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DDX3 Helicase and Lung Cancer

The ATP-dependent RNA helicase, DDX3 (DDX3X), regulates RNA metabolism and is overexpressed
and mutated in cancer. Bol and colleagues confirmed high levels of DDX3 expression in lung cancer
patients with aggressive disease. Using rational drug design, they generated RK-33, a small molecular
inhibitor that blocked ATP binding. This novel tricyclic 5:7:5-fused diimidazodiazepine ring
inhibited RNA duplex unwinding mediated by the yeast DDX3 homolog Ded1p. RK-33 blocked
growth of lung cancer cell lines in a DDX3-specific manner, and in combination with radiotherapy.
These results were confirmed in vivo in Ras“'?"/Twist1-driven and A549 orthotopic xenograft mouse
models for lung cancer using RK-33 with fractionated radiotherapy. Finally, in lung cancer cell lines,
RK-33 downregulated components of nonhomologous end joining DNA repair, suggesting a
mechanism of radiosensitization. (Image courtesy of Wikimedia Commons.)

Bol GM, Vesuna F, Xie M, Zeng ], Aziz K, Gandhi N, et al. Targeting DDX3 with a small molecule inhibitor for lung cancer
therapy. EMBO Mol Med 2015 Mar 27. [Epub ahead of print].

Metastasis Arising from Metastases Drives Lethality

Gundem and colleagues performed whole-genome sequencing of 51 metastases and primary tumors
from 10 patients with lethal prostate cancer. While a mother clone contained the majority of the driver
mutations, progression apparently involved dissemination of multiple clone variants, many of which
arose after metastatic spread. Patterns of metastasis-to-metastasis seeding suggest that metastases may
share more similarity to each other than to the primary tumor. Remarkably, polyclonal metastasis
resulted from multiple subclones seeding the same site, with interclonal cooperation observed during
metastasis. After therapy, several distinct and resistant subclones emerged and gave rise to heterogenic
metastases harboring different oncogenic mutations that disrupted androgen receptor signaling.
These multiple related tumors evaded therapy through divergent mechanisms and competed for
dominance by seeding from one site to another in the patient, driving progression. (Image by Nephron
courtesy of Wikimedia Commons.)

Gundem G, Van Loo P, Kremeyer B, Alexandrov LB, Tubio JM, Papaemmanuil E, et al. The evolutionary history of lethal
metastatic prostate cancer. Nature 2015;520:353-7.

MAPK Pathway Inhibition Is Paramount to Targeting CRC

BRAF inhibitor monotherapy is ineffective in the 10% of colorectal cancers (CRC) with BRAF"°?’F
mutations. Results from preclinical and early clinical studies suggest that cotargeting BRAF with MEK or
EGFR can improve efficacy in the clinic. Ahronian and colleagues performed whole-exome sequencing
on paired pretreatment/post-progression tumors from patients with BRAF-mutant colorectal cancer
treated with RAF inhibitor combinations. They identified diverse molecular alterations restricted to the
MAPK pathway, including KRAS mutation/amplification, BRAF amplification, and MEK1 (MAP2K1)
mutation. Interestingly, ERK inhibition in vitro could overcome each of these acquired resistance
mechanisms. Reactivation of the MAPK pathway as the common thread highlights the critical
dependence of BRAF-mutant colorectal cancer on sustained MAPK signaling and positions this pathway
as a fundamental therapeutic target in this disease. (Image from cited article courtesy of publisher.)

Ahronian LG, Sennott EM, Van Allen EM, Wagle N, Kwak EL, Faris JE, et al. Clinical acquired resistance to RAF inhibitor
combinations in BRAF-mutant colorectal cancer through MAPK pathway alterations. Cancer Discov 2015;5:358-67.
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Metabolic Vulnerabilities in Glioma

Kim and colleagues identified glycine decarboxylase (GLDC) as being expressed highly in
glioblastoma-derived neurosphere-forming cell lines. Knockdown of GLDC decreased viability and
increased intracellular glycine levels. The toxicity was due to conversion of excess glycine by glycine
C-acetyltransferase (GCAT) to aminoacetone and methylglyoxal. Knockdown of serine
hydroxymethyltransferase (SHMT2), an enzyme upstream of GLDC that converts serine to glycine,
reduced intracellular glycine levels and rescued glioma cells from GLDC knockdown. SHMT2 may
act to decrease pyruvate kinase activity, decrease carbon flux into the TCA cycle, and limit oxygen
consumption. Indeed, forced expression of pyruvate kinase isoform M2 (PKM2) increased oxygen
consumption and decreased cell survival under hypoxic conditions similar to levels observed with
SHMT?2 knockdown. Thus, GLDC may represent a metabolic vulnerability in glioma cells adapted to
survive under hypoxic conditions. (Image from Public Library of Science courtesy of Wikimedia
Commons.)

Kim D, Fiske BP, Birsoy K, Freinkman E, Kami K, Possemato RL, et al. SHMT2 drives glioma cell survival in ischaemia but
imposes a dependence on glycine clearance. Nature 2015;520:363-7.

Role of LIN28B/Let-7 in Oral Squamous Cancer Stem Cells

LIN28B, a miRNA-binding protein, suppresses let-7 and induces tumorigenesis. Chien and
colleagues observed a correlation between high levels of LIN28B, OCT4, and SOX2 and a high
_L percentage of CD44 "ALDH1" cancer stem cells (CSC) in oral squamous carcinoma cells (OSCC).
Overexpressing LIN28B in CD44 " ALDH1~ OSCC cells enhanced OCT4/SOX2 expression and CSC

properties, whereas coexpression of let-7 reversed these. let-7 targeted the 3'UTRs of ARID3B and
HMGA2 and inhibited their expression. ARID3B and HMGA?2 increased the transcription of OCT4

and SOX2. Furthermore, LIN28B/let-7 signaling also helped predict the efficiency of normal oral
@ keratinocytes being reprogrammed to induced pluripotent stem cells. In patient samples,
LIN28BM8_[gp.7low expression correlated with expression of ARID3B, HMGA2, OCT4, and SOX2.
E i Thus, LIN28B/let-7 regulates stemness by modulating OCT4/SOX2 expression cancer stem-like

¥ v properties in OSCC. (Image from cited article courtesy of publisher.)
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€y &y Chien CS, Wang ML, Chu PY, Chang YL, Liu WH, Yu CC, et al. Lin28B/Let-7 regulates expression of Octd and Sox2
reprograms oral squamous cell carcinoma cells to a stem-like state. Cancer Res; canres.2215.2014; Published OnlineFirst
April 9, 2015; doi:10.1158/0008-5472.CAN-14-2215.

Stressed-out Sarcomas

Stress granules are cytoplasmic ribonucleoprotein complexes that emerge in response to exogenous
or endogenous stress and sequester mRNA. They are characterized by stalled translation initiation
complexes and represent a mechanism by which cells under stress triage coding RNAs until their
fates are determined. Somasekharan and colleagues show that the RNA binding protein YB-1 (YBX1)
accumulates in, and is required for the formation of, stress granules in sarcomas cells. G3BP1, of
known importance in stress granule assembly, was identified as a key mRNA bound by YB-1.
Furthermore, targeting of YB-1 and G3BP1 decreased the number of stress granules in vivo, with
metastases observed only in tumors that maintained G3BP1, and increased stress granule formation,
collectively suggesting a role for stress granules in sarcoma. (Image courtesy of Wikimedia Commons.)

Somasekharan SP, EI-Naggar A, Leprivier G, Cheng H, Hajee S, Grunewald TG, et al. YB-1 regulates stress granule
formation and tumor progression by translationally activating G3BP1. ] Cell Biol 2015;208:913-29.

Note: Breaking Advances are written by Cancer Research editors. Readers are encouraged to consult the articles referred toin
each item for full details on the findings described.
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Targeting DDX3 with a small molecule inhibitor for
lung cancer therapy

Guus M Bol*?, Farhad Vesuna®, Min Xie, Jing Zeng?®, Khaled Aziz®, Nishant Gandhi®, Anne Levine®, Ashley
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Bordt>, Brian M Polster>, Leslie Cope®, Petra van der Groep? Atul Kondaskar’, Michelle A Rudek®,
Ramachandra S Hosmane’, Elsken van der Wall®, Paul J van Diest*®, Phuoc T Tran>® & Venu Raman™>®"

Abstract

Lung cancer is the most common malignancy worldwide and is a
focus for developing targeted therapies due to its refractory nature
to current treatment. We identified a RNA helicase, DDX3, which is
overexpressed in many cancer types including lung cancer and is

associated with

lower survival in lung cancer patients. We

designed a first-in-class small molecule inhibitor, RK-33, which
binds to DDX3 and abrogates its activity. Inhibition of DDX3 by
RK-33 caused G1 cell cycle arrest, induced apoptosis, and promoted
radiation sensitization in DDX3-overexpressing cells. Importantly,
RK-33 in combination with radiation induced tumor regression in
multiple mouse models of lung cancer. Mechanistically, loss of
DDX3 function either by shRNA or by RK-33 impaired Wnt signaling
through disruption of the DDX3-f-catenin axis and inhibited non-
homologous end joining—the major DNA repair pathway in
mammalian somatic cells. Overall, inhibition of DDX3 by RK-33
promotes tumor regression, thus providing a compelling argument
to develop DDX3 inhibitors for lung cancer therapy.

Keywords DDX3; DNA repair; lung cancer; radiation-sensitizing agent; small

molecule inhibitor

Subject Categories Cancer; Respiratory System

DOI 10.15252/emmm.201404368 | Received 25 June 2014 | Revised 9 February
2015 | Accepted 12 February 2015

Introduction

Lung cancer is the most common cancer worldwide, and it claims
more lives than prostate, colon, and breast cancer combined (Siegel
et al, 2013). Depending on tumor type and stage, the treatment for

lung cancer patients typically consists of surgery or chemoradiation.
For most patients, current treatments do not cure the disease and
are associated with substantial toxicity. Although surgical resection
offers the best long-term survival for lung cancer patients, only a
subset of these patients are considered operable and chemoradiation
is the only option for the majority of patients (Manser et al, 2005).

Recent advances in radiation therapy such as stereotactic body
radiation therapy (SBRT) or stereotactic ablative radiation therapy
(SABR) have shown increased efficacy to reduce lung tumor burden
and offer a new therapeutic modality to non-surgical patients. Clini-
cal experiences with SBRT in early-stage lung cancer and oligometa-
static cancer have demonstrated excellent local control of greater
than 90% (Timmerman et al, 2010). Because of increased toxicity
with delivery of SBRT to large treatment targets or following
re-treatment, there has been an ongoing search for tumor-selective
radiation sensitizers that would enable the use of lower dose per
fraction with increased efficacy (Senthi et al, 2012).

In our quest to characterize cellular pathways that are essential
for the oncogenic state, we have identified DDX3, an RNA helicase,
which is dysregulated in many cancer types including lung cancer.
DDX3 is a member of the DEAD-box family which is involved in a
number of cellular processes like transcription, RNA splicing, mRNA
export, and translation initiation (Lorsch, 2002; Rocak & Linder,
2004). DDX3 has also been associated with cancer biogenesis (Hu
et al, 2004). Previously, we identified DDX3 in a microarray screen
of breast cancer cells exposed to cigarette smoke and demonstrated
its role in cancer progression (Botlagunta et al, 2008). DDX3
promotes proliferation and cellular transformation (Hu et al, 2004;
Shih et al, 2007; Lee et al, 2008), has anti-apoptotic properties (Li
et al, 2006; Sun et al, 2008, 2011), modulates cell adhesion and
motility (Chen et al, 2014), and responds to hypoxia via HIF-1a
(Botlagunta et al, 2011; Bol et al, 2013). Besides the oncogenic role
of DDX3 in cancer biogenesis, there is a report that indicates loss of
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DDX3 via p53 inactivation can promote tumor malignancy in non-
small cell lung cancer (Wu et al, 2014).

Also, recent evidence has identified that DDX3 acts as an alloste-
ric activator of casein kinase 1 in the Wnt/B-catenin pathway
(Cruciat et al, 2013). Initially, the Wnt/B-catenin pathway was
described in colon cancer. Activating mutations of DDX3 were also
shown to be involved in pathogenic Wnt pathway activation in
medulloblastoma (Jones et al, 2012; Pugh et al, 2012; Robinson
et al, 2012) and chronic lymphatic leukemia (CLL) (Wang et al,
2011). Recently, it has been shown that activated Wnt signaling
predicts decreased survival in lung cancer patients (Xu et al, 2011;
Shapiro et al, 2013) and decreases sensitivity to radiation therapy
(Woodward et al, 2007; Zhang et al, 2010).

In the present study, we synthesized a DDX3 inhibitor, RK-33
(diimidazo(4,5-d:4',5'-f]-[1,3]diazepine) (Kondaskar et al, 2010)
which can potentially be used in cancer treatment. Binding of RK-33
to DDX3 impedes the function of DDX3, resulting in activation of cell
death pathways, inhibition of the Wnt-signaling pathway, and abro-
gation of non-homologous end-joining (NHEJ) activity. In combina-
tion with radiation, synergistic cell death effects were observed both
in vitro and in multiple preclinical lung cancer models.

Results
DDX3 overexpression correlates with aggressive lung cancer

DDX3 is expressed in lung cancer cell lines (H23, H1299, H460,
A549, and H3255) but not in the normal lung cell line HBEC
(Fig 1A). To assess the effect of DDX3 on malignant growth, we
generated two cell lines with reduced DDX3 expression—
H1299shDDX3 and A549shDDX3. Parental H1299 and A549 cells,
transfected with vector control, efficiently form colonies and grow
rapidly. However, knockdown of DDX3 significantly reduced colony
formation (Fig 1B and C) and proliferation (Fig 1D) and resulted in
a higher percentage of cells undergoing senescence (Fig 1E).

To corroborate our findings in lung cancer patients, we analyzed
95 lung cancer samples for DDX3 expression. In normal lung paren-
chyma, we saw little or no expression of cytoplasmic DDX3 (herein
DDX3 expression) (Fig 1F). However, almost all (94 out of 95) lung
cancer samples expressed DDX3, of which 63 samples (66%)
expressed high levels of DDX3 (Fig 1G-J). High DDX3 expression

Targeting DDX3 in lung cancer  Guus M Bol et al

was equally distributed among different histological subtypes of
lung cancer including NSCLC and SCLC (Fig 1J). Patients whose
lung cancer samples expressed high levels of DDX3 died on an
average 18 months earlier as compared to patients with low
DDX3-expressing tumors (Fig 1K). The hazard ratio (HR) for death
was 2.10 (95% CI; 1.13-3.93).

