b inhibitor) and 5-GCAUAUAUCUA UUCCACUA-
3" (control inhibitor).

RNA extraction and quantitative real-time PCR (qRT-PCR)
Total miRNA was isolated using the mirVana miRNA isolation
kit (Ambion). miRNA was extended by a poly (A) tailing re-
action using the A-Plus Poly (A) Polymerase Tailing Kit (Cell
Script). CDNA was synthesized from miRNA with poly (A) tail
using a poly (T) adaptor primer and gScript™ reverse tran-
scriptase (Quanta Biogenesis). The expression level of miRNA
gene was quantified with SYBR Green gRT-PCR kit (Ambion)
using a miRNA-specific forward primer and a universal poly
(T) adaptor reverse primer. For quantitative PCR, SYBR PCR
Master Mix (Applied Biosystems) was used in a CFX96 Real-
Time System thermocycler (BioRad).

Cell viability
Cell viability was determined by using the 3-(4, 5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; Sigma).

Capsase-3 activity assays
Caspase-3 activity was measured according to the manufac-
turer’s instructions (BioVision, USA).

Colony formation
Colonies were stained with 0.01% crystal violet and counted.

Flow cytometry

Briefly, 1 x 10° cells were incubated with 100 ul of 3 % BSA
in PBS for 1 h on ice, then labeled with PE-conjugated anti-
CD133 (Miltenyi Biotec, Germany), anti-CAGE (Abcam,
Cambridge, UK) antibody bound to an Alexa-488 secondary
antibody for 1 h. After washing three times with PBS, la-
beled cells were analyzed using flow cytometry using a
FACSCalibur (BD Biosciences, USA)

Tumor spheroid formation assays

For tumor spheroid forming assay, CD133" and CD133" cells
were plated (5 x 10* cells/well) in ultralow attachment plates
(Corning Inc.) in DMEM/F12 stem cell medium. Cells were
maintained at 37C in a humidified 5% CO, incubator and
fed with 0.2 ml of fresh stem cell medium on days 2, 4 and 6.
The total number of spheres was counted after 7 days by
inverted microscopy (Olympus). To examine the self-renewal
ability of CD133" and CD133" cells, primary spheres were
dissociated with trypsin and 0.05% EDTA. Single cell suspen-
sion obtained from primary spheres were counted and re-
plated in 6-well ultralow attachment plates. Secondary sphe-
roids derived from single cells of primary spheres were exam-
ined by inverted microscopy (Olympus).

Immunofluorescence staining in spheroids

The expression of CAGE in spheroids formed from CD133"
cells was analyzed by immunofluorescence staining. CD133"
cells cultured in 24-well plates were fixed with 4% para-
formaldehyde in PBS containing 0.2% Triton X-100 for 30
min at 4C. After washing with PBS, incubated with 5% BSA
in PBS for 1 h and then stained with primary anti-CAGE an-
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tibody at 4T overnight. Spheroids were washed three times
with PBS and incubated with secondary antibody Alexa-488-
labeled goat anti-rabbit IgG for 1 h. Following the incuba-
tion, spheroids were washed three times with PBS and nuclei
were stained with DAPI. Spheroids were observed under the
fluorescence microscopy (Nikon TS 100, Nikon).

Immunohistochemistry staining

Paraffin-embedded tissue sections were immunostained
using the Vecta stain ABC Elite Kit (Vector Laboratories).
Tissue sections were deparaffinized with xylene and washed
in ethanol. Endogenous peroxidase activity is blocked with
3% hydrogen peroxide and H,O for 10 min. Slides were
then blocked with 5% normal goat serum in TBS containing
0.1%Tween-20 (TBS-T) for 1 h. For immunohistochemistry
staining, a primary antibody to DDX53 (1:100, Santa Cruz),
MDR1 (1:100, Santa Cruz), SOX-2 (1:100, Santa Cruz) or
IgG (1:100, Santa Cruz) was added and incubation contin-
ued at 4T for 24 h. After washing with TBS-T, incubation
with biotinylated secondary antibody was continued for 30
min. After washing, slides were incubated in the ABC com-
plex for 30 min, and then stained with diaminobenzidine
(DAB, Sigma).

