
T
M
S

S
P
C
E
V

*

In
M
br
sy
tr
40
pa
su
th

www.transonc.com

Trans la t iona l Onco logy Volume 12 Number 1 January 2019 pp. 96–105 96
argeting DDX3 in
edulloblastoma Using the
mall Molecule Inhibitor RK-33
D
R
S
O
B
H
an
¶W
M
P
**

U

Ad
Ru
U
E-
Re

©
op
nc
19
ht

Downloaded for Anonymous User (n/a) at Utrecht University fro
For personal use only. No other uses without permission. C
aritha Tantravedi*, Farhad Vesuna*,
aul T. Winnard Jr. *, Allison Martin†, Michael Lim‡,
harles G. Eberhart§, Cynthia Berlinicke¶,
ric Raabe#, Paul J. van Diest†, ** and
enu Raman*,†, **

ivision of Cancer Imaging Research, Department of
adiology and Radiology Science, Johns Hopkins University,
chool of Medicine, Baltimore, MD; †Department of
ncology, Johns Hopkins University, School of Medicine,
altimore, MD; ‡Department of Neurosurgery, Johns
opkins Hospital, Baltimore, MD; §Department of Pathology
d Oncology, Johns Hopkins Hospital, Baltimore, MD;
ilmer Eye Institute, Johns Hopkins University, School of
edicine, MD; #Department of Pediatric Oncology and
athology, Johns Hopkins Hospital, Baltimore, MD;
Department of Pathology, University Medical Center
trecht, Utrecht, The Netherlands
Abstract
Medulloblastoma is the most common malignant tumor that arises from the cerebellum of the central nervous
system. Clinically, medulloblastomas are treated by surgery, radiation, and chemotherapy, all of which result in
toxicity and morbidity. Recent reports have identified that DDX3, a member of the RNA helicase family, is mutated
in medulloblastoma. In this study, we demonstrate the role of DDX3 in driving medulloblastoma. With the use of a
small molecule inhibitor of DDX3, RK-33, we could inhibit growth and promote cell death in two medulloblastoma
cell lines, DAOY and UW228, with IC50 values of 2.5 μM and 3.5 μM, respectively. Treatment of DAOY and UW228
cells with RK-33 caused a G1 arrest, resulted in reduced TCF reporter activity, and reduced mRNA expression
levels of downstream target genes of the WNT pathway, such as Axin2, CCND1, MYC, and Survivin. In addition,
treatment of DAOY and UW228 cells with a combination of RK-33 and radiation exhibited a synergistic effect.
Importantly, the combination of RK-33 and 5 Gy radiation caused tumor regression in a mouse xenograft model of
medulloblastoma. Using immunohistochemistry, we observed DDX3 expression in both pediatric (55%) and adult
(66%) medulloblastoma patients. Based on these results, we conclude that RK-33 is a promising radiosensitizing
agent that inhibits DDX3 activity and down-regulates WNT/β-catenin signaling and could be used as a frontline
therapeutic strategy for DDX3-expressing medulloblastomas in combination with radiation.
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troduction
edulloblastoma is the most common malignant form of pediatric
ain tumor that occurs in the cerebellum of the central nervous
stem [1]. Despite treatment advances in recent years, current
eatment strategies are associated with long-term toxicities. About
% of patients experience recurrence of the disease and 30% of
tients will eventually die [2]. Current standard treatments include
rgical resection and craniospinal irradiation, followed by chemo-
erapy. Although these strategies have the potential to increase the
m ClinicalKey.com by Elsevier on February 10, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.
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rvival of 70–80% of patients with medulloblastoma, they are
sociated with serious treatment-induced morbidity. Histologically,
edulloblastoma is defined into four subtypes: classic, desmoplastic/
dular; medulloblastoma with extensive nodularity; and large cell/
aplastic [3]. Genetically, medulloblastoma is subtyped into five
bgroups: WNT-activated; Sonic hedgehog (SHH)-activated and
3-mutant; SHH-activated and p53-wildtype; non-WNT/non-SHH
roup 3; and non-WNT/non-SHH Group 4 [4]. More recently,
edulloblastoma has been subtyped into 7 distinct groups [5,6].
pproximately 10% of medulloblastoma show up-regulation of the
NT pathway with mutations mainly in β-catenin (CTNNB1), which
the principal effector of the WNT pathway [7–10]. Less common
utations, including adenomatous polyposis coli (APC), Axin1, and
xin2, which are the key factors in theWNT signaling pathway, are also
und in medulloblastoma [7,11]. Somatic mutations in Smoothened
MO), Suppressor of Fused (SUFU), and Patched-1 (PTCH-1) are the
olecular abnormalities found in SHH-type medulloblastoma
2–14]. Group 3 and group 4 tumors are associated with genomic
stability [11] and MYC amplification [15,16].
DDX3, an RNA helicase, is involved in many biological activities that
gulate multiple steps in gene expression, such as transcription [17,18],
RNA translation [18,19], splicing [20], and nuclear export [21,22].
owever, mutations in DDX3 have been reported in various cancers,
ch as chronic lymphocytic leukemia [23], head and neck squamous cell
rcinomas [24], and T-cell acute lymphoblastic leukemia [25]. About
of medulloblastoma cases involve mutations in DDX3, of which