Furthermore, DDX3 was found to be a predictor of overall
survival, independent of tumor size, grade, and histological type by
multivariable analysis (Table 1A and B). In addition, analysis of
gene signatures in human cancers indicates that high DDX3 expres-
sion correlates with shorter overall survival in NSCLC (Supplemen-
tary Fig S1) (Bild et al, 2006). These results indicate that DDX3 is
essential for cancer cell proliferation and survival, especially in
aggressive subtypes of lung cancer, and may be an important molec-
ular determinant of lung cancer survival.

RK-33 binds to DDX3 and decreases its helicase function

Based on the role of DDX3 in proliferation and as a potential marker
of aggressive cancer, we rationally designed small molecules to bind
specifically to the ATP-binding cleft of DDX3 (Kondaskar et al,
2010). We identified a fused diimidazodiazepine molecule (RK-33;
Fig 2A) that exhibited promising cell death kinetics and has a
computed binding affinity of —8 kcal/mol between RK-33 and DDX3
(Fig 2B and C). To evaluate binding of RK-33 to DDX3, we synthe-
sized two biotinylated RK-33 molecules (Fig 2D and E) and demon-
strated that RK-33 binds specifically to DDX3, but not to the closely
related proteins DDX5 and DDX17 (Fig 2F).

To establish whether RK-33 can perturb the helicase activity of
DDX3, we carried out helicase assays as described (Sengoku et al,
2006, Fig 2G and H). RK-33 significantly reduced the unwinding
activity of Dedlp (yeast homolog of DDX3), in a dose-dependent
manner, starting with as little as 50 nM.

RK-33 inhibits cancer growth and radiosensitizes lung cancer
cells in a DDX3-dependent manner

To evaluate whether inhibition of DDX3 by RK-33 would lead to
cancer cell cytotoxicity, we assessed cell viability in various lung
cancer cell lines (Fig 2I). Cancer cell lines with high levels of DDX3
expression (A549, H1299, H23, and H460) were more sensitive to
RK-33 (ICsp = 4.4-8.4 uM) as compared to H3255, a cell line with

Figure 1. DDX3 expression and knockdown phenotype in lung cancer cell lines and in lung cancer patient samples.

A Immunoblot of DDX3 expression in lung cancer cell lines.
B, C

Colony-forming assays in H1299 (B) and A549 (C) lung cancer cells after knockdown by shRNA lentiviral constructs designed against DDX3 or vector control.

Corresponding immunoblots displaying knockdown levels of DDX3. Mean from 3 replicates with SD.
D Proliferation of A549 and H1299 cells after knockdown of DDX3. Mean from 3 replicates with SD. (A549 P = 0.011, H1299 P = 0.014; exponential curve fit, extra sum

of squares F-test).

Expression of DDX3 by immunohistochemistry in normal lung tissue.
DDX3 expression in squamous cell carcinoma.

DDX3 expression in adenocarcinoma.

DDX3 expression in small cell carcinoma.

AT T T o mm

Data information: Scale bars: 25 um.
Source data are available online for this figure.

EMBO Molecular Medicine

B-galactosidase staining in parental A549 cells and A549 DDX3 knockdown cells displaying senescent cells identified by the blue color.

Expression of DDX3 in different histological types of lung cancer. All data sets were compared against each other (chi-square test, P = 0.481).
Survival analysis of lung cancer patients in low and high DDX3 expressing tumors (Kaplan—Meier curve and log-rank test, P = 0.016).

© 2015 The Authors
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Table 1. Comparison of DDX3 expression with clinical parameters and survival analysis.

A
Cytoplasmic DDX3 Nuclear DDX3
Average Low (0-1) High (2-3) P-value <10% >10% P-value
N 32 63 90 5
Mean age (range) 61.6 (36-78) 633 (38-79) 0.443" 62.4 (36-79) 67.8 (58-79) 0.249%
Mean tumor size (range) 4.2 (1.3-10.0) 3.8 (0.9-10.0) 0.380" 4.0 (0.9-10.0) 35 (1.6-4.7) 0.612"
Histological type
Small cell carcinoma 333% (2) 66.7% (4) 0.481 100% (6) 0% (0) 0.075
Squamous cell carcinoma 27.8% (10) 72.2% (26) 86.1% (31) 13.9% (5)
Adenocarcinoma 46.4% (13) 53.6% (15) 100% (28) 0% (0)
Other 31.8% (7) 68.2% (15) 100% (22) 0% (0)
Grade
1 0% (0) 100% (2) 0.758 100% (2) 0% (0) 0.560
2 375% (12) 62.5% (20) 90.6% (29) 9.4% (3)
3 375% (12) 62.5% (20) 96.9% (31) 31% (1)
4 25% (3) 75% (9) 100% (12) 0% (0)
Gender
Male 351% (27) 64.9% (50) 0770 935% (72) 6.5% (5) 0.583°
Female 31.2% (5) 68.8% (11) 100% (16) 0% (0)
Stage (pathologic)
I &l 389% (21) 61.1% (33) 0.403 92.6% (50) 7.4% (4) 0.571°
&IV 286% (6) 71.4% (15) 100% (21) 0% (0)
B
Univariate Multivariate
Variables HR (95% CI) P-value HR (95% CI) P-value
Tumor size 1.078 (0.940-1.236) 0.283
Histological type 1.579 (0.846-2.950) 0.152 1.488 (0.759-2.916) 0.247
Grade 1.418 (0.954-2.108) 0.084 1.367 (0.939-1.991) 0.102
Cytoplasmic DDX3 2103 (1.126-3.930) 0.020 2136 (1.078-4.233) 0.030

(A) Baseline characteristics of differentially expressed cytoplasmic and nuclear DDX3 in lung cancer patient samples (P-values are determined by chi-square test
unless otherwise indicated: # = t-test; $ = Fisher’s exact test). (B) Univariate and multivariate cox regression analyses in lung cancer patient samples on
clinically relevant variables related to aggressiveness (tumor size, histological type, and grade). Tumor size was not used in multivariate regression analysis as it
has a univariate P-value > 0.2 and made the multivariate regression model less predictive.

low DDX3 expression (ICso > 25 uM). Percentage of cells under-
going early apoptosis (Annexin V positive) and late apoptosis (PI
positive) is shown in Supplementary Fig S2.

Since radiation therapy is one of the mainstays for treatment
of lung cancer, we assessed the combination effect of RK-33 and
radiation. We carried out colony-forming assays to establish the
response of A549 cells (high DDX3 expression) and H3255 cells
(low DDX3 expression) to radiation with or without RK-33 (Fig 2J
and K). Not only did RK-33 cause cytotoxicity in A549 cells, but
at low concentrations of 1 pM RK-33 (P =0.0001) and 2 puM
RK-33 (P = 0.0001), it also sensitized A549 cells to y-radiation.
H3255 cells (low DDX3 expression), on the other hand, were not
sensitized to y-radiation by RK-33 (1 uM, P =0.095; 2 uM,
P =0.0065).

EMBO Molecular Medicine

DDX3 knockdown and RK-33 perturb common gene
regulatory pathways

To confirm the inhibition of DDX3 by RK-33 and determine speci-
ficity, we measured gene expression in MDA-MB-231 cells by
microarray analysis after treatment of RK-33 or knockdown of
DDX3. As shown in Fig 3A, gene expression changes of RK-33-
treated cells correlated with DDX3 knockdown cells (rho = 0.673,
using genes altered in both classes at P < 0.005). This is
supported by a Venn diagram displaying the overlap of gene
expression between shDDX3- and RK-33-treated cells (Fig 3B).
This indicates that the functional activity of RK-33 is via DDX3
inhibition and that it could be used as a small molecule inhibitor
of DDX3.

© 2015 The Authors
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Figure 2. Specific binding of RK-33 to DDX3 and induction of radiosensitization in lung cancer cell lines.

F
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Chemical structure of RK-33.

A predicted molecular model of RK-33 docked into the ATP-binding cleft of DDX3. RK-33 is displayed in pink, the surface of the DEADc domain is in green, and the
surface of the HELICc domain is in red.

Hydrogen bond interactions between RK-33 and DDX3. Alpha helices are displayed in green, and B-sheets are shown in maroon.

Chemical structures of biotin-linked RK-33 at R3 position with ethylene amine linker (AK-298) and biotin-labeled RK-33 at R2 position with (PEC)2 ethylene amide
linker (SK-153). The two structural differences of AK-298 and SK-153 are the length of the biotin linker and attachment position at RK-33.

Immunoblots of pull-down assay of DDX3 with biotin, AK-298, and SK-153. Lower panels display results using DDX5 and DDX17 antibodies.

Schematic representation of helicase assay.

Immunoblot displaying increasing concentrations of RK-33 (50, 100, 200 nM) resulting in increased inhibition of unwinding of oligomer products (lanes 4-6).
MTS viability assay of various lung cancer cell lines treated with RK-33 for 72 h. Mean from 3 replicates with SD.

Colony-forming assay of A549 and H3255 cells treated with RK-33 and with various doses of radiation 4 h later. Curves were fitted with a quadratic polynomial
equation. Mean from 2 replicates with SD. P-values were determined by the extra sum of squares F-test.

Source data are available online for this figure.

To further elucidate the cytotoxic mechanism of RK-33, we To assess the effect of RK-33 on a wide variety of cell lines,
explored gene expression patterns by microarray analysis of DDX3 we tested the NCI-60 panel of cell lines (Shoemaker et al, 1988;
knockdown cells and cells treated with RK-33. We found that the Shoemaker, 2006) for a decrease in cellular growth (Fig 4A and B).
mechanism behind the decreased cellular proliferation perhaps Next, we compared the growth inhibition of the NCI-60 cell lines by
could be assigned to reduced cell cycle progression and inhibition of RK-33 with that of 102 common FDA-approved drugs using network
the MAPK pathway (Fig 3C and D). analysis (Fig 4C). A well-connected sub-network in the middle of

572

Common genes

shDDX3 log, fold change

Rho = 0.67
Genes with p < 0.005

A 05 0 05 1 15 2

RK-33 log, fold change

Cc D
Pathways affected by shDDX3 Pathways affected by RK-33
MAPKinase signaling Caspase cascade in apoptosis
p53 signaling CDK regulation
ATM signaling Cell cycle: G1/S check point
p38 MAPK signaling Hypoxia
Signal transduction IL1R BTG family
Cell cycle: G1/S check point Prion pathway
Bone remodelling P53 signaling
Apoptosis through DR3, DR4/5 Cyclins and cell cycle regulat
gene regulation via PPARalpha HIV-1 Nef
EGF signaling MAPK signaling
0 1 2 3 4 5 6 0 1 2 3 4 5 6
LS permutation -log(p-value) LS permutation -log(p-value)

Figure 3. Bioinformatics analysis of DDX3 knockdown and RK-33 treatment.

A

B

Scatter plot of the gene expression log2 fold change in DDX3 knockdown and RK-33-treated MDA-MB-231 cells. Each red dot represents a gene, which was
significantly perturbed after treatment with RK-33 and after knockdown of DDX3.
The Venn diagram depicts the number of common genes dysregulated by both shDDX3 and RK-33 treatments.

C,D BioCarta pathway analysis of gene expression in DDX3 knockdown and RK-33-treated cells. Pathways are ranked on LS permutation P-values from top to bottom.
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Figure 4. Comparison of the Gls, values of RK-33 with FDA-approved drugs on the NCI-60 panel of cell lines.

A, B The graph depicts the growth inhibitory properties (GI50) of RK-33 for the NCI-60 panel of cell lines. The NCI-60 is a panel of 60 extensively characterized human
cell lines derived from nine distinct tumor types: melanoma, ovarian, renal, breast, leukemia, lung, prostate, colon, and CNS.
@ Network analysis of 102 FDA-approved drugs and RK-33 based on Glsg in the NCI-60 cell line panel.

D Unsupervised cluster analysis of the 102 FDA-approved drugs based on the correlation structure of the Glsg levels. The result is shown as a symmetric heat map
with positive associations depicted in yellow and negative associations shown in blue.

Data information: Error bars represent SD and all experiments were done in replicates.

the plot indicates that all of these drugs have similar patterns of
sensitivity across the cell lines. RK-33 and several other agents are
not connected to networks, indicating that none of these have near-
neighbors among FDA-approved drugs We also
performed an unsupervised cluster analysis of the 102 FDA-

in cancer.

© 2015 The Authors

approved drugs based on the correlation structure of the Gls, levels
(Fig 4D). RK-33 sits in the bottom right corner in a small cluster of
weak-to-moderately correlated agents including dacarbazine, thio-
guanine, temozolomide, and vorinostat, supporting the distinctive
working mechanism of RK-33 as compared to other drugs.
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Figure 5. Toxicity studies of RK-33 in mice.

EMBO Molecular Medicine

A Following injection of 20 mg/kg of RK-33, twice a week for 7 weeks, extensive histopathological examination was carried out following necropsy. Identical patterns
were observed both in the control and in the treated mice (n = 2). Samples were stained with H&E. Scale bar is 50 pm.
B Pharmacokinetics of RK-33 in SCID mice at various time intervals. Results are mean =+ SD from 5 mice. LC-MS/MS method was used to determine concentration of

RK-33 in mouse plasma and tissue.

C Liquid chromatography—mass spectrometry (LC-MS/MS) analysis was performed to determine different metabolites of RK-33.

lw)

RK-33 and metabolites characterized by LC-MS/MS in human liver microsomes using the scan mode function of the LC-MS/MS.

E HAPI cells were treated with RK-33 (10 uM), HA14-1 (25 uM), or DMSO vehicle, followed by oligomycin (oligo, 0.5 pug/ml), FCCP (3 uM), and antimycin A (AA, 1 pM)
while oxygen consumption rate (OCR) was measured. Pyruvate (10 mM) was added in combination with FCCP to ensure that substrate supply was not rate-limiting
for maximal OCR. Data are mean + SD from 2 to 3 wells and representative of independent experiments performed with two different HAPI passages. OCR is

baseline-normalized to the point prior to drug or vehicle addition.

