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ABSTRACT

RNA helicases impact RNA structure and metabolism
from transcription through translation, in part
through protein interactions with transcription fac-
tors. However, there is limited knowledge on the role
of transcription factor influence upon helicase activ-
ity. RNA helicase A (RHA) is a DExH-box RNA he-
licase that plays multiple roles in cellular biology,
some functions requiring its activity as a helicase
while others as a protein scaffold. The oncogenic
transcription factor EWS-FLI1 requires RHA to en-
able Ewing sarcoma (ES) oncogenesis and growth; a
small molecule, YK-4-279 disrupts this complex in
cells. Our current study investigates the effect of
EWS-FLI1 upon RHA helicase activity. We found that
EWS-FLI1 reduces RHA helicase activity in a dose-
dependent manner without affecting intrinsic ATPase
activity; however, the RHA kinetics indicated a com-
plex model. Using separated enantiomers, only (S)-
YK-4-279 reverses the EWS-FLI1 inhibition of RHA
helicase activity. We report a novel RNA binding
property of EWS-FLI1 leading us to discover that YK-
4-279 inhibition of RHA binding to EWS-FLI1 altered
the RNA binding profile of both proteins. We con-
clude that EWS-FLI1 modulates RHA helicase activity
causing changes in overall transcriptome process-
ing. These findings could lead to both enhanced un-
derstanding of oncogenesis and provide targets for
therapy.

INTRODUCTION

Pathological changes in RNA processing are responsible for
diseases ranging from spinal muscular atrophy (1) to cancer
(2). RNA helicases are implicated in most cellular processes,
including transcription, splicing, nuclear export, ribosome
biogenesis and translation that are altered in pathology (3–
6). RNA helicases have complex activities that often include
dual enzymatic domains and multiple macromolecular scaf-
folds. Cancer, long recognized as a disease involving aber-
rant transcription, is rapidly becoming associated with the
abnormal metabolism of RNA as a systematic pathogenetic
mechanism (7). Thus, RNA helicases are being investigated
as key proteins with multiple roles in oncogenesis that are
likely context dependent (8). DDX3 is an example of one he-
licase that can function as an oncogene as reported in breast
cancer (9) or as a tumor suppressor as demonstrated in hep-
atocellular carcinoma (10). There is a significant need both
to understand the role of RNA helicases in oncogenesis and
to create probes that will allow the study of the mechanisms
of these key protein interactions.

Recent studies show that the complex interaction be-
tween RNA helicases and their protein partners often reg-
ulates helicase activity (11–14). Interacting protein part-
ners can deregulate RNA helicase activity thus contribut-
ing to oncogenesis, even if the RNA helicases themselves
are not mutated. For example, the modulation of eIF4A
RNA helicase activity and specificity occurs through co-
factor eIF4G which increases its adenosine triphosphatase
(ATPase) activity (13) and RNA product release (12). Also,
the DEAD-box protein Rok1 demonstrates increased RNA
substrate specificity in the presence of its cofactor Rrp5
(15). More than one co-factor may exist for a given helicase,
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and these co-factors can have conditionally opposing effects
on ATPase activity. In the case of Dbp5 (human homolog
DDX19), the protein Gle1 along with hexakisphosphate is
required for optimal enzymatic function in Saccharomyces
cerevisiae (16–18). In an opposing mechanism, Dbp5 bind-
ing to Nup159 reduces the RNA affinity for Dbp5 (19). De-
spite the large body of work in yeast demonstrating a wide
variety of cofactor modulated effects upon helicase activity,
the role of oncogenes, as helicase cofactors, requires sep-
arate disease-specific evaluation as these protein cofactors
determine the context-dependent roles of RNA helicases.

RNA helicase A (RHA, DHX9, a.k.a. NDHII) is a
member of the DExH subgroup of RNA helicases; it was
first purified and characterized as an RNA/RNA and
RNA/DNA helicase with 3′ to 5′ directionality in HeLa
cells (20). RHA is required for normal gastrulation as
demonstrated by the RHA-null embryo, which does not
survive beyond day E7.5 due to the apoptotic cell death
of embryonic ectodermal cells (21). The Drosophila ho-
molog MLE (Maleless) protein, which exhibits 51% iden-
tity at the amino acid level to human RHA, is part of the
male-specific lethal (MSL) complex subunit required to in-
crease the transcription of X-linked genes in drosophila
males (22,23). RHA is a scaffolding protein for breast can-
cer 1 (BRCA1) that links BRCA1 to the RNA polymerase II
holoenzyme (24). Cyclic adenosine monophosphate (AMP)
response element-binding protein-binding protein (CBP)
binds to RHA, modulating its activity and regulating RNA
polymerase II (25,26). RHA also regulates the translation
of JUND by binding the 5′-terminal post-transcriptional
control element, which facilitates polyribosome associa-
tion (27). A recent study identified RHA as a modifier of
ABT-737 resistance in an E�-myc/Bcl-2 lymphoma mouse
(28). RHA also shows activity in the maintenance of ge-
nomic stability by unwinding intra-molecular triplex (H-
DNA), RNA containing R-loops and G-quadruplexes (29–
31). These data support RHA as a putative key accessory
protein in oncogenesis.