% involve the pediatricWNT- and -SHH subtypes [26]. Mutations
DDX3 lead to the activation of mutated β-catenin in TCF/LEF
porter assays, suggesting the oncogenic role of DDX3 in
edulloblastoma [27]. DDX3 is also involved in the potentiation
β-catenin signaling through translational regulation of Rac1 in a
licase-dependent manner [28]. In colorectal cancer, DDX3, acting
a mediator in the activation of β-catenin through the CK1ε/Dvl2
is, is associated with tumor invasion and a worse prognosis [29]. In
cent studies, we have shown that RK-33 impaired WNT signaling
rough the disruption of the DDX3-β-catenin pathway in both lung
0] and colorectal cancers [31]. We have also shown that RK-33, in
mbination with radiation, induced tumor regression in mouse
odels of lung cancer [30]. Moreover, RK-33 specifically promoted
diation sensitization in DDX3 over-expressing cells [30,32].
To validate the functional utility of inhibiting DDX3 activity for
mor ablation, a small molecule that targets DDX3 has been
nthesized by our laboratory, referred to as RK-33 [30]. RK-33
nds to the ATP-binding domain of DDX3 and inhibits its RNA-
licase activity [30]. Here, we show the growth inhibition of
edulloblastoma cell lines by RK-33 which was associated with
duced transcript levels ofWNT-regulated genes.We also demonstrate
nergy between RK-33 treatment and radiation both in vitro and in a
ouse model of medulloblastoma. Lastly, we also studied DDX3
pression in human medulloblastoma samples.

aterials and Methods
AOY and UW228 cells were a kind gift fromDr.Michael Lim (Johns
opkinsUniversity, Baltimore,MD,USA). TheDAOY cell line (SHH
btype with a mutated p53 gene) was grown in DMEM/F-12 50/50,
(Dulbecco's Modification of Eagle's Medium/Ham's F-12 50/50
ix) with 10% fetal bovine serum, L-glutamine and 15 nM HEPES.
he UW228 cell line (SHH subtype with a mutated p53 gene) was
own in MEM, 1x (Minimum Essential Medium Eagle) with Earle's
Downloaded for Anonymous User (n/a) at Utrecht University fr
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lts and L-glutamine supplemented with 10% fetal bovine serum. The
ll lines were maintained under sterile conditions in a humidified
cubator with 5%CO2 at 37°C. Transfection was performed using the
tPrime transfection reagent (Polyplus, New York, NY, USA) and
ransLT1 (Mirus, Madison, WI, USA). For the DDX3 knockdown
periments, siControl (non-targeting pool) and siDDX3 sequences
ere purchased from Dharmacon, Lafayette, CO, USA.

atient Samples
A medulloblastoma tissue microarray with 80 cases was previously
sembled at the Johns Hopkins Hospital Department of Pathology.
rvival data are available for these de-identified patient specimens under
B approved protocol, NA_00015113. These cases were previously
signed to amolecular subgroup by theGermanCancer ResearchCenter
KFZ), Heidelberg, Germany, using an immunohistochemical panel to
entify 4 distinct subgroups;WNT, SHH,Group 3, and Group 4 using
tibodies as previously described [16,33].Missing cases were attributable
damaged or detached cores during cutting or staining, or to cores not
ntaining tumor. Pathology was reviewed according to the 2007WHO
assification for central nervous system tumors [3]. Clinicopathological
ta were retrieved from the pathology report and patient files.