In vivo tumorigenic potential

Animal experiments were performed under an approved
protocol by the Institutional Animal Care and Use Commit-
tee of Kangwon National University (KW-160329-2). All
animals were housed in a laminar air-flow cabinet under
aseptic conditions. To examine the tumorigenic potential of
CD133" cells, athymic nude mice (BALB/c nu/ nu, 5-6-week-
old females) were used. Cells (1 x 10°) were injected subcu-
taneously into the dorsal flank area of the mice. To test the
effect of CAGE on /n vivo tumorigenic potential, control
SiRNA (5 uM/kg) or CAGE siRNA (5 uM/kg) was injected
intravenously after establishment of sizable tumor every
three days for 20 days. At the end of experiments, all ani-
mals were sacrificed and tumors were removed. Tissues
were fixed in 10% neutral-buffered formalin (Sigma, USA)
and embedded in paraffin for histological studies or snap-
frozen for protein analysis by Western blot. Also tumor
fragments were subjected to isolate CD133" and CD133
cells using MACs system as described previously.

Isolation of CD133" and CD133 Cells

CD133" and CD133 Cells were isolated from Malme3M"®
cells by magnetic bead sorting using the MACs system (Mil-
tenyi Biotec, Gladbach, Germany). For separation, cells were
incubated with CD133 MicroBeads (100 ul/108 cells) for 30
min at 4C following treatment with FcR blocking reagent.
For magnetic separation, cells were selected by MS columns
(Miltenyi Biotec, Germany), which retained CD133" cells
linked by beads. Purity of isolated cells was evaluated by
Western blotting. The fresh isolated CD133" cells were cul-
tured before assay in a stem cell medium containing serum-
free DMEM/F12 medium (Gibco-BRL, USA), 20 ng/ml epi-
dermal growth factor (EGF) (Sigma, USA), 10 ng/ml basic
fibroblast growth factor (bFGF) (Sigma, USA), and 20 ng/ml
leukemia inhibitor factor (LIF) (Sigma, USA). For isolation of
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CD133" and CD133" Cells from mouse xenograft, solid tis-
sues were finely minced using sterile razor blades and for-
ceps and incubated with dissociation buffer containing 200
units/ml of collagenase Type IV, 0.6 unit/ml of dispase and
DNase | for 2 h at 37¢C. Single cell suspension was obtained
by filtering digested tissue through a 70 um cell strainer and
then gently loaded onto a layer of Ficoll-Paque gradient
(Sigma) for separation of viable cells. After centrifugation at
500g for 30 min at room temperature, live nucleated cells
were collected at the interface. Cell pellets were subjected to
isolate CD133 (+) and CD133 (-) cells using MACs system as
described above. The resulting cells were used as 1°CD133
(+) and 1°CD133 (). 2°CD133 (+) and 2°CD133 (-) cells
were obtained from xenograft tumor tissues formed by us-
ing 1°CD133 (+) cells.

Invasion and wound migration assay

Invasive potentials of CD133 (+) and CD133 (-) cells deter-
mined by using a transwell chamber system with 8-um pore
polycarbonate filter inserts (CoSTAR, Acton, MA). The lower
and upper sides of the filter were coated with gelatin and
matrigel (Sigma), respectively. The 1 x 10* cells in serum-free
DME/F12 medium containing 0.1% BSA were plated into
the upper chamber of an insert. A medium supplemented
10% FBS was added to the lower chamber. After incubation
at 37C for 24 h, cells were fixed with methanol and the
invaded cells were stained and counted. For wound healing
migration assay, 2 x 10° cells were cultured as monolayer in
a 24-well plate. Cells were scratched with 10-ul micropipette
tip and washed three times with serum free medium. The
cells were then placed in fresh serum-free medium at 37T
for 48 h. Images of the scratch wounds were taken and
measured by Image-Pro Plus software.

Statistical analysis

All data were analyzed by using the Student's #test. The
differences among the groups were considered statistically
significance when p < 0.05.