Our investigation of protein partners for the Ewing sar-
coma (ES) oncoprotein EWS-FLI1, a protein product of
the t(11;22)(q24;q12) (32), identified RHA as a critical part-
ner for transformation (33). We identified a novel small
molecule, YK-4-279, based on an empirical screen using
full-length EWS-FLI1; (S)-YK-4-279 prevents RHA from
binding to EWS-FLI1 in treated ES cells (34). In addition,
EWS-FLI1 transcript activation assays and Cyclin D1 iso-
mer switching also show that only the (S)-YK-4-279 is an
active inhibitor (35). When RHA is blocked from binding
to EWS-FLI1 cells die by apoptosis (34), yet when shRNA
reduces EWS-FLI1 levels, ES cells undergo a senescent-like
death (36,37). One interpretation is that a functional re-
lationship between EWS-FLI1 and RHA exists such that
their dissociation, in contrast to disappearance, would shift
a balance from tumor growth to apoptosis.

EWS–FLI1 interaction with RHA occurs near the heli-
case domain (33), therefore, we tested the effect of EWS-
FLI1 upon RHA enzymatic activity. We show that puri-
fied RHA directly binds to recombinant EWS-FLI1 lead-
ing to reduced RHA helicase activity. Since the inhibition
of RHA helicase activity did not follow basic kinetic mod-
els, we utilized atomic force microscopy (AFM) to directly

observe protein–RNA interactions. The AFM confirmed a
novel finding that EWS-FLI1 binds directly to RNA, and
provided a mechanistic explanation of the protein–protein
interaction effect on RHA activity. Consistent with prior
enantiospecific inhibition of complex formation, only (S)-
YK-4-279 was able to reverse the EWS-FLI1 inhibition of
RHA helicase activity. Finally, to confirm that EWS-FLI1
and RHA bind a common subset of RNA in cells, YK-4-
279-treated ES cells showed a shift in the RNA immuno-
precipitation (RIP) profile. Overall, these investigations in-
form the interaction of EWS-FLI1 and RHA in vitro and
demonstrate a functional effect of a small molecule protein–
protein interaction inhibitor upon ES cells.

MATERIALS AND METHODS

Chemicals and antibodies

Antibody for RHA (Abcam Ab26271) and the blocking
peptide of this antibody (Abcam Ab277786-100) were pur-
chased from Abcam. FLI1 antibody (SC-356) and the
blocking peptide (sc-356p) were purchased from Santa
Cruz. IgG antibody raised in rabbit used in RIP assay was
a part of MagnaRIP kit (Millipore 17-700). YK-4-279 was
purchased and separated into individual enantiomers by Al-
bany Medical Research Labs, Inc. (Albany, NY, USA).