F HAPI microglial cells were incubated for 1 h in glucose-free XF24 assay medium that was supplemented with 2-deoxyglucose (50 mM) and pyruvate (10 mM). RK-33
(10 puM), oligomycin (0.5 pg/ml), or vehicle control was additionally present as indicated. Results are mean + SD from 12 replicates pooled from experiments using
two consecutive passages. Significance was assessed by two-sided, unpaired t-test.

Toxicology, biodistribution, pharmacokinetics, and
metabolism of RK-33

Prior to initiating the animal experiments, we carried out toxicology,
biodistribution, and metabolism assessments of RK-33. Toxicology
studies indicated that RK-33, at the dose used, was non-toxic in
SCID mice. As shown in Fig 5A, histopathology of the different
tissues from control (DMSO) and RK-33-treated mice did not exhibit
any discernable morphological changes. Biodistribution studies
revealed that RK-33 was able to accumulate at therapeutic dose in
various organs, thus enhancing the clinical relevance for the use of
RK-33 as chemotherapeutic agent (Fig 5B). Moreover, NADPH-

Table 2. Blood toxicity studies.
Blood samples of RK-33-treated SCID mice

independent and NADPH-dependent metabolism was observed
when RK-33 was incubated with human liver and mouse micro-
somes (Fig 5C). Subsequent chromatography analysis identified
three potential metabolites (Fig SD). In addition, liver and kidney
function tests, as well as the blood and lipid profiles, were not
altered between the control and RK-33-treated groups (Table 2).

RK-33 does not perturb mitochondrial functions
To test whether therapeutically relevant concentrations of RK-33

interfere with mitochondrial function, RK-33 (5 or 10 uM) or vehicle
was added to the highly aggressive proliferating immortalized

DMSO + SD RK-33 £+ SD Normal range

Blood cells

RBC (M/ul) 10.48 £ 0.55 10.01 £ 0.77 6.36-9.42
Hb (g/dl) 152 £ 0.8 147 £ 0.6 11.0-151
MCV (fl) 522 £ 09 551 +13 45.4-60.3
WBC (K/pl) 414 £ 112 583 £ 261 1.8-10.7
Thrombocytes (K/pl) 1267 + 196 746 + 185 592-2,972
Liver biochemical values

ALT (U/1) 46 + 8 72 + 34 20-80
AST (U/I) 81 +3 224 + 152 50-300
ALP (U/l) 82 + 4 69 + 5 28-96
Kidney biochemical values

BUN (mg/dl) 18 + 1.0 22420 17-31
Creatinine (mg/dl) 0.30 + 0.00 0.35 + 0.05 03-1.0
Calcium (mg/dl) 92 + 01 91 + 02 9.0-13.0
Albumin (g/dl) 3.05 £ 0.25 3.05 £ 0.05 25-48
Lipids and other biochemical values

Cholesterol (mg/dl) 123 + 10 120 £ 1 60-165
Triglycerides (mg/dl) 141 + 38 215 + 14 109-172
Amylase (U/l) 918 + 13 905 + 42 1,063-1,400
Glucose (mg/dl) 151 + 5 166 + 4 62-175

The table displays blood, liver, kidney, and lipid toxicity data from RK-33-treated SCID mice. RBC, red blood cells; Hb, hemoglobin; MCV, mean corpuscular volume;
WBC, white blood cells; ALT, alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; BUN, blood urea nitrogen.

© 2015 The Authors
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(HAPI) cell line (Cheepsunthorn et al, 2001), while cellular oxygen
consumption was measured. The ATP synthase inhibitor oligomycin
(oligo), the uncoupler FCCP, and the electron transport chain inhibi-
tor antimycin A (AA) were added subsequent to RK-33. Drugs that
uncouple oxidative phosphorylation from electron transport
increase ATP synthesis-independent oxygen consumption measured
in the presence of oligomycin. Drugs that inhibit electron transport
impair maximal respiration measured in the presence of the uncou-
pler FCCP. RK-33 at 5 (not shown) or 10 uM (Fig SE) failed to alter
baseline oxygen consumption rate (OCR), OCR measured in the
presence of oligomycin (oligo), or OCR measured in the presence of
the uncoupler FCCP. As a positive control, HA14-1 (25 uM), a Bcl-2
inhibitor, which is known to cause both mitochondrial uncoupling
and respiratory inhibition (Milanesi et al, 2006), elevated oligomycin-
insensitive oxygen consumption and decreased OCR measured in the
presence of FCCP. Oxygen consumption in the presence of all drugs
was potently inhibited by antimycin A, indicating that it was
primarily mitochondrial in origin. To additionally demonstrate that a
therapeutically relevant RK-33 concentration does not interfere with
mitochondrial function, we evaluated ATP levels in HAPI cells
incubated with the cell-permeable mitochondrial complex I substrate
pyruvate (10 mM) in the absence of glucose and the presence of the
glycolysis inhibitor 2-deoxyglucose (50 mM). Under these condi-
tions, the majority of cellular ATP was generated by mitochondria,
as demonstrated by addition of the ATP synthase inhibitor
oligomycin, which significantly decreased total cellular ATP by
approximately 70%. In contrast to oligomycin, RK-33 (10 pM) failed
to significantly decrease ATP. Thus, RK-33 has no effect on either
mitochondrial respiration or ATP generation.

RK-33 in combination with radiation promotes tumor regression
in preclinical models of DDX3-overexpressing lung cancer

To assess whether RK-33 could be a clinically useful radiosensitiz-
er, we evaluated RK-33 in combination with different radiation
doses in both an immune competent Twistl/Kras®!?® autochtho-
nous lung tumor model (Fig 6A) (Tran et al, 2012) and an
orthotopic human xenograft model for lung cancer. This autoch-
thonous model harbors a Kras®*?" mutation and overexpresses
Twistl and Ddx3, which made it a suitable model to test efficacy
of RK-33 (Fig 6B).

Targeting DDX3 in lung cancer  Guus M Bol et al

Following tumor formation, the mice were treated either individ-
ually or with a combination of RK-33, carboplatin, and radiation as
depicted in Fig 6C. Tumor progression was followed by micro-
computed tomography (micro-CT) imaging before treatment and
1 week after treatment, after which tumor volume was measured
and confirmed by H&E staining of lung sections (Fig 6D). In addi-
tion, we carried out immunohistochemistry analysis for Ki67 expres-
sion in these tumors (Supplementary Fig S3). Similar to our in vitro
results, RK-33 enhanced the radiation effect by 3.7-fold
(P =0.0001), which was 1.5-fold more than the radiation sensitiza-
tion caused by carboplatin (P = 0.0259) (Fig GE).

To validate the radiation sensitization by RK-33, we generated an
orthotopic lung cancer model by injecting A549 cells into the tail
vein of athymic NCr-nu/nu mice. The treatment schedule was simi-
lar to that described in Fig 6C. Overall, RK-33 significantly enhanced
radiation-induced tumor regression (2.6-fold; P = 0.0001) in the
orthotopic human lung cancer model (Fig 6F and G).

Next, we evaluated the effect of RK-33 in our Twistl/Kras
lung cancer model with a fractionated treatment regimen (Fig 6H).
During the 3 weeks following treatment, we saw a modest decrease
in tumor growth with radiation and even more so with the combina-
tion of RK-33 and radiation; this was however not significant (Fig 61
and J). Overall, this demonstrates that RK-33 in combination with
hypofractionated radiation, such as used with stereotactic ablative
radiation (SABR), effectively decreases lung tumor load in two
distinct preclinical lung cancer models and performs significantly
better than the commonly used radiosensitizer carboplatin.

G12D

RK-33 induces G1 arrest and causes apoptosis

As loss of DDX3 altered proliferation, we performed cell cycle analy-
sis by flow cytometry, following biological knockdown of DDX3 by
shDDX3 and by RK-33 treatment. We found a 13.7% (P = 0.006)
decrease in S-phase and a 14.1% (P = 0.0007) increase in G1l-phase
in H1299 DDX3 knockdown cells (Fig 7A), consistent with a G1
arrest. Similarly, treatment with RK-33 also resulted in a G1 arrest of
A549 and H1299 cells in a dose-dependent manner (Fig 7B and C).
Subsequently, we assessed proteins involved in G1/S cell cycle
transition (cyclin D1 and E1), apoptosis, and MAPK pathway by
immunoblotting. We found a substantial reduction of cyclin D1,
which was especially evident 2 h after treatment with RK-33 in

Figure 6. RK-33 induces radiosensitization in preclinical mouse models of lung cancer.

A Schematic describing the Twist1/KrasG12D-inducible mouse model.

Confirmation of high expression of Twistl and DDX3 in the lung tumors of the transgenic Twist1l/Kras'

©120 mouse. Scale bar is 100 pm.

B
C Treatment schedule for mice receiving hypofractionated radiation (SABR). Stars are intraperitoneal (i.p.) injections with RK-33.
D

Micro-CT images of transgenic Twist1/Kras“*?°

by H&E staining of lung sections (lower panel). Scale bar is 250 pum.
E Quantification of tumor volume measured by micro-CT in Twist1/Kras
represent SD.

G12D

mice treated as in (C), before treatment and 1 week after treatment. Tumors are indicated by arrows and confirmed

mice, as shown in (D). Significance was assessed by two-sided, unpaired t-test. Error bars

F  An orthotopic lung tumor model was generated using A549 human lung cancer cells and treated as in (C). Figure displays H&E staining of lung sections from
radiation-treated (upper panel) and RK-33- and radiation-treated mice (lower panel). Scale bar is 2 mm.
G Quantification of tumor burden (as tumor surface divided by total lung surface) in orthotopic A549 lung cancer mouse model, as shown in (F). Significance was

assessed by two-sided, unpaired t-test. Error bars represent SD.

H Treatment schedule for mice receiving fractionated radiation in 10 fractions. Stars indicate i.p. injections with RK-33. Downward lightning bolts indicate 3-Gy

radiation fractions.
| Micro-CT images of transgenic Twistl/Kras
] Quantification of tumor volume measured by micro-CT in Twist1/Kras
two-sided, unpaired t-test. Error bars represent SEM.

G12D
G12D

EMBO Molecular Medicine

mice treated as in (H), before treatment and 1 week after treatment.
mice, as shown in (I) and expressed as relative tumor size. Significance was assessed by

© 2015 The Authors
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Figure 7. Effect of DDX3 knockdown and RK-33 on cell cycle progression and apoptosis.
A Cell cycle analysis of H1299 cells treated with shDDX3 and processed by flow cytometry. Knockdown of DDX3 led to a decrease of cells in S-phase and an increase
of cells in G1-phase, indicative of a G1 arrest. Significance was assessed by two-sided, unpaired t-test. Error bars represent SD.

B,C

D, E

Cell cycle analysis of A549 and H1299 cells by flow cytometry after treatment with RK-33 (0, 2, 4, and 6 puM). RK-33 induced a G1 cell cycle arrest in both cell lines.

Significance was assessed by two-sided, unpaired t-test. Error bars represent SD.
Immunoblot of cell cycle-related proteins (Cyclin D1 and Cyclin E1) and cell death-related proteins (cleaved caspase 7, cleaved caspase 9) in A549 and H1299 cells

after treatment with RK-33 (10 uM). Initially, a strong decrease of Cyclin D1 was observed. After 8 and 24 h, cleaved caspases 9 and 7 were apparent.
F Immunoblot of MAPK pathway-related proteins ERK1/2 and phosphorylated ERK1/2 in A549, H1299, and H3255 (RK-33 resistant) cells 24 h after treatment with
RK-33 (7.5 pM or 10 pM). ERK2 and especially ERK1 become dephosphorylated after treatment with RK-33 in A549 and H1299 cells but not in H3255 cells. Outlined

boxes indicate spliced lanes.

Source data are available online for this figure.

A549 and H1299 cells (Fig 7D and E). Also, we found cleavage of
caspases 7 and 9 in A549 cells (Fig 7D) and of caspase 9 in H1299
cells (Fig 7E). Moreover, we found a reduction of phosphorylated
ERK2 and ERKI in A549 and H1299 lung cancer cells (high DDX3
expression) and an increase of ERK1/2 phosphorylation in H3255
cells (low DDX3 expression) (Fig 7F). Collectively, these results
suggest that RK-33 curbs proliferation and induces apoptosis in a
DDX3-dependent fashion.

12 EMBO Molecular Medicine

Whnt signaling is mediated by DDX3 and inhibited by RK-33

As DDX3 is implicated in Wnt signaling (Cruciat et al, 2013) and Wnt
signaling is an important regulator of proliferation and can cause
radiation resistance (Woodward et al, 2007; Zhang et al, 2010), we
evaluated the relation between DDX3/RK-33 and the Wnt pathway.
To determine the spatial pattern of DDX3 and B-catenin expression,
we carried out immunofluorescence staining for DDX3 and f-catenin

© 2015 The Authors
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Figure 8. Effect of RK-33 on Wnt signaling via DDX3.

Targeting DDX3 in lung cancer  Guus M Bol et al

A B-catenin (red) and DDX3 (green) expression in H1299 cells. After overexpressing p-catenin, both DDX3 and B-catenin accumulate in the nucleus. Scale bar is

10 pum.

B Immunoprecipitation with DDX3 or H3K4Me3 (control) and immunoblotted with B-catenin in A549 and H1299 cells. Outlined boxes indicate spliced lanes.
C Immunoprecipitation with B-catenin or H3K4Me3 (control) and immunoblotted with DDX3 in A549 and H1299 cells. Outlined boxes indicate spliced lanes.

B-catenin/TCF4 activity was determined by the TOP/FOP reporter assay. Co-transfection with B-catenin is indicated below.

F-I  H1299 and A549 cells were treated with RK-33 (0, 1, 2, and 3 uM) and co-transfected with B-catenin in (F, H). Treatment with RK-33 decreased TCF4 activity in both

cell lines.

Normalized mRNA expression of TCF4-regulated proteins (Axin-2, c-Myc, Cyclin D1) and DDX3 were measured by gRT-PCR in H1299 cells after knockdown of

DDX3 (J) and treatment with RK-33 (K). All experiments were repeated three times.

Data information: Significance was assessed by two-sided, paired t-test. Error bars represent SD.