RESULTS

DDX53 shows co-expression with CD133, a marker of
cancer stemness

DDX53 increases level of cyclin D1 (Por et al., 2010), and
induces anti-cancer drug-resistance (Kim et al., 2010). A
close association has been suggested between anti-cancer
drug-resistance and cancer stemness (Du et al., 2015).
Therefore DDX53 may regulate cancer stem cell-like proper-
ties. We therefore examined whether DDX53 regulates can-
cer stem cell-like properties. Flow cytometry showed co-
expression of DDX53 with CD133, a marker of cancer stem-
ness in anti-cancer drug-resistant Malme3MP® cells (Fig. 1A).
Malme3M®-CD133 (+) and SNU387°-CD133 (+) cells showed
higher level of DDX53, SOX-2, NANOG and MDR1 than
Malme3M"-CD133 (-) and SNU387°-CD133 (-) cells (Fig. 1B).
Immunofluorescence staining showed higher expression of
DDX53 in Malme3M®-CD133 (+) cells than in Malme3M™
CD133 () cells (Fig. 1C). The downregulation of CD133 de-
creased the expression of SOX-2 and DDX53 in Malme3M®
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Fig. 2. DDX53 regulates the tumor spheroid forming potential of cancer cells. (A) Malme3M®-CD133 (+) and Malme3M®-CD133 (-) cells
were subjected to tumor spheroid forming assays. Malme3MF cells were transfected with the indicated siRNA (each at 10 nM) for 48 h,
followed by Western blot (right panel). (B) Chemoinvasion assays were performed. **p < 0.005. (C) Colony formation assays were per-
formed. (D) At 48 h after transfection, Malme3M® cells were subjected to tumor spheroid formation assays and cell lysates were sub-
jected to Western blot (right panel). **p < 0.005. Scale bars represent 50 um. (E) At 48 h after transfection with the indicated construct
(each at 1 ng), Malme3M cells were subjected to tumor spheroid formation assays and cell lysates were subjected to Western blot (right

panel). **p < 0.005. Scale bars represent 50 pm.
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cells (Fig. 1D). Taking these results into consideration, we

believe that DDX53 may regulate cancer stem cell-like prop-
erties.

DDX53 regulates stem cell-like properties
Malme3MR-CD133 (+) cells, but not Malme3M®-CD133 (-)
cells, show tumor spheroid forming potential (Fig. 2A).
Malme3MR-CD133 (+) cells showed higher expression of
DDX53, SOX-2, NANOG and MDR1 (Fig. 2A), and greater
invasion potential (Fig. 2B) than Malme3M®- CD133 (-) cells.
Malme3MR-CD133 (+) cells showed higher growth potential
than Malme3M®- CD133 () cells based on colony formation
assays (Fig. 2C). The decreased expression of DDX53 in
Malme3MR® cells decreased the capacity of tumor spheroid
formation, and the level of SOX-2 (Fig. 2D). DDX53 in-
creased the tumor spheroid forming potential of Malme3M
cells and the level of SOX-2 in Malme3M cells (Fig. 2E). Thus,
we conclude that DDX53 regulates the stem cell-like proper-
ties of melanoma cells.

DDX53 binds to SOX-2 and directly regulates the
expression of SOX-2

Next, we examined the role of DDX53 in regulating the ex-
pression of SOX-2. Malme3M® and SNU387" cells display
higher level of DDX53, SOX-2 and NANOG, than the Mal-
me3M and SNU387 cells (Fig. 3A). Malme3MT*PP33 gng
SNU387 FAPPX53 g5 stably expressing the anti-sense DDX53
displayed lower level of DDX53, SOX-2 and NANOG, than

Malme3M® and SNU387" cells (Fig. 3B). The SOX-2 promoter
sequences contain binding sites for HDAC2, YY1, SOX9, AP4
and Elk-1 (Fig. 3C). DDX53 interacts with HDAC2 (Kim et al.,
2010), and Hdac1/2 deficiency decreases SOX-2 level, thereby
blocking the proximal airway development (Wang et al.,
2013). Hence, we examined if DDX53 binds to the promoter
sequences of SOX-2. DDX53 and YY1 showed binding to
the promoter sequences of SOX-2 (Fig. 3C). DDX53 showed
an interaction with SOX-2 in Malme3M® cells and the de-
creased expression of SOX-2 decreased the level of DDX53
in Malme3M® cells (Fig. 3D). Thus DDX53, through interac-
tion with SOX-2, regulates the cancer stem cell-like properties.