Recombinant protein production

Recombinant RHA protein was expressed using the Bac-
ulovirus expression system. Baculovirus stock was gen-
erated by DHX9 bacmid vector in adherent SF9 cells
(Invitrogen-B82501). Rapid Titer kit (Clontech-G31406)
was used to determine the multiplicity of infection (MOI)
of virus stock. Virus stock at an MOI of 2.5 was used
to infect 1 l of a serum-independent suspension of Sf9
cells with a cell density of 2.5 × 106 cells/ml (Invitrogen-
11496-015). Cells were harvested after 42–44 h of infec-
tion and all purification steps were carried out at 4◦C.
Whole-cell extract was prepared by homogenizing cells in
ice-cold hypotonic lysis buffer (25-mM HEPES pH 7.8,
10-mM NaCl, 5-mM MgCl2, 0.1% Tween-20, 1-mM tris
(2-carboxyethyl)phosphine [TCEP], 1-mM phenylmethyl-
sulfonyl fluoride [PMSF] and 1 Roche protease inhibitor
tablet) followed by the addition of an equal volume of hy-
pertonic buffer (25-mM HEPES pH 7.8, 1-M NaCI, 5-
mM MgCl2, 0.1% Tween-20, 20% Glycerol, 40-mM imida-
zole, 1-mM TCEP, 1-mM PMSF and 1 Roche Protease In-
hibitor tablet). We incubated the lysate on ice for 30 min
and then centrifuged for 10 min at 13800xg. To remove
the nucleic acids, we treated the lysate with 1 mg/ml of
protamine sulfate (Sigma-P4020-109) and spun the lysate
at 13800xg for 15 min. Immobilized Metal Affinity Chro-
matography (IMAC) was performed with Nickel-charged
Hi-Trap chelating columns (GE-C17-0408-01) in AKTA
Explorer Chromatography (GE Healthcare). The binding
buffer was composed of 25-mM HEPES pH 7.8, 250-mM
NaCl, 10% glycerol, 5-mM MgCl2, 0.1% Tween-20, 20-mM
imidazole and 1-mM TCEP. Protein fractions were eluted
by continuous gradient of the binding and of the elution
buffer, which was composed of 25-mM HEPES pH 7.8,
250-mM NaCl, 10% glycerol, 5-mM MgCl2, 0.1% Tween
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20, 700-mM imidazole and 1-mM TCEP. Sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
was performed for the quantification of protein purity. Gels
were stained with the GelCode Coomassie Blue staining kit
(Pierce).

The second step of purification was carried out on a Hep-
arin column (GE-17-0406-01) after the IMAC-eluted frac-
tion was dialyzed to decrease the NaCl concentration to 50
mM. The binding buffer was composed of 25-mM HEPES
pH7.8, 50-mM NaCl, 10% glycerol, 5-mM MgCl2 and 1-
mM TCEP. Fractions were eluted with a continuous gra-
dient of NaCl. SDS-PAGE, silver staining (BioRad) and
Coomassie staining (Pierce) were performed to assess the
protein purity.

Recombinant EWS-FLI1 was expressed in Escherichia
coli and purified using affinity column chromatography as
previously published, with the modification of the elution
buffer that led to EWS-FLI1 being eluted into 200-mM
NaCl and 1-M Imidazole (38).

Helicase reaction

Infrared-labeled, double-stranded RNA (5′-IR700-
GCGUCGAUCCGAAACUAUACUUAAUUUUAA-3′
and 5′-GUUUCGGAUCGACGC-3′) was synthesized
and duplexed by IDTDNA. We used an unbiased random
generation of an RNA sequence for this substrate given
that no clear sequence preference has been reported.
A Basic Local Alignment Search Tool analysis demon-
strated that the UAUACUUAAUUUUAA sequence of
the substrate showed homology to the CEP120 mRNA
nucleotides between 4187 and 4173 and to the FAM105A
mRNA nucleotides between 1704 and 1690. The calculated
Tm value of dsRNA is 62◦C. For kinetic experiments,
double-stranded RNA concentrations varied from 0.125
to 32 nM. The helicase buffer was composed of 25-mM
HEPES-KOH, pH 7.5, 2-mM MgCl2, 1-mM Dithiothreitol
(DTT), 2-mM nucleoside phosphate and double-stranded
RNA (39). The helicase reaction was stopped by the
addition of 5× stopping buffer for a final concentration of
10% glycerol, 5-mM ethylenediaminetetraacetic acid and
0.02% Bromophenol blue.

YK-4-279 and its enantiomers were dissolved in iso-
propanol and pre-incubated with EWS-FLI1 for 10 min
before being added to the helicase reaction. Buffer con-
trols containing either additional protein or small molecules
were included in each helicase reaction. The helicase reac-
tion products were separated in 12% native, non-denaturant
polyacrylamide gels and then visualized by an infrared scan-
ner (Odyssey). Band intensities were determined by den-
sitometry (ImageJ). The ratio of product to the sum of
product and substrate in each lane was used to calcu-
late the unwound product amount. All helicase data repre-
sent the average of at least three independent experiments.
Graphs were generated and statistical analyses were per-
formed by GraphPad software. Kinetic analyses were done
by SigmaPlot software.

Annealing reaction

Infrared-labeled, double-stranded RNA (5′-IR700-GCG
UCGAUCCGAAACUAUACUUAAUUUUAA-3′ and

5′-GUUUCGGAUCGACGC-3′) used in the helicase
reaction was heated to 95◦C and then promptly transferred
to ice. The annealing reaction contained 25-mM HEPES
pH7.4, 1-nM-heated single-stranded RNA, 1-nM RHA,
2-mM MgCl2 and 1-mM DTT. The reaction was carried
out at 37◦C without the addition of adenosine triphosphate
(ATP).