munohistochemistry
Four μm-thick sections were cut, mounted on Super Frost slides
enzel & Glaeser, Brunswick, Germany), deparaffinized in xylene, and

hydrated in decreasing ethanol dilutions. Endogenous peroxidase
tivity was blocked with 1.5% hydrogen peroxide buffer for 15 minutes
d was followed by antigen retrieval through boiling for 20 minutes in
mM citrate buffer (pH 6.0) for DDX3. Slides were subsequently

cubated in a humidified chamber for 1 hour with anti-DDX3 (1:1000,
b r647) [34]. After washing with PBS, slides were incubated with poly-
RP-anti-mouse/rabbit/rat IgG (BrightVision Immunologic, Duiven,
he Netherlands) as a secondary antibody for 30 minutes at room
mperature. Peroxidase activity was developed with diaminobenzidine
d hydrogen peroxide substrate solution for 10minutes. The slides were
htly counterstained with hematoxylin and mounted. Appropriate
sitive and negative controls were used throughout. Scoring of DDX3
as performed by P.V.D. The intensity of cytoplasmicDDX3 expression
as scored semi-quantitatively as absent (0), low (1), moderate (2), or
rong (3). Cases with a score of 0 to 1were classified as having lowDDX3
pression and evaluated against cases with strong expression.

munoblotting
DAOY and UW228 cells were harvested at 60–70% confluence
r protein expression analysis. Standard SDS-PAGE and immuno-
otting protocols were followed. The primary antibody used for
DX3 and actin was mouse monoclonal antibody and the secondary
tibody used was anti-mouse antibody for both DDX3 and actin.

DX3 Knockdown in Medulloblastoma Cell Lines
DAOY and UW228 cells were plated at 7.5 x 104 cells per well in six-
ell plates and incubated overnight. Cells were transfected with siDDX3
5 nM) using the JetPrime transfection reagent. Media was refreshed 24
after transfection. The cells were harvested after 72 h of transfection and
otein concentration was estimated before Western blotting.

ytotoxicity Assay
Cytotoxicity was determined using an MTS assay. DAOY and
W228 cells were plated in duplicates at 1 x 103 cells per well in a
-well plate. After overnight incubation, cells were treated with
om ClinicalKey.com by Elsevier on February 10, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.
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rious concentrations of RK-33 (1 μM - 16 μM) and DMSO as a
ntrol, for about 72 h. An MTS reagent (10%) was added and
lls incubated for an additional 2 h followed by reading absorbance
490 nm (Victor V3, Perkin-Elmer).

munoblotting
DAOY and UW228 cells were plated at 1.5 x 105 cells per well in a
x-well plate and incubated overnight. DAOY cells were treated with
MSO or 2.5 μM RK-33, while UW228 cells were treated with
5 μM RK-33. After 48 h, cells were lysed in SDS-extraction buffer
00 nM Tris–HCl, 2% SDS, 12% glycerol, 10 mM EDTA, pH 6.7)
ith an added protease inhibitor. Protein concentration was determined
d 30 μg of each sample was loaded onto a 10% SDS-PAGE gel. After
otein transfer to the PVDF membrane, DDX3 (1:500 in 5% BSA,
Ab AO196) and actin (1:10,000 in 5%milk, A5441, Sigma-Aldrich,
. Louis, MO, USA) primary antibodies were added. After overnight
cubation at 4°C, mouse secondary antibodies were added. The blots
ere developed with Clarity Western ECL (BioRad, Hercules, CA,
SA) and imaged with a G-Box Chemi XR5 (Syngene, Frederick,
D, USA).

ell Cycle Analysis
DAOY and UW228 cells were plated in duplicates at 1.5 x 105 cells
r well in a six-well plate. After overnight incubation, cells were treated
ith RK-33 (1 μM and 2 μM) or DMSO. Briefly, after 24 h of RK-33
eatment, cells were trypsinized and fixed in 70% ethanol overnight at
0°C. Fixed cells were washed with PBS and resuspended in a DNA
aining solution (5 μg/ml propidium iodide, 0.5 mg/ml RNase A) for
e hour at room temperature. Cell cycle acquisition was performed on
FACScan I or FACScalibur instrument (BD Biosciences, San Jose,
A, USA). Debris was gated out and 10–25,000 cells were acquired per
mple. Data were analyzed using FlowJo software (Tree Star Inc.,
shland, OR, USA).