Source data are available online for this figure.

in wild-type H1299 cells, as well as in B-catenin-overexpressing
H1299 cells. In wild-type H1299 cells, we could detect DDX3 expres-
sion in the cytoplasm, but very little nuclear B-catenin staining
(Fig 8A, top panel). However, forced expression of -catenin resulted
in a relocalization of DDX3 from the cytoplasm to the nucleus
(Fig 8A, bottom panel). This indicates that DDX3 may act as a trans-
porter protein to shuttle B-catenin in and out of the nucleus. To
establish whether there is a physical interaction between DDX3 and
B-catenin, we carried out co-immunoprecipitation with DDX3 and
B-catenin. As shown in Fig 8B and C, DDX3 binds to B-catenin
but not to H3K4Me3 (control), which was confirmed by immuno-
precipitation using antibodies against both DDX3 and B-catenin.

Based on the interaction between DDX3 and B-catenin, we quan-
tified Wnt activity using a TCF reporter assay by transfecting H1299
and H1299 DDX3 knockdown cells with TOP-FLASH or FOP-FLASH
constructs (van de Wetering et al, 2002). Knockdown of DDX3
decreased TCF activity by 25% (P = 0.042) (Fig 8D). However, in
H1299 cells co-transfected with B-catenin, an increase in TCF activ-
ity was observed, but no significant difference was observed by
knockdown of DDX3 (Fig 8E). RK-33 reduced TCF activity signifi-
cantly in H1299 and A549 cells, both in wild-type and in B-catenin-
overexpressing cells (Fig 8F-I).

To confirm the results of the TCF reporter assay, we quantified
transcript expression of common TCF-regulated genes—Axin-2,
c-Myc, and Cyclin D1—following knockdown of DDX3 as well as
treatment with RK-33. As seen in Fig 8J, stable knockdown of DDX3
in H1299 cells reduced the expression of Axin-2 (2.2-fold lower;
P = 0.024), Cyclin D1 (2.7-fold lower; P = 0.002), and c-Myc (1.4-
fold lower; non-significant). Likewise DDX3 knockdown, RK-33
treatment of H1299 cells reduced the expression of Axin-2 (1.8-fold
lower; P =0.024) and Cyclin D1 (2.4-fold lower; P = 0.040)
(Fig 8K).

Radiation-induced DNA double-strand break (DSB) repair is
impaired by RK-33

As RK-33 promoted radiation sensitization, we evaluated the DNA
damage response following combination treatment with RK-33 and
y-radiation. Following y-radiation, 53BP1 and y-H2AX foci numbers
increased within an hour and returned to pre-radiation foci numbers
by 24 h. However, 53BP1 and y-H2AX foci persisted 24 h post-RK-33
treatment, indicating reduced or delayed DNA repair (Fig 9A). The
extent of the impaired DNA damage repair was quantified by count-
ing the number of severely damaged cells (> 10 foci per nucleus).
This was determined for both 53BP1 foci (Fig 9A, top panel) and
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v-H2AX foci (Fig 9A, bottom panel). Most cells were severely
damaged 1 h after radiation, but a large reduction in 53BP1 and
v-H2AX foci after 6 h and normalization after 24 h, without signifi-
cant cell death, indicated proficient DNA damage repair in untreated
A549 cells. Importantly, when these cells were pre-treated with
RK-33, DNA damage persisted well beyond 24 h (Fig 9B).

Next, we evaluated whether RK-33 could impair homologous
recombination (HR) and non-homologous end joining (NHEJ), as
these are the predominant DNA repair mechanisms in double-strand
break repair (Valerie & Povirk, 2003). To determine this, we used
two different stable cell lines with either a HR reporter construct
(Chan et al, 2008) or a NHEJ reporter construct (Kriegs et al, 2010).
After treatment with RK-33, we found no changes in HR activity but
observed a significant 38% reduction of NHEJ (Fig 9C and D).
Moreover, we observed reduced NHEJ activity after knockdown of
DDX3 (Fig 9D). Our mRNA analysis indicated that this could be due
to decreased expression of MRE11A and POLM, two genes shown to
be important for NHEJ activity (Fig 9E).

Next, we analyzed different proteins involved in NHEJ like ATR,
and XRCC4 in RK-33-treated cells, with and without radiation. Treat-
ment of A549 and H1299 cells with RK-33 and radiation caused a
decrease of ATR but not XRCC4 (Fig 9F and G). Also, there was no
difference in two other DNA repair proteins, XRCC1 and Ku70. In
conclusion, RK-33 impairs radiation-induced DNA damage repair by
inhibiting NHEJ activity.

Discussion

The concept of non-oncogene addiction postulates that certain non-
oncogenic genes are critical for survival of cancer cells but are not
required, to the same degree, for the viability of normal cells and
are therefore attractive targets for cancer drugs (Solimini et al,
2007). One such gene is DDX3, a member of the RNA helicase
family, which we have shown to be dysregulated in breast cancer
cell lines, up-regulated by HIF-1a, and involved in cancer mainte-
nance and metastasis (Botlagunta et al, 2008, 2011; Bol et al, 2013).
Furthermore, we have published that DDX3 is an essential compo-
nent for cellular proliferation and a decrease in its functional activity
can lead to cellular stasis. Collectively, the function of DDX3 in
cellular biogenesis, RNA metabolism, and translation has driven an
interest to identify small molecule inhibitors of DDX3. In this paper,
we show that abrogating DDX3 function leads to potent radiation
sensitization in lung cancer, through inhibition of NHEJ and Wnt
signaling.
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Figure 9.

Besides the concept that DDX3 is essential for the cellular only 7.7% of genetic abnormalities of the DDX3 gene typical for
stress response, proliferation, and evasion of apoptosis, there are tumor suppressor genes (nonsense mutations, deletions or loss of
some data to indicate that DDX3 may have alternative functions heterozygosity), whereas 87.2% of DDX3 genetic abnormalities
and potential tumor suppressive functions (Chang et al, 2005; Wu are more typical for a gain of function (substitution missense
et al, 2014). However, by mining the COSMIC database, we found mutations). Nevertheless, it is possible that the functions of DDX3
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Figure 9. Effect of RK-33 on radiation-induced DNA damage.

Targeting DDX3 in lung cancer  Guus M Bol et al

A Immunofluorescence images showing 53BP1 and yH2AX foci in A549 cells after 2-Cy radiation and A549 cells pre-treated with 6 uM RK-33, 12 h before radiation.
Overlap of 53BP1 and yH2AX is seen in the merged picture of the co-immunofluorescence staining. Scale bar is 2 um.

B A549 cells were pre-treated with RK-33 and radiated with 2 Gy, and 53BP1 and yH2AX foci were counted as a measure of DNA damage. Cells with more than 10
foci 53BP1 or YH2AX were counted. More than 400 cells per sample were evaluated.

C H1299 cells stably transfected with a homologous recombination (HR) reporter construct were treated with RK-33. Reporter constructs expressed GFP, which was

quantified by flow cytometry. Experiments were repeated three times.

D H1299 cells, containing a stable non-homologous end-joining (NHE]J) reporter construct, were treated with RK-33 and knockdown of DDX3. Reporter construct
expressed GFP, which was quantified by flow cytometry. All experiments were repeated three times.
E Microarray results from MDA-MB-231 cells treated with RK-33 and shDDX3 were validated by qRT-PCR using NHE] Mechanisms of DSBs Repair PrimePCR plates

(Bio-Rad) and performed in biological triplicates.
F, G

DNA repair-related proteins (ATR and XRCC4), DDX3, and actin were assessed by immunoblotting in A549 (F) and H1299 (G) cells. Cells were pretreated for 4 h with

vehicle control or 6 pM RK-33 and then radiated with 0 or 5 Gy. Outlined boxes indicate spliced lanes.

Data information: Significance was assessed by two-sided, paired t-test. Error bars represent SD.

Source data are available online for this figure.

are organ specific and may require -cell-specific co-factors to
determine its effect. Interestingly, a recent paper examined the role
of Wnt/p-catenin signaling in Xenopus and C. elegans development
and concluded that DDX3 is required for Wnt signaling (Cruciat
et al, 2013).

Lung cancer patients are often treated with radiation therapy.
Higher doses per fraction radiation can result in better local
control but, dependent on tumor location or when re-treatment
is needed, can be limited by toxicity (Senthi et al, 2012). In our
combination studies with RK-33 and radiation, we saw a syner-
gistic effect in vitro and greater than additive effects in two
preclinical models of lung cancer. However, radiation sensitiza-
tion of RK-33
schedule had only limited effect in vivo. Given the radiosensiti-
zation we observed in vitro by clonogenic assays with standard
doses of radiation (<3 Gy), we propose that limited effect
in vivo with standard fractionated radiation could be due to the

in combination with a fractionated radiation

relatively infrequent injections of RK-33 in relation to radiation
treatments.

The combination effect of RK-33 and radiation in vitro and
in vivo was apparent in the reduction of DNA damage repair
following radiation and RK-33 treatment. Mechanistically,
Wnt/B-catenin signaling can mediate radiation resistance (Woodward
et al, 2007; Zhang et al, 2010) but its precise mechanism is yet to
be identified. To explore this, we assessed two of the most impor-
tant repair mechanisms of DSBs: NHEJ and HR (Valerie & Povirk,
2003) and found RK-33 to inhibit NHEJ activity but not HR.
The impairment of NHEJ results in reduced DSB repair, leading
to genomic toxicity and thus potentiating cell death in DDX3-
dependent cells. Although not all molecular interactions of DDX3
in cellular biogenesis and adaption are known, it is clear that
DDX3 is an essential component of Wnt signaling and is pivotal
for the maintenance of the tumorigenic state. Also, as RK-33
causes G1 arrest and NHEJ is the predominant pathway for DSB
repair in this phase of the cell cycle, this could result in profound
radiosensitization. Thus, targeting the non-oncogene addiction of
lung cancer cells to DDX3 by RK-33 will shift their delicate balance
toward tumor death.

In summary, DDX3 is a hallmark of aggressive lung cancer and
serves as a promising target for radioresistant lung cancer. More-
over, RK-33 as a radiation sensitizer, because of its specificity to
cancer cells and mild side effects, could lead to increased lung
cancer patient survival and better quality of life.

EMBO Molecular Medicine

Materials and Methods

Clinical samples

Representative paraffin-embedded tissue blocks of 95 lung cancer
patients were taken from the archive of the Department of Pathology
of the University Medical Center in Utrecht and routinely processed
into a tissue microarray (TMA). Intensity of cytoplasmic DDX3 was
scored semi-quantitatively by independent pathologists
(r = 0.743). Survival statistics were obtained from the Comprehen-
sive Cancer Center, The Netherlands (IKNL). Use of anonymous or
coded left over material for scientific purposes is part of the stan-
dard treatment contract with patients in the UMCU (van Diest,
2002).

two

Immunohistochemistry

Sections of 4 um were cut, mounted on SuperFrost slides (Menzel &
Glaeser, Brunswick, Germany), deparaffinized, and rehydrated.
Endogenous peroxidase was then blocked for 15 min with a buffer
solution containing 0.3% hydrogen peroxide. Antigens were
retrieved by boiling for 30 min in 10 mM citrate buffer (pH 6.0) and
cooled and washed in PBS. Slides were subsequently incubated in a
humidified chamber for 1 h with polyclonal rabbit anti-DDX3
(Angus et al, 2010) diluted 1:1,000. Subsequently, sections were
washed in PBS and incubated for 30 min with secondary antibodies
(Brightvision, Immunologic, Duiven, The Netherlands), washed
with PBS and developed with diaminobenzidine. Slides were count-
erstained with hematoxylin, dehydrated, and cover-slipped. Appro-
priate positive (validated breast cancer sample, thymus) and
negative controls (normal lung tissue, normal liver tissue) were
used throughout.

Scoring of immunohistochemistry

Scoring was done by two experienced pathologists (Paul J. van Diest
and Stefan Willems). Intensity of cytoplasmic DDX3 was scored
semi-quantitatively from 0 to 3, H-scores were determined, and
percentages of cells with nuclear DDX3 expression were estimated.
Out of three cores from the same patient, the maximum cytoplasmic
DDX3 score was used for further analysis.

DDX3 scores 1 and 2 were grouped as low DDX3 expression and
evaluated against high DDX3 expression (scores 3). Cytoplasmic
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expression of DDX3 was uniform within a single tumor (Fig 1) as
shown by similar H-scores and intensity scores of DDX3 expression.
Only intensity scores are shown.

Statistics

Expression levels of DDX3 were compared between different histo-
logical subtypes by chi-square test or Fisher’s exact test, whichever
was appropriate. The relation between DDX3 and the mortality of
lung cancer patients was assessed by Kaplan-Meier curves and
compared with the log-rank test. The relation between DDX3,
mortality, and clinically relevant variables related to aggressiveness
(tumor size, histological type, and grade) were assessed by univari-
ate cox regression analysis. Also, a multivariate regression model
was made in which tumor size was excluded as it has a univariate
P-value > 0.2 and made the multivariate regression model less
predictive.

All statistical analyses were carried out with SPSS 17.0
for Windows (SPSS Inc., Chicago, IL, USA), regarding two-sided
P-values below 0.05 as significant.

Helicase assay

The RNA helicase assay was performed as described earlier
(Sengoku et al, 2006) with a few modifications. Briefly, RNA oligo-
mers R41 (unlabeled 41 nt) 5-CGAAAGCACCGUAAACG-AAAA-
CUAGCACCGUAAAGCAAGCU-3 and R13 (FAM-labeled 13 nt)
5-CGUUUACGGUGCU-3' were annealed to form radiolabeled RNA
duplexes and incubated with R13C (unlabeled 13-nt quencher RNA
complementary to R13) 5-AGCACCGUAAACG-3’, along with
Dedlp protein (80 nM), 100 uM ATP, and RNA inhibitor RNasin
(Promega, Madison, WI, USA) in reaction buffer containing 50 mM
Tris, pH 7.8, 2 mM MgCl,, 3% glycerol, and 1 mM DTT for various
times at room temperature. Reactions were stopped after 30-min
incubation at room temperature with stop solution containing
proteinase K (1 mg/ml) and SDS (0.6%). Reactions were loaded on
acrylamide gels and bands visualized using a Typhoon scanner
(GE Healthcare, Piscataway, NJ, USA).