Surface plasmon resonance

The binding affinity of EWS-FLI1 and RHA was mea-
sured using surface plasmon resonance (SPR; Biacore T-
200, GE). The protein was immobilized on a CM5 car-
boxymethyl dextran chip with a running buffer of 10-mM
HEPES (10 mM), 150-mM NaCl, 0.05% P-20. The CM5
surface was activated for 720 s by injecting an equal volume
of 100-mM N-hydroxysuccinimide (NHS) and 400-mM 1-
ethyl-3- (3-dimethylaminopropyl) carbodiimidehydrochlo-
ride (EDC). RHA was diluted in 10-mM sodium acetate,
pH 4.0 and injected at 10 �l/min for a period of 100 s. This
resulted in the attachment of RHA to the sensor surface
with a density of ∼1800 response unit (RU). An injection
of 1-M ethanolamine hydrochloride for 720 s deactivated
any excess activated groups. The running buffer used was
10-mM HEPES, 150-mM NaCl, 0.05% P-20 (HBS-P), at a
flow rate of 10 �l/min. EWS-FLI1 was used as an analyte in
the running buffer in EWS-FLI1- and RHA-binding kinetic
experiments. The concentrations of EWS-FLI1 in each run-
ning buffer were 24, 12, 6, 3, 1.5, 0.75 and 0.375 nM, respec-
tively. The running buffer was composed of HBS-P contain-
ing 1-mM TCEP, 2-mM MgCl2 and 0.1-M imidazole, pH
7.4. The sample compartment was maintained at 10◦C. SPR
running conditions were as follows: flow rate, 100 �l/min;
contact time, 60 s; and dissociation time, 600 s. We used 1N
NaCl as the regeneration agent. The binding of EWS-FLI1
to RHA was assessed using a 1:1 Langmuir model.

RNA-binding assay

RNA was synthesized by polymerase chain reaction and
32P-labeled- cytidine triphosphate (CTP) was incorporated,
as previously published (40). The RNA-binding assays
combined various amounts of proteins that were dissolved
in buffer containing 25-mM HEPES pH 7.4, 80-mM NaCl,
2-mM MgCl2, 2mM-DTT and Superase In RNase inhibitor
(Life Technologies AM2696) prior to adding 5 pmol 32P-
labeled RNA. The ets-DNA competition assay was carried
out under the above conditions in the presence of increas-
ing concentrations of ets-DNA from 0 to 3125 nM (38).
High-salt reactions contained 150- and 210-mM NaCl. We
incubated the protein–RNA mixture for 10 min at room
temperature and stopped the reaction by adding glycerol at
5% final concentration. Then, we separated free RNA from
protein-bound RNA in a 6% native polyacrylamide gel in
a 0.5× TBE running buffer system by electrophoresis. Gels
were exposed to phosphorimager cassettes overnight and vi-
sualized via Phosphorimage scanner (Amersham). Free and
protein-bound RNA in the gel images were quantified using
ImageJ software (NIH).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/43/2/1069/2414387 by guest on 23 April 2024



4 Nucleic Acids Research, 2015

ATPase assay

Inorganic free phosphate was measured using the Phos-
phate Fluorometric assay kit (BioVision, Cat. no. K420-
100). The RNA sequence used in ATPase assay was
the duplex of 5′GCGUCGAUCCGAAACUAUACUUAA
UUUUAA-3′ and 5′-GUUUCGGAUCGACGC-3′. The
assay was carried out with 100-�M ATP according to the
manufacturer’s instructions.

Atomic force microscopy

Binding reactions for RHA and EWS-FLI1 proteins were
carried out with a 497-nt partially double-stranded RNA
(41). The reaction mixture contained 25-mM HEPES pH
7.4, 2-mM MgCl2, 1-mM TCEP, dsRNA and varying con-
centrations of proteins. The binding reaction mixture was
incubated at 25◦C for 1 min. Freshly cleaved muscovite mica
was incubated in a mixture of a 1-(3-aminopropyl) sila-
trane (APS) solution for 30 min to prepare APS-mica, as
described previously (42). The sample droplets (5 �l) were
deposited on APS-mica for 2 min, washed with de-ionized
water and dried with nitrogen gas. The mica was attached
to a metal disc with double-sided tape for imaging. Images
were acquired in tapping mode in the air using a Multimode
SPM Nanoscope IIIa system (Bruker/Digital Instruments,
Santa Barbara, CA, USA). Silicon tapping mode probes
(Hi’Res DP14; MicroMasch, Estonia) with a curvature ra-
dius apex of 1 nm were used. Nominal spring constants of
∼5.0 N/m and a resonant frequency of ∼160 Hz were used
as well.