poptosis Assay
DAOY and UW228 cells were plated in duplicates at 1.5 x 105 cells
r well in six-well plates. After overnight incubation, cells were treated
ith RK-33 (2 μM) and DMSO as a control. After 24 h of drug
eatment, apoptosis was measured with an Annexin V binding
tection kit. Briefly, cells floating in the supernatant, along with the
herent fraction, were trypsinized and then washed. Cells were
cubated with Annexin V-FITC and PI for 15 min at room
mperature in the dark. Cells were immediately analyzed by flow
tometry. Debris was gated out while all other cells were studied.
iable cells excluded both Annexin V-FITC and PI. Early apoptotic
lls were Annexin V-FITC-positive and PI-negative, whereas cells that
ere no longer viable, due to apoptotic or necrotic cell death, were
sitively stained by both Annexin V and PI. The amounts of stained
lls in each quadrant was reported.

CF Reporter Assays
The transcriptional activity of TCF4 was measured for DAOY and
W228 cells using the dual luciferase assay (Promega, Madison, WI,
SA) according to the manufacturer's instructions. Briefly, DAOY
d UW228 cells were plated at 3 x 104 cells per well in a 24-well
ate. After overnight incubation, cells were transfected with 500 ng
OP-FLASH or FOP-FLASH constructs and 50 ng phRL Renilla
nstructs as a transfection control, using an LT1 transfection
agent. After overnight incubation, cells were treated with DMSO
2.5 μM RK-33 for DAOY cells and 3.5 μM for UW228 cells and
Downloaded for Anonymous User (n/a) at Utrecht University fro
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cubated for 24 h. The cells were lysed and the transcriptional
tivity of TCF4 was measured using a dual luciferase assay. For the
DX3 knockdown experiments, DAOY and UW228 cells were
ated at 3 x 104 cells per well in a 24-well plate. After overnight
cubation, cells were transfected with 10 nM siDDX3 for DAOY
lls and 25 nM siDDX3 for UW228 cells using the JetPrime
ansfection reagent. The following morning, cells were transfected
ith TOP-FLASH and FOP-FLASH constructs using the TransLT1
ansfection reagent and incubated for another 48 h, after which the
lls were lysed for the luciferase assay. Luminescence was measured
ing a luminometer (Berthold Sirius, Oak Ridge, TN, USA).
elative TCF4-promoter activity was calculated by normalizing
OP-FLASH and FOP-FLASH readings for Renilla luciferase
adings, and then, dividing normalized TOP-FLASH readings by
ormalized FOP-FLASH readings.

uantitative Reverse Transcriptase Polymerase Chain Reaction
DAOY and UW228 cell lines were treated with RK-33 (2.5 μM and
5 μM) and siDDX3 (25 nM). After 24–48 h of treatment, cells were
rvested and RNA was extracted using the RNeasy kit (Qiagen,
alencia, CA,USA), and cDNAwas synthesized using the iScript cDNA
nthesis kit (Bio-Rad, Hercules, CA, USA), followed by qPCR using
BR green (Bio-Rad, Hercules, CA, USA) on a CFX96 Real-Time
R detection system (Bio-Rad, Hercules, CA, USA). Amplification of
B4, a housekeeping gene, was used to normalize gene expression
lues. Primer sequences: DDX3F: 5′-GGAGGAAGTACAGCCAG
AAAG-3′, DDX3R: 5′-CTGCCAATGCCATCGTAATCACTC-
, AXIN2 F: 5‘-TCAAGTGCAAACTTTCGCCA-ACC-3′, AXIN2
: 5′-TAGCCAGAACCTATGTGATAAGG-3′, MYC F: 5′-
GTCTCCAC-ACATCAGCACAA-3′, MYC R: 5′-CACTGTCC
ACTTGACCCTCTTG-3′, CCND1 F: 5′-GGCGGAGGAGAA
AAACAGA-3′, CCND1 R: 5′-TGGCACAGAGGGCAACGA-3′,
rvivin F: 5′-CCACCGCATCTCTACATTCA-3′, Survivin R: 5′-
ATGTTCCTCTATGGG-GTCG-3′. Fold changes in mRNA
pression were calculated using the 2(−ΔΔCT) method [35]. Statistical
gnificance was calculated by performing a paired Student's t-test on the
CT values.