Docking

The 3D structure of RK-33 was built and energy-minimized with
ChemBio 3D Ultra 12.0 Suite (Cambridge Soft, USA) using MMFF94
force field. DDX3 structure was retrieved from NCBI with PDB ID
2I41. Using the algorithm Iterated Local Search global optimizer with
scoring function similar to X-Score tuned by PDBbind, we docked
the RK-33 to the ATP-binding domain of DDX3 with Autodock Vina
program (Trott & Olson, 2010). Figures were prepared with PyMOL
(http://www.pymol.org/).

Proliferation and viability assay

Proliferation was determined by counting cancer cells over time. Cells
were seeded at 7.5 x 10* cells/well and counted daily with a TC10
automated cell counter (Bio-Rad, Hercules, CA, USA) at least three
times. Viability of cancer cells was determined by MTS assay (CellTiter
96® AQueous One Solution, Promega, Madison, WI, USA) as
described by the manufacturer. Briefly, 800-2,000 cells were allowed
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to attach overnight in a 96-well plate, treated with different concen-
trations of RK-33 and kept for 72 h. MTS reagent was kept for 2 h.
Each experiment was repeated a minimum of three independent
times.

NCI-60 assay

The Developmental Therapeutics Program (DTP) of the NCI offers a
service in which the NCI-60, a set of 60 human tumor cell lines
derived from various tissues of origin, are tested for sensitivity to
selected compounds. RK-33 was selected and tested twice at the 5
dose-response  (http://dtp.nci.nih.gov/branches/btb/ivclsp.html).
We downloaded Glso doses for 102 FDA-approved cancer drugs in
the NCI60 cell lines from the NCI/NIH Developmental Therapeutics
Project. (http://dtp.nci.nih.gov/index.html). The values for the
FDA-approved drugs as well as for RK-33 were transformed accord-
ing to the formula D = —logl0 (Glso) so that large values of D indi-
cate sensitivity to the given drug. Spearman rank-based correlations
of Glso doses were used to measure associations between drugs. An
edge is drawn between two drugs if the correlation is at least 0.60
(Spearman’s rho).

Microarrays and analysis

Healthy, 60-70% confluent MDA-MB-231 cells were transduced with
shDDX3 lentivirus particles. Knockdown of DDX3 expression was
confirmed both by qRT-PCR and immunoblotting. MDA-MB-231 cells
were treated with RK-33 (7.5 uM) for 12 h and harvested for RNA
using RNeasy columns (Qiagen, Germantown, MD, USA). All treat-
ments were performed in triplicates. Microarray experiments were
performed at the Johns Hopkins Deep Sequencing and Microarray
Core using Human Gene 1.0 ST arrays (Affymetrix, Santa Clara, CA,
USA). Data analyses were performed using BRB-ArrayTools devel-
oped by Dr. Richard Simon and the BRB-ArrayTools Development
Team (http://linus.nci.nih.gov/BRB-ArrayTools.html). Briefly, genes
showing minimal variation across the set of arrays were excluded
from the analysis. Genes whose expression differed by at least
1.5-fold from the median in at least 20% of the arrays were retained.
We identified genes that were differentially expressed among the two
classes using a random-variance t-test, which does not assume equal
variance (Wright & Simon, 2003). Genes were considered statistically
significant if their P-value was less than 0.001.

The evaluation of which Gene Ontology (GO) classes are differ-
entially expressed between pre- and post-treatment samples was
performed using a functional class scoring analysis as described
(Pavlidis et al, 2004). Functional class scoring is a more powerful
method of identifying differentially expressed gene classes than the
more common over-representation analysis or annotation of gene
lists based on individually analyzed genes. We considered a GO
category significantly differentially regulated if the significance level
was less than 0.01 in either the Fisher (LS) or Kolmogorov—Smirnov
(KS) statistic test.

TCF reporter assay
Transcriptional activity of TCF4 was assayed using the dual

luciferase assay (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Briefly, 1.5 x 10* A549 or H1299 cells
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were transfected with 500 ng of TOP-FLASH and control
FOP-FLASH constructs along with 50 ng of phRL Renilla constructs
as transfection controls as well as with 500 ng B-catenin constructs
when indicated. Cells were cultured for 24 h and then lysed in
passive lysis buffer. Luminescence was detected using a luminome-
ter (Berthold Sirius, Oak Ridge, TN, USA). Relative TCF4 promoter
activity was calculated by dividing firefly luminescence by Renilla
luminescence, and then normalized TOP-FLASH was divided by
normalized FOP-FLASH, which was finally normalized to vector or
DMSO control cells. All experiments were repeated three times, and
differences were assessed by the paired t-test.

Co-IP

Co-immunoprecipitation was carried out using antibodies cross-
linked to protein A/G magnetic beads (Thermo Fisher, Rockford,
IL, USA). Briefly, 5-10 ng antibodies were bound to twice
pre-washed beads for 15 min at room temperature. The antibody-
beads complex was washed thrice and cross-linked with disuccin-
imidyl suberate for 30 min at room temperature. The cross-linked
antibody-beads complex was washed five times to elute non-
specific and non-cross-linked antibodies. Subsequently, cell lysates
from A549 and H1299 cells were incubated overnight with anti-
body cross-linked beads at 4°C on a rotator. The complex was
washed twice and eluted in buffer (pH 2.0) for 5 min at room
temperature. The eluate was neutralized with buffer (pH 8.5),
loaded on an SDS-polyacrylamide gel, and visualized by immuno-
blotting.

Biotin bead assay

Two plates of 70% confluent cells were lysed with IP lysis buffer
(Tris-HCl (pH 7.4) 25 mM, NaCl 150 mM, EDTA 1 mM, NP-40
1%, glycerol 5%, protease inhibitor). Cell lysate or DDX3 protein
(S2-G582) was incubated with 10 uM biotin (ctrl), SK-153 or
AK-298 (biotin-linked RK-33) for 2 h at 4°C. Streptavidin beads
were added and incubated for 1 h at room temperature. The
biotin-bead-RK-33 complex was extracted with a magnetic stand
and washed seven times with PBS. Proteins were analyzed by
immunoblot.

Cell lines

All cell lines were obtained from the American Type Culture
Collection and maintained as recommended (ATCC, Manassas, VA,
USA). DDX3 shRNA lentiviral constructs were described earlier
(Botlagunta et al, 2011). Briefly, this construct has a U6 promoter
driving DDX3 shRNA and a PGK promoter driving EGFP. Controls
used were empty vector not containing shRNA. Cells for the NHEJ
assay, H1299.EJ, were a kind gift of Professor Ekkehard Dikomey
(University of Hamburg, Hamburg, Germany). Cells for the
homologous recombination assay, H1299-DR-GFP, were a kind gift
of Professor Robert Bristow (University of Toronto, Ontario,
Canada). For the respiratory studies, highly aggressive proliferating
immortalized (HAPI) cells were cultured under 95% air/5% CO, in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum, L-glutamine (2 mM), penicillin
(100 IU/ml), and streptomycin (100 pg/ml) at 37°C.
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Biodistribution and in vitro metabolism of RK-33

RK-33 was quantitated in plasma, tissue, or microsomal prepara-
tions. RK-33 metabolism studies were conducted in a 100-mM
sodium-potassium phosphate buffer (pH 7.4) containing 20 mg/ml
human or mouse liver microsomes (BD Gentest, Woburn, MA) and
5 mM of RK-33. Incubations were performed at 37°C in the presence
or absence of NADPH-generating system to control for native
enzyme activities. Tissue homogenates were prepared at a concen-
tration of 200 mg/ml in PBS and further diluted 1:10 in plasma prior
to extraction. RK-33 (100 pl of sample) was extracted with 300 pl of
acetonitrile. After centrifugation, the supernatant was injected into
the LC-MS/MS system consisting of a Waters Acquity UPLCTM
system coupled to an AB SCIEX Triple Quad TM 5500 mass spec-
trometer. Separation of the analyte from potentially interfering
material was achieved at ambient temperature using Waters XTerra
ODS column (50 x 2.1 mm i.d., 3 pum). The mobile phase used was
composed of acetonitrile-water (60:40, v/v) containing 0.1% formic
acid and was delivered isocratically at a flow rate of 0.2 ml/min.
The column effluent was monitored by the mass spectrometer that
was equipped with an electrospray interface, operated in a positive
mode. The following transitions were monitored: 429.0 > 121.0 for
RK-33 and 301.10 > 255.10 for the IS. Results were assessed qualita-
tively comparing the average area ratio of RK-33 at 0 h to area ratio
at 0.5 h and 1 h for both mouse and human liver microsomes. The
same samples were injected again scanning Q1 only to get a
full-scan spectrum for m/z ratios between 300 and 500 to determine
any other peaks of interest. Calibration curves for RK-33 were
computed using the area ratio by using linear regression with a 1/x
weighting function over the range of 5-1,000 ng/ml with dilutions
of up to 1:100 (v:v).

Animals

Mice were housed in groups of five per cage with free access to food
and water, under controlled light/dark cycles, in facilities with regu-
lated temperature and humidity. Mice were randomly assigned to
different experimental groups, and researchers conducting the
experiments were blind to experimental condition. All procedures
were approved by the Institutional Animal Care and Use Committee
of The Johns Hopkins University.

Inducible Twist1/Kras®!?P transgenic mice in the FVB/N inbred
background were of the genotype: CCSP-rtTA/tetO-KrasG12D/
Twistl-tetO-luc (Tran et al, 2012). All the mice were weaned
3—4 weeks of age and then placed on dox at 4-6 weeks of age. Mice
were treated with similar levels of tumor burden per micro-CT and
were typically 20-30 weeks old. Mice were treated as in Fig 6C and H.
Each group consisted of mice, of which multiple index tumors were
followed in time by micro-CT and quantified by a board-certified
radiation oncologist (JZ) in a blinded fashion. Bi-dimensional
measurements were made on tumors using serial examinations and
tumor volumes calculated using the equation Volume = 7/6 x 1.65
(length x width) x 3/2. Volumes were normalized to the starting
volume, t = 0 before treatment. For 15-Gy SABR experiments, the
breakdown of animal usage is (1) RT = 3 female mice, (2) RK-33 = 3
females and 1 male mice, (3) carboplatin =3 male mice,
(4) RT + carboplatin = 3 female mice, and (5) RT + RK-33 =5
female mice. For the 3-Gy XRT experiments, animals used were
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(1) RT = 3 female and three male mice and (2) RT + RK-33 = four
female and three male mice.

Athymic NCr-nu/nu female mice 4-5 weeks old were purchased
from NCI Frederick. A total of 1 x 10° A549 cells were injected in
the tail vein of ten mice. Treatment (five animals per group) was
started 4 weeks after inoculation of tumor cells. Since tumor
volumes could not be determined by micro-CT, tumor burden was
established at necropsy by histopathology, 8 weeks after inoculation
of tumor cells. All five lung lobes were paraffin-embedded and mid-
lung sections were stained with H&E. Slides were digitalized;
lung and tumor surface area was calculated with ImageScope
(Aperio Technologies, Vista, CA, USA), as tumor burden = tumor
surface/lung surface.

Radiation therapy

Cells were irradiated at room temperature with 0.5 Gy/min to the
desired dose using a Gammacell 40 '*’Cs irradiator. For in vivo
experiments, mice were treated using the Small Animal Radiation
Research Platform (Wong et al, 2008). The tumors were irradiated
with a circular beam of 1 cm diameter.

Micro-CT image analysis

The mice underwent micro-CT imaging by use of the Small Animal
Radiation Research Platform (SARRP) irradiator described earlier
(Wong et al, 2008). The uncollimated primary beam was used for
imaging. A total of 1,800 projections were acquired at approximately
0.2 angular increments. The Feldkamp CBCT algorithm was used for
reconstruction. Tumor volumes were quantified from the CT dataset
with Pinnacle3 software v.8.1y (Philips Inc, Madison, WI) as
described previously (Tran et al, 2011; Zeng et al, 2013). Briefly, we
viewed 2D images in sagittal, coronal, and transverse views to detect
tumors and track them over time. Matching tumors across time
points was performed manually by simultaneous viewing of the
serial data. This analysis was performed by a board-certified
radiation oncologist. This volume information was then used for
analysis of the temporal changes in lung tumor nodules. Micro-CT
imaging has been shown to correlate with the number and volume of
murine lung tumors found on necropsy (Cody et al, 2005).

SA-p-gal staining

Cells were washed twice with phosphate-buffered saline (PBS) and
then fixed with 3% formaldehyde for 5 min. The cells were then
washed with PBS and incubated at 37°C overnight with staining
solution (30 mM citric acid sodium phosphate, pH 6.0, 1 mg
5-bromo-4-chloro-3-isolyl-b-D-galactoside [X-gal, Fisher], 5 mM
potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM
NaCl, 2 mM MgCl,). After incubation, cells were washed with PBS
and viewed with bright-field microscopy.

Colony-forming assay
Cells were counted, plated, and allowed to attach overnight. RK-33
at specified doses was added 4 h before radiation was delivered.

Colonies were stained and counted approximately 10 days after irra-
diation. Surviving fraction was calculated by dividing the number of
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colonies formed by the number of cells plated times the plating effi-
ciency. Curves were fitted with a quadratic polynomial equation.
P-values were determined by the extra sum of square F-test.

Cell cycle analysis

A549 and H1299 cells were plated at 1 x 10° cells per well of a
6-well plate. Cell cycle was carried out as previously described
(Vesuna et al, 2012). Briefly, cells were trypsinized 24 h after
plating and fixed in 70% ethanol overnight at —20°C. Fixed cells
were washed with PBS and resuspended in DNA-staining solution
(5 pg/ml propidium iodide, 0.5 mg/ml RNase A) for 1 h at room
temperature. Cell cycle acquisition was performed on a FACScan I
or FACSCalibur instrument (BD Biosciences, San Jose, CA, USA).
Independent experiments were repeated three times. Data were
analyzed using FlowJo software (Tree Star Inc., Ashland, OR,
USA).