Contour-length measurements of the partially dsRNA
molecule were made by tracing the image RNA backbone
using the curve tool and obtaining the readout from the
microscope image module (Digital Instruments, Santa Bar-
bara, CA, USA). Protein volume measurements were per-
formed using the section tool from the image module (Dig-
ital Instruments, Santa Barbara, CA, USA). Perpendicular
cross-sections were made to record the width in two dimen-
sions: the height (h) of the protein was measured by the dif-
ference in the intensity of the protein compared to the back-
ground noise; the widths were measured at half of the maxi-
mal protein height. The volume (V) of the protein was deter-
mined as previously described (43). The volume of the pro-
tein was converted into mass in kilodaltons, obtained from
the comparison with the volumes of EWS-FLI1 and RHA
(44).

The cross-sections of protein molecules to calculate the
volume of protein complexes were calculated as follows:

Vc = hπ/6(3ab/4 + h2)

where Vc is the molecular volume; h is height; and a and
b are the perpendicular diameter of the protein.

Modeling

Because there is no crystal structure for human RHA,
we used homology modeling to obtain a model of this
molecule. For modeling, I-Tasser (45), Swiss-Model (46)
and Phyre2 (47) were used. I-Tasser and Swiss-Model were
used with the default settings, while Phyre2 was used in the

intensive mode. We used the entire sequence of RHA as the
input for the modeling programs. All modeling packages
identified structure of S. cerevisiae Prp43p DEAH/RHA
(PDB codes: 2XAU and 3KX2) (48,49) as the template and
it was used for the generation of the RHA model. The align-
ment of RHA and template sequences is shown in Supple-
mentary Figure S9. COOT (50) and SSM (51) protocols
were used to superpose and compare the models of RHA
with the structure of superfamily 2 helicase Hel308 in com-
plex with unwound DNA (PDB code: 2P6R) (52).

RIP, RIP-seq and analysis

DMSO or 3-�M YK-4-279-treated TC32 cells were used
for RIP analysis. We used RHA (Abcam) and FLI1 (Santa
Cruz) antibodies for immunoprecipitation, which was car-
ried out using Magna RIP (Millipore; Cat. no. 17-700) ac-
cording to the manufacturer’s instructions. Immunogenic
peptide-blocked FLI1 and RHA antibodies were used as
negative controls for RIP analysis. The extracted RNAs
were sequenced on a Illumina platform by Otogenetics. The
quality of RIP-seq reads from each library was assessed
using FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Reads from each RIP library were aligned
to the GRCh37 genome build using Bowtie2 version 2.1.0
via TopHat version 2.0.9 (53). Fragments per kilobase
of transcript per million mapped reads (FPKM) counts
were generated using the recommended Cufflinks (2.2.1),
Cuffmerge, and Cuffquant pipeline, followed by Cuffnorm
(54). Regions with fewer than 0.5 FPKM were considered
to be non-RIP, while those with greater than 0.5 FPKM
were considered to be RIP. For each group (RHA and EWS-
FLI1), the respective library produced by blocked antibody
IP (RHA Block, FLI1 Block) was subtracted from the li-
brary produced by the unblocked antibody if FPKM at a re-
gion exceeded 0.5. We used the hypergeometric distribution
test to determine the statistical significance of transcripts
that overlap between RHA-RIP and EWS-FLI1-RIP (55).

RESULTS

Characterization of full-length recombinant RHA

We utilized full-length RHA to avoid potential artifacts of
protein interactions, such as dominant negative or enzyme
substrate alterations, from the use of a truncated protein
(56–58). RHA was purified from insect cells using a metal-
affinity column that bound to an N-terminal His-tag fol-
lowed by a heparin column in order to further reduce im-
purities. Heparin mimics a nucleic acid backbone (59), and
in addition to the continual presence of Mg++, protein pu-
rified in this way retains its ability to properly bind nucleic
acid (60). The purified RHA was 99% pure (Figure 1A and
B and Supplementary Figure S1A for size exclusion chro-
matography results to prove the fractions used in assays
contained pure RHA).