lonogenic Assay
The radio-sensitivity of RK-33 was determined by a clonogenic
rvival assay. DAOY and UW228 cells at 200–700 were plated in
plicate in six-well plates and incubated overnight. The following
y, cells were treated with RK-33 (1–3 μM) or DMSO. After 2.5 h of
K-33 treatment, the cells were exposed to increasing doses of radiation
, 1, 2, and 3Gy). After seven days of incubation, colonies consisting of
ore than 50 cells were scored. Colonies were washed with PBS and
ained with 0.05% (w/v) crystal violet dye and then counted. The
ating efficiency (PE) was calculated as “mean colony counts/cells
eded,” and the surviving fraction (SF) was calculated as “colonies /
ells seeded x plating efficiency),” and plating efficiency was defined as
ean colony counts for un-irradiated controls / cells seeded.”

Vivo Combination of RK-33 Treatment With Radiation in
ude Mice
All mice were maintained under sterile conditions, and experi-
ents were conducted according to the guidelines of the Johns
opkins Animal Care and Use Committee. All animals were
aintained under regulated temperature and humidity. Nude mice
ere injected in the flank with 1 x 106 DAOY cells mixed with
atrigel. Mice were monitored until the tumor was felt by palpation.
m ClinicalKey.com by Elsevier on February 10, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.
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Table 1. Clinical Parameters

Total
DDX3

HR 95% C.I. P Value
Low (Alive/Dead) High (Alive/Dead)

Age
0–18 49 24 (14/10) 25 (14/11) 1.09 0.46–2.56 0.85
19+ 8 3 (2/1) 5 (4/1) 0.45 0.03–7.37 0.57

Gender
Female 25 14 (7/7) 11 (8/3) 0.40 0.10–1.56 0.19
Male 34 13 (9/4) 21 (10/11) 1.98 0.63–6.23 0.24

Race
White 30 15 (7/8) 15 (9/6) 0.77 0.27–2.22 0.63
Black 11 6 (4/2) 5 (3/2) 1.11 0.15–8.16 0.92

German subgroup
C 7 3 (0/3) 4 (0/4) 0.58 0.10–3.49 0.55
D 12 4 (3/1) 8 (6/2) 0.70 0.06–7.92 0.78
SHH 23 9 (9/0) 14 (10/4) NA NA NA

Subtype
Classic 26 11 (8/3) 15 (8/7) 1.78 0.46–6.88 0.41
Mod A 8 4 (3/1) 4 (3/1) 1.41 0.09–22.64 0.81
Nodular 10 4 (4/0) 6 (5/1) NA NA NA
Sev A 6 2 (0/2) 4 (1/3) 0.16 0.01–1.75 0.13

Correlations between DDX3 and other clinicopathological variables in pediatric medulloblastoma
patients. P values calculated by Cox proportional hazard analysis. HR, Hazard Ratio; C.I.,
Confidence Interval.

Translational Oncology Vol. 12, No. 1, 2019 Targeting DDX3 in medulloblastoma Tantravedi et al. 99
ice were distributed randomly over four groups of three mice:
MSO as a control; RK-33 (50 mg/kg); radiation (5 Gy); and a
mbination of RK-33 (50 mg/kg) and radiation (5 Gy). Mice were
eated intraperitoneally with RK-33 every alternate day for two
eeks. A single dose of radiation (5 Gy) was given using a Small
nimal Radiation Research Platform (SARRP) with a circular beam
cused on the tumor site. Mice were monitored for tumor growth.
he size of tumors was measured over a period of time (42 days) and
mor volume was calculated [V = 1/2(length x width2)] using
ernier calipers.

atistical Analysis
The Cox proportional hazards analysis and Kaplan–Meier survival
ots were used to evaluate differences in time to death between high
d low values of DDX3 for subgroups of patient characteristics that
d an adequate count of patients. The hazard ratio, 95% confidence
terval and p-value for subgroups with adequate patients are
ovided. For subgroups where there were zero deaths for either the
gh or low value of DDX3 (perfect prediction) were not able to be
aluated for a hazard ratio.
All bars indicate standard deviation, except where indicated.
npaired T-tests were used to determine significance. All experi-
ents were performed at least twice (biological replicates) indepen-
ntly in replicates of 2 or 3. Graphs represent mean ± SD, *P b .05,
P b .01, ***P b .001.