Immunofluorescence

A549 cells were allowed to attach overnight in chamber slides. For
DDR experiments (Fig 6A), cells were incubated with RK-33 for
12 h and then radiated with 2 Gy. After 0, 1, 6, and 24 h, cells were
fixed and stained. Cells were fixed for 15 min in 4% formalin,
washed with PBS, permeabilized (PBS containing 0.2% Triton
X-100) for 5 min, and blocked for 30 min with 10% goat serum.
Cells were incubated with anti B-catenin (1:1,000, mAb C7082,
Clone 6F9, Sigma-Aldrich), DDX3 (1:1,000, pAb) (Angus et al,
2010), 53BP1 (1:1,000, pAb, NB100-304, Novus Biologicals), or
vyH2AX (1:1,600, mAb, DAM1782241, Millipore) antibodies in 0.5%
BSA/PBS for 1 h. Next, cells were washed with PBS and incubated
with secondary antibodies, CY3 (1:200, goat anti-mouse, 115-
165-071, Jackson Immuno Research) or Alexa fluor 488 (1:200,
goat anti-rabbit, A11034, Invitrogen) for 1 h. Cells were washed,
nuclei-stained with 4’,6-diamidino-2-phenylindole (DAPI), and
cover-slipped. Photographs were taken with Nikon Eclipse 80i
fluorescence microscope using a CoolSnap ES camera (Roper
scientific, Sarasota, FL, USA).

Immunoblotting

Cell lysate was prepared with TB buffer method. For immunoblotting,
~25 pg protein was loaded on 10% SDS-PAGE gels. Following gel
electrophoresis, proteins were transferred onto PVDF membrane,
blocked with 5% milk, and probed with primary antibodies against
DDX3 (mAb) (Angus et al, 2010), actin (A5441, Sigma-Aldrich),
Cyclin D1 (29268, Cell Signaling), Erk1/2 (4695S, Cell Signaling),
pErkl1/2 (4370S, Cell Signaling), p-catenin (pAb C2206, Sigma-
Aldrich), pATR (2853, Cell Signaling), pATM (Cell Signaling), XRCC4
(ab145, Abcam), DDX5 (pab204, EMD Millipore), DDX17 (Bethyl),
and appropriate secondary antibodies. The blots were developed with
clarity Western ECL (Bio-Rad, Hercules, CA, USA) and imaged with
G:BOX Chemi XRS5 (Syngene, Frederick, MD, USA).

Quantitative reverse-transcription polymerase chain reaction

RNA was extracted according to the manufacturer’s instructions
(Qiagen, Valencia, CA, USA), and ¢cDNA was manufactured using
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gScript cDNA synthesis kit (Quanta BioSciences, Gaithersburg, MD,
USA), followed by qPCR using SYBR green (Quanta BioSciences) on
an iCycler5 (Bio-Rad, Hercules, CA, USA). Amplification of 36B4, a
housekeeping gene, was used for normalizing gene expression
values. Primer sequences were as follows: DDX3 F 5-GGAGGAAGT
ACAGC CAGCAAAG-3’, DDX3 R 5-CTGCCAATGCCATCGTAATCA
CTC-3/, Axin-2 F 5-TCAAGTGCAAACTTTCGCCAACC-3’, Axin-2 R
5-TAGCCAGAACCTATGTGATAAGG-3', c-Myc F 5-CGTCTCCACAC
ATCAGCACAA-3/, c-Myc R 5-CACTGTCCAACTTGACCCTCTTG-3/,
Cyclin D1 F 5-GGCGGAGGAGAACAAACAGA-3/, Cyclin DI R
5-TGGCACAGAGGGCAACGA-3'.

NHE) and HR reporter cell lines

NHEJ was assessed by the functional reporter system H1299-EJ,
provided by E Dikomey. In brief, if untreated, these reporter cells
do not express functional GFP because of an artificial off frame
start codon, which is flanked by two I-Scel restriction sites. When
these sites are incised by I-Scel, the artificial start codon is
removed creating a DSB. Repair of this DSB by NHEJ restores
GFP expression, so that cells capable for NHEJ can be identified
by their GFP fluorescence intensity (Kriegs et al, 2010). H1299.EJ
cells were plated in a 6-well plate (1 x 10° cell/well) and treated
with 4-6 uM RK-33. The following day, cells were transfected (in
duplicates) with 1-2 pg of pScel or pEGFP construct using
TransIT-LT1 (Mirus, Madison, WI, USA) in serum-free media
(Opti-MEM, Invitrogen, Carlsbad, CA, USA). Media was replaced
after 4-6 h with complete media. Subsequently, cells were
harvested by trypsinization, washed in PBS, and resuspended in
0.5 ml PBS. NHEJ activity was measured on a FACScan I instru-
ment and analyzed on FlowJo software. Recombination frequency
was calculated as ((% pScel — % negative control) / % pEGFP).
H1299-DR-GFP cells, provided by RG Bristow, were used to
measure homologous recombination similarly as described above
(Chan et al, 2008).

XF24 microplate-based respirometry

Oxygen consumption measurements were performed using an
XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica,
MA) as previously described (Wu et al, 2007; Clerc & Polster,
2012). HAPI cells were plated at a density of 4 x 10? cells per well
to achieve ~85% confluence at the time of assay (16-24 h after
plating). XF24 assay medium consisted of 120 mM NaCl, 3.5 mM
KCl, 1.3 mM CaCl,, 0.4 mM KH,PO4, 1 mM MgCl,, 5 mM HEPES,
15 mM glucose, and 4 mg/ml fatty acid-free bovine serum albu-
min, pH 7.4. Cells were incubated in glucose- and bovine serum
albumin-free XF24 assay medium supplemented with 2-deoxyglucose
(50 mM) and pyruvate (10 mM) with or without experimental
treatments for 1 h at 37°C. The ATP bioluminescent somatic cell
assay kit (Sigma-Aldrich) was employed for the determination of
ATP levels by luminescence using a FLUOstar OPTIMA multimodal
plate reader (BMG LABTECH, Inc., Cary, NC). Total ATP content
was normalized to cellular protein. One-way analysis of variance
(ANOVA) was used to evaluate statistical significance, and Tukey’s
post hoc analysis was used to compare individual groups. SigmaPlot
12.0 (Systat Software, Inc., San Jose, CA) was used for the
analysis.
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The paper explained

Problem

Targeting oncogenes for cancer therapy, although practical, has its
limitations with regard to therapeutic efficacy and toxicity. Interest in
identifying and targeting non-oncogene addiction is gaining momen-
tum due to the potential of broad-based applications for treatment of
different cancers. Recent studies have indicated that targeting DNA
repair pathways may enhance treatment efficacy and reduce side
effects. Moreover, there is a drive to identify other non-oncogene
addiction targets that will perturb multiple pathways in cancer cells
with the end result of achieving higher survival rate and increasing
the quality of life. In this study, we explore the functional utility of
targeting a RNA helicase gene, DDX3, which is a non-oncogene addic-
tion gene that is essential to maintain cancer cell survival under
increased cellular stress associated with the tumorigenic state.

Results

In this study, we identified a RNA helicase, DDX3, which is overexpres-
sed in lung cancer and is associated with lower survival in lung
cancer patients. Importantly, knockdown of DDX3 in highly aggressive
lung cancer cell lines (H1299 and A549) lowered their colony-forming
abilities. In our efforts to abrogate DDX3 functions in vivo, we synthe-
sized a small molecule inhibitor, RK-33, which was designed to bind
to the nucleotide-binding site within the DDX3 protein and abrogate
its functionality. We demonstrated that RK-33 was able to induce cell
death in aggressive lung cancer cell lines and not in normal cells.
Importantly, this small molecule showed no toxicity, at the therapeu-
tic dose, in animal experiments. Also, RK-33 caused cell cycle arrest,
induced apoptosis, and promoted radiation sensitization in DDX3-
overexpressing cells. Notably, RK-33 in combination with radiation
induced tumor regression in multiple mouse models of lung cancer.
Mechanistically, RK-33 inhibited non-homologous end joining and
impaired Wnt signaling by disrupting the DDX3—[-catenin axis.

Impact

The identification of DDX3 as an independent marker of lung cancer
biogenesis and the ability to target tumor cells with RK-33 and radia-
tion will provide a targeted chemotherapy option for treating lung
cancer. Also, the combination with radiation will exhibit increased
efficacy, accelerate treatment response, and reduce overall cost. As
RK-33 showed no toxicity in animals, we expect to translate the
preclinical data into clinics in an accelerated manner. Importantly, it
will provide new avenues to increase the therapeutic effect of radia-
tion and reduce potential side effects and increase quality of life.

Supplementary information for this article is available online:
http://fembomolmed.embopress.org
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Figure S1. DDX3 mRNA expression and survival in an independent NSCLC dataset
Kaplan-Meier curves for six DDX3 probes (A-F) on an Affymetrix chip in a dataset with 114
NSCLC cases. Eight cases were excluded from the analysis because survival data was not

available. P-values were calculated with the log-rank test.

Figure S2. Apoptosis in RK-33 treated cells

Histograms depicting early apoptosis (Annexin V positive) and late apoptosis (PI positive) in
cells treated with the indicated amounts of RK-33. Cells were either treated with DMSO
(controls) or 1Csg and 1C7s amounts of RK-33. After 72 hours incubation, cells were harvested

and stained for Annexin V and Pl and analyzed by flow cytometry.

Figure S3. Ki67 expression in CRT tumors

A, Boxplot displaying percentage of nuclei positive for Ki67 per tumor per treatment group.
Median values are displayed with range. Significance was calculated with the Mann-Whitney U-
test.

B-E, Example of frequent nuclear Ki67 expression in an untreated tumor at 20X (B) and 40X (C)
magnification. Example of infrequent nuclear Ki67 expression in a tumor treated with the
combination of radiotherapy and RK-33 at 20X (D) and 40X (E) magnification. Scale bar is

100um.
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1st Editorial Decision 31 July 2014

Thank you for the submission of your manuscript to EMBO Molecular Medicine. We are sorry that
it has taken longer than we would have liked to get back to you on your manuscript. In this case we
experienced difficulties in securing three appropriate reviewers and then obtaining their evaluations
in a timely manner.

We have now heard back from the three Reviewers whom we asked to evaluate your manuscript.
You will see that in aggregate, they raise a number of specific concerns that prevent us from
considering publication at this time.

As you will see, while Reviewers 2 and 3 are quite supportive of your study, Reviewer 1 is more
critical. I will not discuss each point in detail as they are clearly stated. There are, however, some
fundamental points that I feel deserve further clarification on my part.

Reviewer 1 is quite critical and notes that the results presented in this manuscript appear in contrast
with a recent paper demonstrating that DDX3 loss promotes malignancy and is associated with poor
patient prognosis (PMID: 23584477). 1 agree that this paper should be cited and discussed in
relation to your findings. Reviewer 1 would also like you to confirm the role of DDX3 expression in
independent cohorts of patients to consolidate your findings. S/he is also not convinced that IHC
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was performed to the highest standards and suggests some remedies to that effect and would like
you to extend your screen to different histological variants. The Reviewer would also like you to
extend the mechanistic insight but also to consolidate the translational relevance of your work by
adding additional models. This Reviewer also lists additional items of concern. Although I consider
that extending your analysis of DDX3 expression to additional cohorts of patients and investigating
additional mouse models would indeed be valuable additions, I will not be requiring you to perform
these experiments (provided all other issues are carefully and fully dealt with). I do, however
encourage you to develop your study as far as realistically possible along the lines suggested by
Reviewer 1 for your next, revised version to strengthen your findings and increase their impact.

Reviewer 2 is quite positive and raises few, but in my opinion, relevant questions. Among these,
s/he would like to know if RK33 also sensitises lung cancers to chemotherapy regimens currently
used in the clinic. Reviewer 2 would also like you to show the threshold level of DDX3 expression
for responsiveness to RK33 therapy.

Reviewer 3 also mentions a few concerns for your action. S/he would like to see a comparison of
DDX3 expression in normal tissues. This Reviewer also mentions a few experimental issues that
need to be addressed and/or better explained including the nature of the helicase assay, results of the
pull-down assay and whether the toxicity studies reflect actual in vivo active dose levels. In addition
to other items, Reviewer 3 also mentions two other important points: s/he would like you to verify
whether binding site mutants rescue drug effects and whether and how much activity does RK33
display as a single agent. Clearly, the issues of drug specificity and in vivo efficacy are important
and require further work.

Considered all the above, while publication of the paper cannot be considered at this stage, we
would be pleased to consider a revised submission, with the understanding that the Reviewers'
concerns must be fully addressed as outlined above, with additional experimental data where
appropriate and that acceptance of the manuscript will entail a second round of review.

Please note that it is EMBO Molecular Medicine policy to allow a single round of revision only and
that, therefore, acceptance or rejection of the manuscript will depend on the completeness of your
responses included in the next, final version of the manuscript.

As you know, EMBO Molecular Medicine has a "scooping protection" policy, whereby similar
findings that are published by others during review or revision are not a criterion for rejection.
However, I do ask you to get in touch with us after three months if you have not completed your
revision, to update us on the status. Please also contact us as soon as possible if similar work is
published elsewhere.

I look forward to seeing a revised form of your manuscript as soon as possible.

*EEXX Reviewer's comments *****

Referee #1 (Comments on Novelty/Model System):

Recently, Wu et al have published a manuscript demonstrating that DDX3 inactivation promotes
tumor malignancy and poor patients' outcome in NSCLC (Oncogene; 2014 33, 1515-1526). The role
of DDX3 expression on NSCLC patient prognosis should be determined in independent cohorts in
order to substantiate the results presented herein. In my opinion, this is a key experiment that will
help to elucidate the precise role of DDX3 in lung cancer.

Referee #1 (Remarks):

The manuscript by Bol et al. follows up their previous observation that DDX3 has a role in breast
cancer progression. This group has first evaluated the prognostic role of DDX3 in lung cancer and
show that high DDX3 expression is associated with poor survival. Furthermore, they have designed
a small molecule inhibitor of DDX3 and evaluate its efficacy in cell lines and mouse models of
NSCLC. This is an interesting therapeutic strategy in lung cancer. However, I am particularly
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concerned about the divergence between the results presented in this manuscript and those reported
recently by Wu et al. These authors claim that high DDX3 expression in NSCLC is associated with
better survival and longer recurrence-free survival. This antagonistic question should be addressed
before pointing out the inhibition of DDX3 as a therapeutic strategy.