We measured the helicase activity of purified RHA by us-
ing IR700 infrared dye-labeled double-stranded RNA as a
substrate in a strand separation assay (Figure 1C). RHA
protein was mixed with RNA and the reaction was initi-
ated with the addition of ATP. Control reactions with heat-
inactivated RHA, as well as reactions lacking enzyme, ATP
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Figure 1. Recombinant RHA is a highly active helicase. (A) Eluted RHA
fractions from the Hi-Trap nickel column stained with Coomassie Blue. (B)
Heparin column-purified RHA stained with Coomassie. (C) One nanomo-
lar RHA separated 1-nM dsRNA in a temperature- and time-dependent
fashion to single strands. (D) The initial rates of the reactions were plot-
ted against the temperatures. The linear correlation coefficient of this plot
was found as r2 = 0.9251. All reactions were carried out three times.
(E) Michaelis–Menten kinetics graph, the x-axis represents the substrate
(dsRNA) concentration in nM, and the y-axis represents the initial veloc-
ity at the corresponding substrate concentration. The kinetics experiments
were repeated three times and differences among individual results repre-
sented in the error bars. Inset of (E): Lineweaver–Burk transformation plot
of the RHA helicase enzyme reaction.

or MgCl2, showed no single-stranded product formation
(Supplementary Figure S1B). The specific activity of RHA
was calculated as 4.84 M s−1 ng−1. Our purified RHA uti-
lizes ATP, CTP, Uridine triphosphate (UTP) and Guano-
sine triphosphate (GTP) in helicase reactions, as reported
previously (Supplementary Figure S1C) (61). The initial ve-
locity of RHA helicase activity is temperature dependent
(Figure 1C and D) and ranges from 0.012 ± 0.003 nM/min
at 10◦C to 0.21 ± 0.008 nM/min at 42◦C (Figure 1D) with
an r2 of 0.93 for a linear temperature correlation. We ob-
tained a value of 44-nM KM for the helicase activity of RHA
when we varied RNA concentration in the reaction (Fig-
ure 1E and F). The RHA enzyme efficiency is 1.6 × 108

M−1 s−1 based on the kcat/KM, where kcat is 0.69 s−1 with 1-
nM initial enzyme concentration. We also assessed ATPase
activity of RHA, showing that ATP hydrolysis requires the
presence of RNA (Supplementary Figure S2C).

Figure 2. RHA facilitates the re-annealing of complementary single-
stranded RNA. (A) i: RHA anneals single-stranded RNA to yield double-
stranded products at 37◦C in a time-dependent fashion. ii: annealing re-
action without RHA indicated the spontaneous annealing rate of ssRNA
used in the reaction. iii: RHA did not produce dsRNA in the presence of
2-mM ATP. iv: heat-inactivated RHA did not yield to dsRNA products.
(B) The percentage of double-stranded products formed in the annealing
assay was plotted against time to show the progress of product formation.
All annealing assays were repeated three times.

RHA facilitates annealing of single-stranded RNA

RHA increases the annealing of tRNA (3)Lys, the primer
for reverse transcription, to HIV-1 RNA (62). We therefore
investigated whether our recombinant RHA possesses an-
nealing activity using the same RNA sequences as in he-
licase assay but starting as a single-strand with a 1:1 mo-
larity ratio to RHA. In the absence of ATP, RHA facil-
itated the annealing RNA to yield dsRNA with an effi-
ciency of 50% at 37◦C; this reaction was inhibited by 2-mM
ATP (Figure 2A). Spontaneous annealing of RNA without
RHA resulted in only 15% dsRNA (Figure 2B) while heat-
inactivating RHA did not yield any dsRNA product (Fig-
ure 2B).
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EWS-FLI1 reduces RHA helicase activity

Having established the biochemical properties of our re-
combinant RHA, we evaluated the effect of adding EWS-
FLI1 to the helicase assay. We previously reported that
an RHA647–1075aa fragment and EWS-FLI1 bound directly
(33,34), but at that time did not have pure full-length RHA
for binding nor kinetic measurements. We immobilized full-
length RHA on a CM5 chip and used purified EWS-FLI1
(38) (Supplementary Figure S2A) as an analyte to quantify
the interaction between the two proteins using SPR. The
dissociation constant Kd was 0.030 ± 0.01 s−1 and the as-
sociation constant (ka) was 3.5 × 106 ± 1.9 × 106 M−1 s−1

leading to a calculated affinity of 14 ± 4.6 nM for the two
proteins (Figure 3A). These binding experiments showed
that full-length RHA and EWS-FLI1 interact rapidly and
with high affinity.