The decreased expression of SOX-2 enhances sensitivity to
anti-cancer drugs

The downregulation of NANOG enhances the inhibitory
effects of resveratrol on self-renewal capacity of cancer stem
cells (Shankar et al., 2011). Gefitinib resistance results from
high expression of cancer stem cells markers such as CD133,
SOX-2 and NANOG (Murakami et al., 2014). Taxol increases
the level of DDX53, SOX-2 and NANOG in Malme3M cells
(Fig. 4A). The decreased expression of SOX-2 induces cleav-
age of PARP (Fig. 4B), enhanced sensitivity (Fig. 4C) and
capsase-3 activity (Fig. 4D) in response to taxol in Mal-
me3MR cells. The downregulation of SOX-2 decreased the
invasion and migration potential, whereas DDX53 restored
the invasion and migration potential of Malme3M® cells
transfected with SiSOX-2 (Fig. 4E).
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Fig. 3. DDX53 interacts with SOX-2, and directly regulates the expression of SOX-2. (A, B) Cell lysates from the indicated cancer cells were
subjected to Western blot. (C) Cell lysates isolated from the indicated cancer cells were subjected to ChIP assays. (D) Cell lysates from the

indicated cancer cells were subjected to immunoprecipitation, followed by Western blot (upper panel). At 48 h after transfection with
the indicated siRNA, cell lysates were subjected to Western blot (right panel).
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Fig. 4. The decreased expression of SOX-2
confers anti-cancer drug-sensitivity. (A) Mal-
me3M cells were treated with taxol (1 pM).
Cell lysates prepared at each time point were
subjected to Western blot. (B) At 24 h after
transfection with the indicated siRNA (each at
10 nM), Malme3M"® cells were treated with
taxol (1 uM) for 24 h, followed by Western
blot. (C) At 24 h after transfection with the
indicated siRNA (each at 10 nM), Malme3M*
cells were treated with various concentrations
of taxol for 24 h, followed by MTT assays. *p <
0.05. (D) At 24 h after transfection with the
indicated siRNA (each at 10 nM), Malme3M*
cells were treated with taxol (1 uM) for 24 h,
followed by caspase-3 activity assays. **p <
0.005. (E) After transfection with indicated
siRNA (each at 10 nM) along with the indicted
construct (each at 1 pg), Malme3MF cells were
subjected to chemoinvasion and migration
assays. *p < 0.05.

Malme3M

Celastrol Taxol

Malme3M®/  Malme3MR-=iR200b / Malme3MR-miR-2000

Crrl Inh. Ctrl. Inh.

Malme3M®

miR-200b Inh.

F
z
=
=
)
<
=
2

miR-200b Inh.

<4DDX53

— —|4S0X-2

— — | 4 Actin

Fig. 5. miR-200b, a negative regulator of DDX53, regulates the cancer stem cell-like properties. (A) The level of the indicated miRNAs
from Malme3MR-CD133 (+) and Malme3M® -CD133 (-) cells was determined by qRT-PCR. *p < 0.05. (B) At 48 h after transfection with
the indicated inhibitor (each at 10 nM), Western blot was performed. (C) At 24 h after transfection with the indicated inhibitor (each at
10 nM), Malme3M cells were treated with celastrol (1 uM) or taxol (1 uM). Tumor spheroid formation assays were performed. (D) At 48
h after transfection with the indicated inhibitor (each at 10 nM), ChIP assays employing the indicated antibody (2 pug/ml) were per-
formed. (E) The indicated cancer cells were transfected with the indicated inhibitor (each at 10 nM), followed by tumor spheroid for-

mation assays (upper panel) and Western blot (lower panel).
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miR-200b inhibitor increases the level of SOX-2, induces
an interaction between DDX53 and SOX-2 and regulates
the tumor spheroid forming potential

miR-200b (Kim et al., 2013) and miR-217 (Kim et al., 2016)
decrease the level of DDX53. The levels of miR-200b, miR-
217 and miR-335 were lower in Malme3M®-CD133 (+) cells
than in Malme3M®-CD133 (-) cells (Fig. 5A). Exposure to
miR-200b inhibitor increased the level of DDX53, SOX-2,
MDR1 (Fig. 5B) and tumor spheroid forming potential of
Malme3M cells, regardless of the presence of celastrol and
taxol (Fig. 5C). The miR-200b inhibitor induces the binding
of SOX-2 to the promoter sequences of DDX53 (Fig. 5D),
whereas the miR-200b induced the binding of DDX53 to the
promoter sequences of SOX-2 (Fig. 5D). The miR-200b in-
hibitor enhances the tumor spheroid forming potential of
Malme3MR™R200 ois (Fig. 5F), and restores the expression
of DDX53 and SOX-2 Malme3M~ ™% celis (Fig. 5E). Thus,
DDX53 regulates cancer stem cell-like properties.