esults

DX3 Expression Increased in Medulloblastomas
To determine the expression levels of DDX3 in medulloblastoma
mples, we evaluated a cohort of 80 medulloblastoma patients (15
mples were not scorable) for DDX3 expression by means of tissue
Nodular (SHH) Classic (SHH) 

NEW 
4% 

SHH 
36% 

3 
11% 

4 
21% 

WNT 
1% 

Unknown 
13% 

n/a 
14% 

Classic (

A

B

gure 1. DDX3 expression in patients with medulloblastoma. A. DDX3
ult medulloblastoma as seen by immunohistochemical staining B
edulloblastoma (n = 65) used in our study. C. Kaplan–Meier curve sh
d high (N2) DDX3 expressing tumors.
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icroarrays. In normal brain tissue, we saw little or no expression of
DX3 (data not shown). However, in 31 of 56 (55%) pediatric
edulloblastoma samples and in 6 of 9 (67%) adult medulloblastoma
mples, we detected DDX3 expression Figure 1A. In addition, high
toplasmic DDX3 expression was observed among different
stological subtypes of medulloblastoma patients Figure 1, A and
. Importantly, no significant association between high and low
toplasmic DDX3 and survival was observed in medulloblastoma
tients Figure 1C and Table 1.
DDX3 expression
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om ClinicalKey.com by Elsevier on February 10, 2020.
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hibition of DDX3 in Medulloblastoma Cell Lines Decreased
roliferation
To ascertain whether DDX3 inhibition decreases proliferation, we
itially assessed DDX3 expression levels in the medulloblastoma cell
es DAOY and UW228. As shown in Figure 2A, both these cell
es express high levels of DDX3. To determine the role of DDX3 on
e growth of DAOY and UW228 cells, we specifically knocked
wn DDX3 expression using a validated siRNA [31] Figure 2B. As
own in Figure 2C, the knockdown of DDX3 resulted in reduced
llular proliferation.

K-33 Inhibited Cell Viability in Medulloblastoma Cell Lines
As DDX3 expression is high in medulloblastoma cell lines, we next
aluated whether these cell lines were sensitive to RK-33, a small
olecule that targets DDX3. The structure of RK-33 is shown in
pplementary Figure 1. DAOY andUW228 cell lines were treated with
rious concentrations of RK-33, and cell viability wasmeasured on day 3
ith an MTS assay. Both the DAOY and the UW228 cell lines were
nsitive to RK-33, with IC50 values of 2.5 μM and 3.5 μM, respectively
gure 3A. In order to determine the effect of RK-33 on DDX3
pression levels, we treated DAOY and UW228 cell lines with IC50

lues of RK-33. After 24 h of treatment with RK-33, we scored for
DX3 expression levels by western blotting. The result showed decreased
vels of DDX3 expression in both the DAOY and the UW228 cell lines,
shown in Figure 3B. Photomicrographs of cells treated with RK-33 or
MSO are shown in Figure 3C. Based on these observations, we can
nclude that RK-33 can effectively reduce DDX3 levels, as a result of
hich cell death mechanisms are potentially enhanced.
To extend the findings, we evaluated the expression level of DDX3
two additional medulloblastoma cell lines: D425-Med and HD-
B03 cells. As shown in Supplementary Figure 2, both of these cell
es express DDX3 with D425-Med cells exhibiting somewhat
gher levels then HD-MB03 cells. Furthermore, both D425-Med
d HD-MB03 cells were sensitive to RK-33 treatment when grown
monolayers on adherent plates with IC50 values of 2.3 and 6.5 μM
siDDX3 

DDX3 

Actin 

DAOY UW228 

DDX3 

Actin 

A B

DAOY 

0 24 48 72 
0 

50 

100 

150 
siControl
siDDX3

Time (h)

C
el

l V
ia

bi
lit

y 
(%

) 

C

gure 2. Inhibition of DDX3 in medulloblastoma cell lines results in a
AOY and UW228 cells, as detected by immunoblotting B. Immunoblo
ing 25 nM siDDX3. C. Proliferation assay of DAOY and UW228 cells
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spectively Supplementary Figure 2A. Moreover, as shown in the
alcein AM green fluorescence (viable cells) photomicrographs and
ots of Supplementary Figure 2, B and C. when these cell lines were
own in suspension in non-adherent plates their sensitivity to RK-33
eatment remained in a similar range of IC50 values of 4.5 and
8 μM for D425-Med and HD-MB03 cells respectively.