In order to test the effect of EWS-FLI1 on RHA helicase
activity, we used varying molar ratios of both proteins in
the helicase reaction that was initiated with the addition of
ATP. EWS-FLI1 reduced the strand separation of dsRNA
catalyzed by RHA in a dose-dependent fashion (Figure 3B
and C). When EWS-FLI1 and RHA are present in a 1:1 sto-
ichiometric concentration of 1 nM, we measured a 58% re-
duction in initial helicase velocity. By increasing EWS-FLI1
to 10 nM, the initial velocity was reduced by 78% of control,
demonstrating that the initial velocity of RHA is inversely
correlated with the concentration of EWS-FLI1 in the re-
action (Figure 3D). EWS-FLI1 inhibition of RHA helicase
activity does not follow standard Michaelis–Menten kinet-
ics, suggesting a complex model.

Although 1-nM EWS-FLI1 caused a 50% reduction in
the helicase activity of RHA, it did not hinder the time-
dependent annealing function of RHA (Figure 3E). In fact,
the increased concentration of EWS-FLI1 facilitated RHA
annealing of RNA using a constant RHA concentration
during a 2-min incubation (Supplementary Figure S2B). We
observed that 1-nM EWS-FLI1, alone, annealed RNA in a
time-dependent fashion (Figure 3E). In contrast to the ef-
fect upon helicase activity, EWS-FLI1 does not affect the
ATPase activity of RHA (Supplementary Figure S2C).

EWS-FLI1 binds to RNA

In order to further understand the inhibitory mechanism
of EWS-FLI1 on helicase activity and the facilitating effect
on the annealing activity of RHA, we tested whether EWS-
FLI1 binds to RNA. We used a 350-nt partially dsRNA
from hepatitis delta virus and combined this with either
RHA or EWS-FLI1 followed by native PAGE resolution of
complexes. This RNA was selected as a ‘non-specific’ po-
tential ligand for EWS-FLI1. EWS-FLI1 binding to RNA
was confirmed with a kd apparent of 30 ± 3 nM (Figure 4A).
RHA bound RNA with a dissociation constant of kd apparent
4.7 ± 0.2 nM (Figure 4B). To support our conclusion that
this binding is not an artifact of buffer conditions, we in-
creased the salt concentration of the RNA binding buffer
to 210-nM NaCl and measured only a 3-fold decrease in
affinity (Supplementary Figure S3).

In order to further demonstrate our novel finding that
EWS-FLI1 directly binds to RNA, we utilized AFM imag-
ing. We used a 497-nt partially dsRNA sequence from hep-

Figure 3. EWS-FLI1 interferes with the helicase activity of RHA. (A)
EWS-FLI1 interacts directly with full-length RHA using surface plasmon
resonance. Sensorgrams show a range of EWS-FLI1 concentrations (from
24 to 0.374 nM) in black lines. The model fits of these triplet values are
represented by the red curves. The x-axis is the interaction time in seconds.
The y-axis is the relative response unit (RU). The graph represents one of
the nine independent experiments. (B) EWS-FLI1 inhibits the helicase ac-
tivity of RHA. The upper band shows dsRNA and the lower band shows
ssRNA. One nanomolar RHA shows complete unwinding (the upper gel)
and 1-nM RHA was combined with 1-nM EWS-FLI1 that inhibited un-
winding (lower gel). 1-nM EWS-FLI1 alone does not catalyze the helicase
reaction (lower right gel). dsRNA and ssRNA were loaded to the gel as
size markers (on the right). (C) Increasing concentrations of EWS-FLI1
were mixed with RHA in the helicase reaction. Single-stranded product
formation of the reactions over time was plotted using the key: open cir-
cles (©) buffer control; closed circles (•) RHA alone; black triangle (�)
0.5-nM EWS-FLI1; open triangle (�) 1-nM EWS-FLI1; black square (�)
2-nM EWS-FLI1; open square (�) 5-nM EWS-FLI1; and black down-
ward triangle (�) 10-nM EWS-FLI1. (D) EWS-FLI1 affected the initial
velocity of the RHA helicase reaction in a dose-dependent fashion. The
x-axis shows the EWS-FLI1 concentration (nM), and the y-axis shows the
initial velocity of the helicase reaction. (E) EWS-FLI1 did not interfere
with the annealing function of RHA. The annealing reaction was carried
out with 1-nM RHA––black square (�)––or 1-nM RHA with 1-nM EWS-
FLI1––open circle (©)––or 1-nM EWS-FLI1––black triangle (�). The re-
action was 20 min and the time course is plotted as dsRNA product (nM)
versus time (min). Annealing experiments were carried out three times.