My comments about the study are as follows:

1. Recently, Wu et al have published a manuscript demonstrating that DDX3 inactivation promotes
tumor malignancy and poor patients' outcome in NSCLC (Oncogene; 2014 33, 1515-1526). These
authors performed soft agar colony studies and invasion assays in A549 cells with DDX3
downregulated by siRNA technology and H1299 cells overexpressing DDX3. They claim that
DDX3 knockdown increases soft agar colony size and induces invasion, and the contrary results
were found when DDX3 was overexpressed. More importantly, survival analysis of DDX3
expression in NSCLC patients demonstrated opposite results to those observed in the present
manuscript. In the multivariate analysis, Wu et al reported that high DDX3 expression was an
independent predictor of better survival and longer recurrence-free survival. In addition, Wu et al
suggest that DDX3 loss by P53 inactivation promotes tumor malignancy via the MDM2/Slug/E-
cadherin pathway. Bibliography should be updated to include this reference.

In order to substantiate their findings, further studies should be done:

1. The role of DDX3 expression on NSCLC patient prognosis should be determined in independent
cohorts in order to substantiate the results presented herein. In my opinion, this is a key experiment
that will help to elucidate the precise role of DDX3 in lung cancer.

Moreover, specific controls of the immunohistochemical technique need to be performed.
Quantification of the staining needs to be done by two independent observers and the method of
quantification (only intensity was evaluated?; H score that combines intensity and percentage of
positive cells may help to evaluate the results) should be reported in the Methods section. What is
the cut-off used to select high and low expression?

Definitely, SCLC and NSCLC are two different entities and survival/recurrence results should be
presented separately for both groups.

2. The effect of DDX3 inhibition by RK-33 on proliferation, cell survival and apoptosis (accurately
measured by PI/Annexin V measure for example) could be performed in a wide panel of lung cancer
cell lines. Moreover, the effect of DDX3 in specific histologies of lung cancer should be analysed.
Not only differences between NSCLC and SCLC, but also differences between adenocarcinoma and
squamous cell carcinoma.

3. The effect of DDX3 inhibition on downstream signalling should be evaluated in the previously
mentioned panel of lung cancer cell lines. Not only ERK activation but also P53 pathway as
suggested by Wu et al could be evaluated. Moreover, the increase in ERK phosphorylation in the
H3255 cell line (low DDX3 expression) needs to be mentioned and further studied.

4. It is suggested that the authors revise Figure 6 to include additional experimental mouse models to
evaluate the effect of RK-33 on tumor growth. Furthermore, specific statistical design should be
performed in order to evaluate the synergistic effect of radiotherapy and DDX3 blockade.

5. It would be worthy to extend the study of the Twistl/KrasG12D model. In this sense, proliferation
and apoptosis could be detected in tumor cells of control and treated tumor cells.

Other considerations:

1. The statistical methods should be detailed.

2. In the microCt evaluation, and in order to follow RECIST criteria, the longest diameter could also
be measured and both volume and diameter measures could be compared. Image size for microCT
results is not appropriate; it is difficult to visualize tumors with the actual reduced size of the
images.

3. The authors must reorganize this paper so that the narrative follows the figure arrangement more
carefully. It would be useful that figures follow some kind of harmony (this impression is more
pronounced in figures 1, 2 and 6: figure size could be adjusted in order to give a clearer appearance)
4. Mitochondrial function may be determined by independent methods such as ATP consumption or
mitochondrial membrane potential markers.

5. An extensive review of the most recent bibliography should be done (i.e more recent global
statistics could be mentioned).

6. Label is missing in figure 5C

7. Page 29, first line: a minor correction should be done here: "Inducible Twist1/KrasG12D
transgenic mice [31] were treated as in Fig. 4C and H". I wondered if Figure 6 instead of Fig 4 needs
to be cited here.
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Referee #2 (Remarks):

EMM-2014-04368
Bol et al. "Targeting DDX3 with a small molecule inhibitor for lung cancer therapy "

The authors study the effect of a small molecule (RK-33) they had previously synthesized that binds
to DDX3, on the growth of non-small cell lung cancer (NSCLCO preclinical models. Genetic
silencing of DDX3 is also used. They present data showing DDX3 is over expressed in all histologic
types of lung cancer and this is associated with inferior survival. RK-33 in NSCLC cell lines
induced GI1 arrest, induced apoptosis, and caused significant radio-sensitization in preclinical tumor
models in vitro and in vivo and in a genetically engineered mouse model of lung cancer. RK-33 and
DDX3 genetic down regulation, inhibited RNA helicase activity, impaired WNT signaling and
inhibited non-homologous end joining recombination. RK-33 exhibited no toxicity in their mouse
studies.

Comments to the authors:

Overall in these preclinical studies the authors present a compelling case for therapeutic targeting of
DDX3 in lung cancers and the use of the small molecule RK-33 as an important starting point for
clinical drug development.

1. It would have been interesting to know if RK-33 sensitized lung cancers to any types of
chemotherapy or targeted therapy currently used in clinical treatment.

2. It would be of use to know if from deposited datasets DDX2 is amplified or mutated in lung
cancer.

3. Presumably high DDX3 expression would be the enrollment biomarker for such targeted therapy.
Could the authors summarize their quantitative data on this point from their preclinical models? Is
there a threshold level of DDX3 expression required to be responsive to RK-33 targeted therapy?

Referee #3 (Remarks):

The authors report a new inhibitor of DDX3 RNA helicase. This is a good study and it should be
published. Some questions for the authors that may help improve the study and I am aware that
some suggestions may go beyond the frame of this MS.

1) How was the drug found?

2) Expression data in Fig. 1. There is no comparison to normal tissues, it would perhaps help to
include oncomine or cell line encyclopedia expression data, or different tumors. Note that DDX3
has been reported as a mutational target in GBM.

3) A more detailed description of expression in other normal tissues would help anticipate toxicities.
4) Legends for Fig 2 are mislabeled.

5) What is the subsrate in the helicase assay. Have the authors explored RNA secondary (e.g. G-
quadruplex or hairpin structures)?

6) The pull down shows DDX3 an the data are very clear. Do other, related proteins come down?
E.g. DDX2?

7) If the binding sites are known, can the authors use binding site mutants that would rescue the drug
effect. This would

8) Fig. 3 shows gene expression effects. It is likely beyond this MS, but a RNA TP with DDX3
would enhance insight into its activity.

9) Do the toxicity studies reflect an in vivo active dose level?

10) The drug seems to show little single agent activity in a murine model in vivo. Please clarify the
single agent activity. Is there efficacy in xenografts of lines treated in vitro?

11) Fig. 7. Please add a quantification of cell death.

12) Effects on Wnt are interesting but seem somewhat disconnected from the MS. (or I missed the
link).
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Overall, an interesting study and a potentially interesting new compound. The study would be even
more impactful if the authors could show resistance in binding site mutants to demonstrate that the
effect actually relates to DDX3 and if they could demonstrate single agent activity at a non-toxic
dose level in vivo.

1st Revision - authors' response 03 November 2014

We thank the reviewers for their comments and as per their suggestions, we have added significant
new data to address the queries raised. The point-by-point responses to the individual queries are
indicated below.

Reviewer 1

1) Moreover, specific controls of the immunohistochemical technique need to be performed.
Response: A detailed description of the controls used and the techniques employed are now
included in the Methods Section titled “Immunohistochemistry”.

2) Quantification of the staining needs to be done by two independent observers and the method of
quantification.

Response: The immunostained slides have now been scored by two independent pathologists. This
is indicated in the Methods Section titled “ Scoring of immunohistochemistry”. The inter-rater
reliability (Cohen’s Kappa) between both pathologists is 0.743, which is mentioned in the Method
Section titled “Clinical samples”.

3) H score that combines intensity and percentage of positive cells may help to evaluate the results)
should be reported in the Methods section.

Response: We have now determined the H score, which was similar to cytoplasmic intensity of
DDX3. Cytoplasmic DDX3 is homogeneously distributed throughout the sample, as demonstrated in
Figure 1F. The calculated H-scores, as expected, did not significantly differ from intensity of
cytoplasmic DDX3 staining. Because intensity scores would be clinically be to interpret outcome,
we have used this for the results, presented in this paper. (This is also added to the Methods Section
titled *“ Scoring of immunohistochemistry”.

4) What is the cut-off used to select high and low expression?

Response: We agree with the reviewer that knowing such a threshold is of great value to most
effectively select those patients likely to benefit from RK-33 treatment. We have clear in vitro
evidence that cell lines with high DDX3 expression (H460 and A549) are more responsive to RK-33
than a cell line with low DDX3 expression (H3255). The preclinical mouse models we used to
determine efficacy were all models with high DDX3 expressing tumors, which were sensitive to
RK-33 treatment. We have also found that DDX3 expression levels are objectively assessable using
immunohistochemistry in a clinical setting. This allows for evaluation of efficacy in groups of
patients with varying DDX3 expression levels in early clinical trials, after which we anticipate to be
able to establish a definitive cut-off for RK-33 sensitivity. DDX3 scores 1 and 2 were grouped as
low DDX3 expression and evaluated against high DDX3 expression (score = 3). Cytoplasmic
expression of DDX3 was uniform within a single tumor (Figure 1) as shown by similar H-scores and
intensity scores of DDX3 expression. Only intensity scores are shown. This is indicated in the
Methods Section titled “Scoring of Inmunohistochemistry”.

5) Definitely, SCLC and NSCLC are two different entities and survival/recurrence results should be
presented separately for both groups.

Response: As can be seen in Figure 1J, the majority of the samples we analyzed were NSCLC
(SCLC = 6, NSCLC = 86). The corresponding survival curve is shown in Figure 1K. Given the
small sample set of SCLC, we were unable to draw a survival curve that will project any meaningful
information.
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6) The effect of DDX3 inhibition by RK-33 on proliferation, cell survival and apoptosis (accurately
measured by PI/Annexin V measure for example) could be performed in a wide panel of lung cancer
cell lines.

Response: We have now carried out these experiments as requested by the reviewer in multiple lung
cancer cell lines (H23, H358, H1299, A549, H196, and H460). This information is included in the
Expanded View, Figure E1.

7) Not only differences between NSCLC and SCLC, but also differences between adenocarcinoma
and squamous cell carcinoma.

Response: From a clinical perspective these are indeed essential questions to ask before RK-33 will
be used in cancer care. However, in our opinion, that is beyond the scope of this manuscript. This
study was never intended to do extensive subgroup analysis; hence this study population lacks the
power to do so. However, in Table 1 A and B we do show DDX3 expression within the different
histological subclasses of lung cancer. Also, please see the response to query 5.

8) The effect of DDX3 inhibition on downstream signaling should be evaluated in the previously
mentioned panel of lung cancer cell lines. Not only ERK activation but also p53 pathway as
suggested by Wu et al could be evaluated.

Response: As requested by the reviewer, we did evaluate the role of p53 in the DDX3 pathway. As
shown below, even in the isogenic cell lines HCT116”*** and HCT116*>*", devoid of the p53 gene,
there is no perturbation of DDX3 expression. As loss of p53 did not result in loss of DDX3
expression, the association with MDM2/Slug/E-cadherin pathway is unclear within our experimental
setting. In support of our finding, we have earlier published the lack of transcriptional activation of
p21 by DDX3 (Botlagunta et al, 2008). Also, there is a report (Sun et al, 2011), which indicates that
DDX3 expression is required for Snail expression and may drive tumorigenesis in some cancers.

HCT116,p53+/+
HCT116,p53-/-

- sm» DDX3
- p53

S Actin

Total proteins were
extracted from the cell
lines and scored for DDX3,
p53 and actin.

9) Moreover, the increase in ERK phosphorylation in the H3255 cell line (low DDX3 expression)
needs to be mentioned and further studied.

Response: We have indicated the increase in ERK phosphorylation in H3255 cell line in the Results
Section titled “RK-33 induces G1 arrest and causes apoptosis”. Further characterization of ERK
activity in conjunction with DDX3 expression and RK-33 will be part of a different study.

10) Furthermore, specific statistical design should be performed in order to evaluate the synergistic
effect of radiotherapy and DDX3 blockade.

Response: We have now clarified this in the text. The in vitro calculations were done using the
method developed by Chou and Talalay (Chou, 2010). For the in vivo work, we have re-worded to
indicate that we have seen greater than additive effect in the combination treatment as compared to
the individual treatment regimen. Also, to the best of our knowledge there are no statistical methods
to do this on in vivo datasets.

11) It would be worthy to extend the study of the Twistl/KrasG12D model. In this sense,
proliferation and apoptosis could be detected in tumor cells of control and treated tumor cells.
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Response: As suggested by the reviewer, we carried out immunohistochemistry analysis for caspase
3 and Ki67 on the lung tumors from the Twistl/KrasG12D model following treatment (please see
Expanded View Figure E2). Even though we saw a decrease in Ki67 positive cells following RK-33
and radiation treatment, it would be difficult to discern the exact nature of the effect as we are not
analyzing the tumor samples immediately after treatment. It is possible that tumor normalization has
occurred, thus decreasing the observable effect, in this case, Ki67 expression. Moreover, the
percentage of cells stained for caspase 3 was below 1% of the cell population, thus making a
meaningful interpretation difficult.

12) The statistical methods should be detailed.
Response: We have now indicated the statistical methods in the Methods Section titled “Statistics”.

13) In the microCt evaluation, and in order to follow RECIST criteria, the longest diameter could
also be measured and both volume and diameter measures could be compared. Image size for
microCT results is not appropriate; it is difficult to visualize tumors with the actual reduced size of
the images.

Response: The co-author, Phuoc Tran, MD, PhD, whose laboratory performed this analysis, is a
board-certified radiation oncologist who is also a PI on clinical protocols utilizing RECIST criteria.
The RECIST is a convenient human tumor response tool that is used in clinical trials as a
compromise between sensitivity for a signal and ease of use across many different institutions and
radiologists of varying levels of experience. It was never meant to be a final answer to image
analysis in the clinic and certainly not in the pre-clinical domain. The tumor quantification
performed has been previously published by the co-author (Tran et al, 2011; Zeng et al, 2013) and
utilizes pre-clinical tumor volumes calculated from genetically engineered mouse models directly by
contouring the lesion slice by slice with confirmation using complimentary orthogonal views from a
imaging analysis workstation. We have clarified this by including a paragraph on image analysis in
the revised version in the Methods Section titled “Micro-CT image analysis”.

14) The authors must reorganize this paper so that the narrative follows the figure arrangement more
carefully. It would be useful that figures follow some kind of harmony (this impression is more
pronounced in figures 1, 2 and 6: figure size could be adjusted in order to give a clearer appearance.
Response: We appreciate the suggestions by the reviewer. We have implemented these changes in
the text.