K-33 Induced aG1-Phase Cell Cycle Arrest andCaused Apoptosis
Next, to define the effects of RK-33 on cell cycle profile, we
rformed flow cytometry analysis on RK-33-treated DAOY and
W228 cells. Both DAOY and UW228 cells exhibited G1 arrest
ithin 24 h of RK-33 treatment Figure 3D. This is indicative that
K-33-induced G1 arrest in both DAOY and UW228 cells might be
pendent on DDX3 levels in these two cell lines.
In order to delineate whether the cell cycle arrest at the G1 phase as
result of RK-33 treatment was due to apoptosis, we next performed
w cytometric analysis using Annexin V/PI staining. DAOY and
W228 cells were treated with RK-33 (2 μM), incubated for 24 h,
d subjected to Annexin V/PI staining to assess the percentage of
able, early apoptotic, and late apoptotic cells Figure 4A. The analysis
owed that the number of viable cells, pre-apoptotic, and apoptotic
lls in DAOY was 83%, 3%, and 3%, respectively. In UW228, the
mber of viable cells, pre-apoptotic, and apoptotic cells was 74%,
, and 6%, respectively Figure 4B. From this observation, we
nclude that treatment of DAOY and UW228 cells with RK-33
duced a G1-phase cell cycle arrest with minor cell death.

DX3 Knockdown and RK-33 Treatment Decreased
NT/β-Catenin Signaling
In order to investigate the relation between the interference of the
cogenic WNT/β-catenin pathway with the observed reduction in
oliferation, we tested whether DDX3 inhibition causes a reduction
TCF promoter activity using a TOP/FOP luciferase assay. By

ansfecting DDX3 knockdown cell lines using TOP-FLASH or
OP-FLASH, the knockdown of DDX3 resulted in a significant
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crease in TCF activity in both DAOY and UW228 cells. Similarly,
K-33 also significantly reduced TCF activity in both DAOY and
W228 cells Figure 5, A and B.
Since the WNT/β-catenin signaling pathway activates downstream
rget genes, such as Axin2, CCND1, MYC, and Survivin, which
omote tumor progression, we next evaluated whether reduced TCF
porter activity in medulloblastoma cell lines also resulted in reduced
pression of mRNA of TCF regulated genes. From this analysis, we
served that DDX3 knockdown resulted in a reduced expression of
xin2, CCND1, MYC, and Survivin in both DAOY and UW228
ll lines. RK-33 treatment also significantly reduced transcription of
xin2, CCND1, MYC, and Survivin, as shown in Figure 6. Based on
ese findings, we conclude that DDX3 inhibition resulted in
creased WNT/β-catenin signaling in both DAOY and UW228
lls, which further confirms the role of DDX3 in cell cycle
ogression and in the generation of a tumor phenotype.

ombination of RK-33 and Radiation Exhibited Synergistic
ell Death Effect, Both In Vitro and in a Preclinical Model of
edulloblastoma
In order to evaluate the effect of RK-33 in combination with
diation, we treated DAOY and UW228 cell lines with RK-33 and
fferent doses of radiation in a colony forming assay. Based on the
ta obtained, we observed that a combination of RK-33 and
diation resulted in a significantly higher inhibitory effect than using
ngle treatment of either RK-33 or radiation Figure 7A. This
dicates that RK-33 is able to radiosensitize DAOY and the UW228
ll lines, resulting in enhanced cell death.
To determine whether RK-33 could be used clinically as a radio-
nsitizer for medulloblastoma treatment, we treated tumors generated
ing DAOY cell line in nude mice, with RK-33 in combination with
diation. Following tumor generation in the flank,mice were randomly
Downloaded for Anonymous User (n/a) at Utrecht University fro
For personal use only. No other uses without permission. C
ouped and were treated with DMSO, RK-33, radiation (5 Gy), and a
mbination of RK-33 and radiation (5 Gy). Of the three different
eatment groups, 5 Gy in combination with RK-33 demonstrated the
ghest tumor reduction Figure 7B. This is indicative of the use of RK-
as a potential radiosensitizer for the treatment of medulloblastoma.