DDX53 regulates tumorigenic potential of Malme3M®-
CD133 (+) cells

Pancreatic cancer stem cells (CD133 (+) CD44 (+) CD24 (+)
ESA (+)) show tumorigenic potential in NOD/SCID mice
(Shankar et al., 2011). The downregulation of DDX53 de-
creases the tumorigenic potential of Malme3M®-CD133 (+)
cells (Fig. 6A). Immunohistochemistry staining showed the
decreased expression of SOX-2 and MDR1 by downregula-
tion of DDX53 (Fig. 6B). The downregulation of DDX53 also
decreased the levels of CD133, SOX-2, MDR1 and the inter-
action between DDX53 and SOX-2 (Fig. 6C). Thus, DDX53
regulates the tumorigenic potential of cancer stem cells.

DDX53 regulates self-renewal of CD133 (+) cells

Because DDX53 regulated the tumor spheroid forming po-
tential of cancer cells (Figs. 2D and 2E), we examined
whether DDX53 affects the self- renewal of cancer stem cells.
1° xh CD133 (+) cells, isolated from xenograft of Malme3M®
cells (Fig. 7A), display higher tumor spheroid forming poten-

tial than 1° xh CD133 (-) cells in the absence and presence
of anti-cancer drugs (Fig. 7B). 1° xh CD133 (+) cells dis-
played higher expression of DDX53, SOX-2 and MDR1 than
1° xhCD133 (-) cells (Fig. 7C). 2° xhCD133 (+) cells, isolated
from the xenograft of Malme3M*-CD133 (+) cells (Fig. 74),
also showed higher tumor spheroid forming potential than
2° xhCD133 (-) cells in the absence and presence of anti-
cancer drugs (Fig. 7D), and higher expression of DDX53 and
SOX-2 than 2° xhCD133 (-) cells (Fig. 7E). These results sug-
gest that DDX53 regulates the self-renewal capacity of
Malme3M®-CD133 (+) cells.

DISCUSSION

DDX53 showed co-expression with CD133 in Malme3MF®
cells (Fig. 1A). Malme3M®-CD133 (+) cells have higher levels
of DDX53, SOX-2 and NANOG than Malme3M®-CD133 (-)
cells (Fig. 1B). These results suggest the involvement of
DDX53 in regulating cancer stem cell-like properties. Given
the fact that Malme3M®-CD133 (+) cells express higher ex-
pression of MDR1 than Malme3M®-CD133 () cells (Fig. 1B),
it is probable that cancer stemness is related to anti-cancer
drug resistance.

We found an interaction between DDX53 with SOX-2 in
Malme3MPR cells (Fig. 3D). SOX-2 interacts with HDAC2 (Cox
et al.,, 2010). DDX53 interacts with HDAC2 (Kim et al.,
2010). It is therefore reasonable that DDX53 interacts with
HDAC2 to regulate the expression of SOX-2.

HDACS3 confers sensitivity to anti-cancer drugs (Kim et al.,
2014), decreases the level of MDR1 (Park et al., 2014b) and
reduces angiogenic potential (Park et al., 2014a). Thus
HDAC3 may negatively regulate cancer stem cell-like proper-
ties. miR-326 forms a negative feedback loop with HDAC3
and induces anti-cancer drug-resistance (Kim et al., 2014).
Thus miR-326 may positively regulate the cancer stem cell-
like properties of Malme3M® cells. miR-335 increases the
level of HDAC3 by targeting SIAH2 (Kim et al., 2015). Thus,
SIAH2 may thereby regulate cancer stem cell-like properties.
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Fig. 6. DDX53 regulates the tumorigenic potential of Malme3MR-CD133 (+) cells. (A) Malme3M®-CD133(+) cells (10° cells) were subcu-
taneously injected into athymic nude mice. The indicated siRNA (50 uM/kg) was intravenously injected 7 times over a period of 32 days.
The extent of tumorigenic potential was determined. *p < 0.05. (B) Immunohistochemistry staining employing tumor tissue was per-
formed, as described. (C) Immunoprecipitation and Western blot employing tumor tissue lysates were performed.