15) Mitochondrial function may be determined by independent methods such as ATP consumption
or mitochondrial membrane potential markers.

Response: As suggested by the reviewer, we have carried out experiments to demonstrate that a
therapeutically relevant RK-33 concentration does not interfere with mitochondrial function. We
evaluated ATP levels in HAPI cells incubated with the cell permeable mitochondrial complex I
substrate pyruvate (10mM) in the absence of glucose and the presence of the glycolysis inhibitor 2-
deoxyglucose (50mM) [Figure 5F]. Under these conditions, the majority of cellular ATP was
generated by mitochondria, as demonstrated by addition of the ATP synthase inhibitor oligomycin
which significantly decreased total cellular ATP by ~70%. In contrast to oligomycin, RK-33 (10uM)
failed to significantly decrease ATP. Thus, RK-33 has no effect on either mitochondrial respiration
or ATP generation.

16) An extensive review of the most recent bibliography should be done (i.e. more recent global
statistics could be mentioned).
Response: We have addressed this in the revised manuscript by including the latest global statistics.

Reviewer 2

1) It would have been interesting to know if RK-33 sensitized lung cancers to any types of
chemotherapy or targeted therapy currently used in clinical treatment.

Response: We did combination experiments with RK-33 + cisplatin and RK-33 + paclitaxel on
multiple lung cancer cell lines (A549, H1299, H460, H23, and H196). From the data obtained, we
did not observe significant synergy with either of these two drugs. This is in parallel to data obtained
when aligning RK-33 with other FDA approved oncological drugs (Figure 4C-D).
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2) It would be of use to know if from deposited datasets DDX2 is amplified or mutated in lung
cancer.

Response: According to the COSMIC database, the mutation rates of DDX3 range from 2-3%.
Amplification rates are below 1%.

_ DDX3 mutation rates

o] from various datasets
as seen in the
COSMIC database.

10%-{

Alteration frequency

. Mutation . Deletion . Amplification | Multiple alterations

Adenocarcinoma
Broad (Imielinski et al, 2012)
Somatic mutation rate: 3.3%

TCGA, Nature, in press
Somatic mutation rate: 1.3%

TCGA, Provisional
Somatic mutation rate: 2.3%

TSP (Ding et al, 2008)
Somatic mutation rate: 0%

Squamous carcinoma
TCGA, Nature (CGAR, 2012)
Somatic Mutation Rate: 1.7%

TCGA, Provisional
Somatic Mutation Rate: 1.7%

3) Presumably high DDX3 expression would be the enrollment biomarker for such targeted therapy.
Could the authors summarize their quantitative data on this point from their preclinical models? Is
there a threshold level of DDX3 expression required to be responsive to RK-33 targeted therapy?
Response: Please see response to query 4 of Reviewer 1.

Reviewer 3

1) How was the drug found?
Response: RK-33 was rationally designed. Please see Results and Figure 2A-C, in the manuscript.

2) Expression data in Figure 1. There is no comparison to normal tissues, it would perhaps help to
include oncomine or cell line encyclopedia expression data, or different tumors.

Response: Figure 1F displays normal lung tissue, which we used for comparison with lung tumors.
Also, in Figure 1A we have shown that the normal lung epithelial cell line, HBEC, has little or no
DDX3 protein expression. Searching the Oncomine database, we found that DDX3 expression

© EMBO




EMBO Molecular Medicine Peer Review Process File - EMM-2014-04368

levels vary based on the datasets analyzed. In addition, as far as DDX3 protein levels are concerned,
it should be noted that there is no 1:1 correlation between the DDX3 mRNA and protein levels, thus
making it difficult to interpret the gene expression datasets as an absolute unit to that of the protein
levels.

3) A more detailed description of expression in other normal tissues would help anticipate toxicities.
Response: It is difficult to ascertain if the levels of DDX3 in the normal cells will directly correlate
to toxicities levels following RK-33 treatment. It is possible that normal cells are not dependent on
DDX3 for its cellular biogenesis as compared to the cancer cells. This could be one of the reasons
why there is no observable toxicity within our experimental setting. Also, as a first step to determine
toxicity for a novel drug, it is essential to test the effect in small animals like mouse or rat. Based on
these criteria, we observed no toxicity in mouse at higher levels than the therapeutic dose to kill
cancer cells. This indicates that perturbation of DDX3 levels by RK-33 in normal cells does not
impart any visible side effects.

4) Legends for Figure 2 are mislabeled.
Response: We thank the reviewer for pointing this out. We have rectified this in the revised
manuscript.

5) What is the subsrate in the helicase assay. Have the authors explored RNA secondary (e.g. G-
quadruplex or hairpin structures)?

Response: The substrate used is now included in the Methods Section titled “Helicase assay”. With
respect to exploring RNA secondary structures as possible substrates, we have yet to determine the
optimal sequence. Initial attempts did not exhibit any robust unwinding of hairpin structures in our
in vivo reporter assays. Experiments are ongoing to identify specific secondary structures that will
be unwound by DDX3.

6) The pull down shows DDX3 and the data are very clear. Do other, related proteins come down?
E.g. DDX2?

Response: As suggested by the reviewer, we scored for two other DDX3 related proteins, DDX5
and DDX17, following pull-down. As shown in the revised Figure 2F, it appears from the panel of
proteins we tested, RK-33 is specific for DDX3.

7) If the binding sites are known, can the authors use binding site mutants that would rescue the drug
effect.

Response: Even though the putative binding site of RK-33 to DDX3 can be determined, the kinetic
of binding studies is beyond the scope of this manuscript and will form part of another study.
However with respect to the specificity of RK-33, we have now included data, which indicates that
RK-33 preferentially binds to DDX3 when compared to other RNA helicase family members such
as DDX5 and DDX17. Also, we have data to indicate that lung cancer cell line, H3255, which has
very little DDX3 expression is not responsive to RK-33 at the dose tested. Importantly, RK-33 did
not exhibit any toxicity in mice. Taken together this indicates that RK-33 demonstrates a great deal
of specificity for DDX3, validating our approach of the use of rational drug design.

8) Do the toxicity studies reflect an in vivo active dose level?
Response: It does reflect in vivo active dose. 20 mg/Kg of RK-33 results in therapeutic dose in
various tissues that we tested (Figure 5A-B).

9) The drug seems to show little single agent activity in a murine model in vivo. Please clarify the
single agent activity. Is there efficacy in xenografts of lines treated in vitro?

Response: As our goals for this manuscript were to expand the radiosensitizing ability of RK-33,
we did have not carry out single agent efficacy in our preclinical lung cancer models. However, we
did observe single agent activity in our preclinical breast and sarcoma models, which resulted in
delayed tumor growth.

10) Figure 7. Please add a quantification of cell death.

Response: As suggested by the reviewer, we tested the effect of RK-33 on six lung cell lines and
assayed for cell death by expression of Annexin V and PI using flow cytometry. The results are
displayed in Figure E1.

© EMBO



EMBO Molecular Medicine Peer Review Process File - EMM-2014-04368

References:

Botlagunta M, Vesuna F, Mironchik Y, Raman A, Lisok A, Winnard P, Jr., Mukadam S, Van Diest
P, Chen JH, Farabaugh P et al (2008) Oncogenic role of DDX3 in breast cancer biogenesis.
Oncogene 27: 3912-3922

Chou TC (2010) Drug combination studies and their synergy quantification using the Chou-Talalay
method. Cancer Res 70: 440-446

Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, Cibulskis K, Sougnez C, Greulich H,
Muzny DM, Morgan MB et al (2008) Somatic mutations affect key pathways in lung
adenocarcinoma. Nature 455: 1069-1075

Imielinski M, Berger AH, Hammerman PS, Hernandez B, Pugh TJ, Hodis E, Cho J, Suh J,
Capelletti M, Sivachenko A et al (2012) Mapping the hallmarks of lung adenocarcinoma with
massively parallel sequencing. Cell 150: 1107-1120

Network CGAR (2012) Comprehensive genomic characterization of squamous cell lung cancers.
Nature 489: 519-525

Sun M, Song L, Zhou T, Gillespie GY, Jope RS (2011) The role of DDX3 in regulating Snail.
Biochim Biophys Acta 1813: 438-447

Tran PT, Bendapudi PK, Lin HJ, Choi P, Koh S, Chen J, Horng G, Hughes NP, Schwartz LH, Miller
VA et al (2011) Survival and death signals can predict tumor response to therapy after oncogene
inactivation. Science translational medicine 3: 103ral199

Zeng J, Aziz K, Chettiar ST, Aftab BT, Armour M, Gajula R, Gandhi N, Salih T, Herman JM,

Wong J et al (2013) Hedgehog pathway inhibition radiosensitizes non-small cell lung cancers. Int J
Radiat Oncol Biol Phys 86: 143-149

2nd Editorial Decision 20 November 2014

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine.

Since Reviewer 2 was unavailable, I asked Reviewers 1 and 3 to also evaluate your responses to the
former. We have now received the enclosed reports from the two Reviewers that were asked to re-
assess your manuscript.

As you will see, while Reviewer 3 is now globally supportive, Reviewer 1 still has a few remaining
issues.

Briefly, Reviewer 1 would like you to substantiate your claim of the prognostic value of DDX3
expression by validating it on a independent cohort of patients. The Reviewer also admits that it
might be difficult to do so with patient samples but suggests the use of published mRNA expression
databases for NSCLC. I feel that the Reviewer has a valid point and I also note that you had not
omitted to deal with this specific request in your rebuttal. On the other hand, I recognise that this is
not the core finding of your work. In conclusion, I must ask you to provide a direct response to the
Reviewer. In addition, and ideally, I would encourage you to provide additional validation data to
support your claim of the prognostic values of DDX3 expression, as indicated by Reviewer 1; In
alternative, I would suggest you to tone down your claim as appropriate. Please note that Reviewer 1
also reiterates his/her request to provide larger microCT images.

Please also consider the following final Editorial amendments/requests for your revision:
1) EMBO Molecular Medicine now requires a complete author checklist

(http://embomolmed.embopress.org/authorguide#editorial3) to be submitted with all revised

© EMBO
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manuscripts. Provision of the author checklist is mandatory at revision stage; The checklist is
designed to enhance and standardize reporting of key information in research papers and to support
reanalysis and repetition of experiments by the community. The list covers key information for
figure panels and captions and focuses on statistics, the reporting of reagents, animal models and
human subject-derived data, as well as guidance to optimise data accessibility. I am attaching a copy
of the checklist to this letter for your convenience, but should you have difficulties opening it, please
refer to the link above.

2) Every published paper now includes a 'Synopsis' to further enhance discoverability. Synopses are
displayed on the journal webpage and are freely accessible to all readers. They include a short
standfirst - to be written by the editor - as well as 2-5 one-sentence bullet points that summarise the
paper (to be written by the author). Please provide the short list of bullet points that summarise the
key NEW findings. The bullet points should be designed to be complementary to the abstract - i.e.
not repeat the same text. We encourage inclusion of key acronyms and quantitative information.
Please use the passive voice. Please attach these in a separate file or send them by email, we will
incorporate them accordingly

3) We are now encouraging the publication of source data, particularly for electrophoretic gels and
blots, with the aim of making primary data more accessible and transparent to the reader. Would you
be willing to provide a PDF file per figure that contains the original, un-cropped and unprocessed
scans of all or at least the key gels used in the manuscript? The PDF files should be labelled with the
appropriate figure/panel number, and should have molecular weight markers; further annotation may
be useful but is not essential. The PDF files will be published online with the article as
supplementary "Source Data" files. If you have any questions regarding this just contact me.

Please submit your revised manuscript as soon as possible.

I look forward to seeing your revised manuscript.

wEkxEE Reviewer's comments **%#%
Referee #1 (Comments on Novelty/Model System):

Referee #1:

In the revised submission, Bol et al have adequately addressed mainly all the concerns raised in my
initial review. However, authors have not solved the question of how reproducible are their results
on the prognostic role of DDX3 expression. The use of an independent cohort is essential to
substantiate their results. Although I understand that this may be difficult to obtain such independent
series of patients, authors may use already published databases of mRNA expression in NSCLC
patients that also provide survival data. I would like to emphasize my suggestion of enlarging the
size of microCT images.

Referee #2:
I was asked by the Editor to evaluate the Authors' response to Reviewer 2's concerns. In my opinion,
the Authors have satisfactorily addressed them.

Referee #3 (Remarks):

The authors have addressed all concerns. Nice study.

© EMBO
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2nd Revision - authors' response 21 November 2014

As requested by reviewer 1, we did carry out survival analysis on NSCLC patients with DDX3
expression. We have now included this as an expanded figure in the manuscript. The data supports
our analysis, which indicates that high expression of DDX3 in NSCLCs correlates to shorter
survival. In addition, we have enlarged the microCT images by 25% as requested by the reviewer.

We hope that the current revised manuscript will be acceptable for publication in EMBO
MOLECULAR MEDICINE.

3rd Editorial Decision 18 December 2014

Technical and editorial revision.

4th Editorial Decision 27 January 2015

Thank you for the submission of your revised manuscript to EMBO Molecular Medicine. We will
be able to accept your manuscript pending the following final amendments and requests:

1) Please submit 1 (ONE) source data file (with sufficient annotations to allow identification) per
manuscript figure.

2) As per our Author Guidelines, the description of all reported data that includes statistical testing
must state the name of the statistical test used to generate error bars and P values, the number (n) of
independent experiments underlying each data point (not replicate measures of one sample), and the
actual P value for each test (not merely 'significant' or 'P < 0.05").

3) The manuscript must include a statement in the Materials and Methods identifying the
institutional and/or licensing committee approving the experiments, including any relevant details
(like how many animals were used, of which gender, at what age, which strains, if genetically
modified, on which background, housing details, etc). We encourage authors to follow the ARRIVE
guidelines for reporting studies involving animals. Please see the EQUATOR website for details:
http://www.equator-network.org/reporting-guidelines/improving-bioscience-research-reporting-the-
arrive-guidelines-for-reporting-animal-research/. I note that you have confirmed compliance in the
checklist but please report the above details directly in the manuscript.

4) Please provide a running title and 5 keywords

Please submit your revised manuscript within two weeks. I look forward to seeing a revised, final
form of your manuscript as soon as possible.

© EMBO
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