iscussion
bout 10% of medulloblastomas are driven by mutations in the WNT
gnaling pathway, but are considered a low risk subgroup [36]. This
bgroup is identified by the β-catenin nucleo-positive immunophe-
type and is associated with a significantly better overall survival, thus
ggesting that nuclear β-catenin accumulation is a marker of favorable
tcome in medulloblastoma [37]. In a normal cell, the cytoplasmic
catenin levels are maintained by the phosphorylation of β-catenin
a cytoplasmic destruction complex consisting of APC, axin, casein
nase 1α (CK1α), and glycogen synthase kinase (GSK3β), and
rther β-catenin is degraded by the ubiquitin proteasome complex
8,39]. Mutations in the phosphorylation site lead to β-catenin
abilization, which is translocated to the nucleus where it interacts
ith the TCF/LEF complex and causes up-regulation ofWNT target
nes, such as Axin2, CCND1, MYC, and Survivin [8,40–43].
Earlier reports have shown that DDX3 is among the most mutated
ne in pediatric and adult medulloblastoma [26,44]. A positive
rrelation between the high expression of DDX3 and poor prognosis
s been reported in human tumors [45]. DDX3mutations often occur
multaneously along with β-catenin mutations, and this mutant DDX3
creases the activity of mutated β-catenin activity, thereby enhancing
e nuclear translocation of β-catenin. The role of DDX3 in WNT/β-
tenin signaling was first reported by Cruciat et al. [46]. Since a
rcentage of medulloblastomas are driven by mutations in the
NT signaling pathway, we investigated the possible role of DDX3
WNT-associated medulloblastoma. Furthermore, we investigated the
m ClinicalKey.com by Elsevier on February 10, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.
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tent anti-tumor activity of RK-33, a small molecule inhibitor of
DX3, on medulloblastoma cell lines in vitro and in vivo. We
monstrated that DDX3 is over-expressed in medulloblastoma cell
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es, and targeting DDX3 with RK-33 not only reduced WNT
naling, but also caused a G1 arrest.We also showed that the inhibition
DDX3 resulted in reduced proliferation of medulloblastoma cell lines.
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his demonstrates the dependence of medulloblastoma cell lines on
DX3 for their survival. However, some reports have shown a
ntradictory role for DDX3 as both an oncogene [28,30,47] as well
tumor suppressor gene [48,49]. Several known WNT/β-catenin
wnstream targets, such as Axin2, CCND1, MYC, and Survivin, were
creased by RK-33 treatment, as demonstrated by RT-PCR analysis in
e medulloblastoma cell lines used in this study. Earlier, it was shown
at Norcantharidin impairs medulloblastoma growth by inhibiting
NT/β-catenin signaling [50]. The biflavone ginkgetin also suppresses
e growth of medulloblastoma by inhibiting the WNT/β-catenin
gnaling pathway, inducing G2/M phase arrest, and also reducing the
pression of the downstream target genes of the WNT/β-catenin
gnaling pathway, such as Axin2, CCNDI, and Survivin in DAOY cells
1]. Our results also parallel those, which were reported earlier.
The in vivo non-toxic effect, as well as radio-sensitization of RK-33,
s been reported previously in lung cancer and prostate cancer from
r laboratory [30,32]. Based on these previous results, we evaluated the
fect of RK-33 as a radio-sensitizer by performing in vitro clonogenic
says using DAOY and UW228 cells. A combination of 2 μMRK-33
d 3 Gy radiation in the DAOY cell line, and a combination of 3 μM
K-33 and 3 Gy radiation in UW228 cell line, reduced the clonogenic
ility compared to RK-33 or radiation alone. Treatment of mice with
AOY flank tumors with a combination of RK-33 and a 5Gy radiation
se showed a significant reduction in tumor size compared to RK-33
d radiation alone. Moreover, in both pediatric and adult patient
edulloblastoma samples, we detected that over 55% and 66% of the
mples had DDX3 expression, respectively.

onclusions
urrently, in the field of medulloblastoma, extensive attention has been
cused on the post-therapy quality of life and reducing the risk of long-
rm side effects. The goal is to minimize the intensity of the treatment,
well as use less toxic - and more targeted - novel agents in the

eatment of medulloblastoma. In this regard, RK-33, a small molecule
hibitor of DDX3, acts as a promising novel therapeutic agent that not
ly can reduce the toxicities associated with the treatment, but also
duce the dose of radiation in the treatment of medulloblastoma. In
nclusion, RK-33 acts as a promising small molecule inhibitor that can
rget and induce cell death in medulloblastomas in which DDX3/
NT-β-catenin is over-expressed.
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