328 Mol. Cells 2017; 40(5): 322-330



A " B‘Ialmle.‘il\(R cells B Mock Celastrol

injected into nude mice

1 én

=

Tumor tissue formed =]

from Malme3ME cells %

/ \ e

CDI33(+); CD133(); -

1°xh CD133(+) 1°sh CDI33() &=

| g

5}

Injection into ?

nude mice

Tumor tissue formed
from 1° xh CD133 (+) cells

CD133 (+); CD133(-);
2°xh CD133(H) 2¢xh CDI33()
Mock Celastrol Taxol 0] 2°xhCD133
40 B 2°xhCD133*
) .
© 35
5 B2
9 30 4
= 4
o 25 4

20 1
15 1
10 4

Number of 1° spheroid

2°xhCD133"

0l
Q\‘&
&

&_‘-

DDX53 Regulates Cancer Stem Cell-Like Properties by Binding to SOX-2
Youngmi Kim et al.

0O 1°xhCD133" O 1°xhCD133-
Taxol 40 - 1°xhCD133* 7 Al 1° xhCD133*
* *

w
th
F
m

*

m o

Number of 1¢ spheroid
e I
m o

=1

n

(=
=]

N
& < o 8 4
& Cﬁ\& ¥ @P‘ Cﬁ'\"’ P
0 2°xhCD133- o 5
B 2° xhCD133* L
35 7] z2 = "
o9 o]
= 30 1 b z 2
E e o
£ 25 R
i —=—|4DDX53 ™ ™
& 20 4
5 == | 4 NANOG |~ = ==|4DDX53
o 15
% — |4 s0X2 -—| {NANOG
E 10 -
=gl — | <\DR1 - 4SOX2
o 1L , 4 Actin «Actin
O
& & &
&

Fig. 7. Malme3MR-CD133 (+) cells shows self-renewal capacity. (A) 1° xhCD133 (+) and 1° xhCD133 (-) cells were from tumor tissues
formed from Malme3MF cells. 2° xhCD133 (+) and 2° xhCD133 (-) cells were from tumor tissues formed from 1° xhCD133 (+) cells
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ed to yield single cell suspension. Thus obtained single suspension was subjected to tumor spheroid formation to obtain secondary tu-
mor spheroids. *p < 0.05. (C) 2° xhCD133 (+) and 2° xhCD133 (-) cells were subjected to tumor spheroid formation assays. Primary
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(D) Western blot was performed.

Autophagy is involved in the regulating the levels of OCT4,
NANOG and SOX-2 (Cho et al., 2014). Autophagy inhibition
enhances the chemotherapeutic effects of gemcitabine,
mitomycin and cisplatin (Ohja et al., 2014). Compared to
Malme3M cells, the Malme3M® cells show a higher expres-
sion of LC3-I/Il, a marker of autophagy, while showing lower
expression of p62, an inhibitor of autophagy (data not
shown). Therefore, anti-cancer drug-resistance is closely
related with autophagy.

miRNAs are critical for cancer stemness. miR-145-5p re-
duces the tumorigenic potential of cancer cells and the level
of SOX-2 (Ozen et al., 2015). miR-29b negatively regulates
stemness maintenance in glioblasotoma multiforme by at-
tenuating tube formation and the expression of VEGF and
Ang-2 (Chung et al., 2015). TargetScan analysis predicts that
ATG-5,-7, and -12 serve as targets of miR-200b and miR-
217. DDX53 regulates the expression of various autophagy
marker proteins, such as p62, pBeclin®"°, ad LC31/Il (Person-
al observations). Over-expression of DDX53 enhances au-
tophagy (Personal observations). These results suggest that
DDX53 regulates cancer stemness in association with its

effect on autophagy. The effect of marker proteins of au-
tophagy, such as p62, pBeclin®*", and LC3/Il, on the cancer
stemness of Malme3M® cells would merit investigation.

In this study, we present the mechanism of cancer stem-
ness regulated by DDX53. Thus, we propose that DDX53
may serve as a target for the development of anti-cancer
therapies.
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