atitis delta virus (497L RNA) (41), 65 nm in length by AFM.
This RNA was selected since it was of a defined length for
AFM measurements and long enough for multiple protein–
RNA interactions to occur but we were agnostic to the se-
quence. The theoretical individual volumes of EWS-FLI1
and RHA were calculated as 104 nm3 and 267 nm3, respec-
tively. We show two examples of RNA directly bound to
EWS-FLI1 using AFM (Figure 4C(i–ii)). Using the volu-
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Figure 4. EWS-FLI1 binds to RNA. (A) Concentrations from 0.5 to 64
nM of EWS-FLI1 bind to 32P-labeled 350-nt long dsRNA in gel shift as-
say, representative of three experiments. (B) Concentrations from 0.5 to
64 nM of RHA bind to 32P-labeled 350-nt long dsRNA in gel shift assay,
representative of three experiments. (C) EWS-FLI1 binds to dsRNA. i–ii:
AFM images of RNA-bound EWS-FLI1. The green object is dsRNA and
the pink object is EWS-FLI1 protein. The color scale given on the right
side of the image represents the height of the protein on the surface. (D)
The volume distribution of RNA bound EWS-FLI1 (as the calculated vol-
ume of EWS-FLI1 was 104 nm3) protein complexes. The number of black
spheres on the bar graphs represents the number of EWS-FLI1 protein
on RNA complexes. (E) RHA binds to RNA. i–ii: AFM images of RNA-
bound RHA. The green object is dsRNA and the pink object is RHA pro-
tein. (F) The volume distribution of RNA-bound RHA (as the calculated
volume of EWS-FLI1 was 267 nm3) protein complexes. The number of
gray spheres on the bar graphs represents the number of RHA proteins on
RNA complexes.

metric measurement of EWS-FLI1, we identified 44% of
the complexes of EWS-FLI1 bound to RNA in 1:1 and
39% of those bound to RNA in 2:1 stoichiometric ratios
(Figure 4D). RHA binding to RNA was also measured by
AFM, however, in contrast to EWS-FLI1, 75% were bound
as monomeric complexes (Figure 4E(i–ii) and F).

We modeled the RNA-binding ability of EWS-FLI1 us-
ing RNA-binding prediction applications such as BindN
(63), RNABindR (64) and catRAPID (65). These algo-
rithms corroborated a minimally common predicted region
of the ets-DNA-binding domain RNA binding (Supple-
mentary Figure S4A–C, the boxed region indicates the ets-
DNA binding domain). To confirm these predictive models,
a gel-shift analysis showed that the addition of a wild-type
ets DNA oligodeoxynucleotide (ODN) competed with the
RNA-binding ability of EWS-FLI1; however, a mutant ets
ODN was only 30% as efficient as the wild-type at displac-
ing the RNA (Supplementary Figure S5).

Figure 5. YK-4-279 negates the inhibitory effect of EWS-FLI1 on RHA
in an enantiomer-specific manner and alters the profile of bound RNA. (A)
Recombinant RHA (1 nM) in the presence of recombinant EWS-FLI1 (1
nM) or small molecules (30 �M). Helicase reactions carried out as shown
above in Figure 1. (B) Triplicate results of helicase reactions were plotted
over time. The x-axis is time in seconds and the y-axis is percent prod-
uct formation in the helicase assay. (C) Scheme used for RNA immuno-
precipitation (RIP) of RHA or EWS-FLI1 protein complexes. TC32 ES
cells either treated with DMSO or 3-�M YK-4-279 for 8 h. Extraction of
RNA associated with RHA or EWS-FLI1 complexes was followed by Il-
lumina sequencing. (D) 1345 transcripts were found common in RHA or
EWS-FLI1 RIP. YK-4-279 changes the profile of 1345 RNA bound to the
proteins. i: after YK-4-279 treatment, 615 of 1345 RNAs were immunopre-
cipitated separately by either RHA or EWS-FLI1 antibodies. ii: 306 tran-
scripts were immunoprecipitated by EWS-FLI1. iii: RHA RIP yielded 243
transcripts. iv: 181 transcripts were not found in sequencing from either IP
reaction.

YK-4-279 reverses EWS-FLI1 inhibition of RHA helicase ac-
tivity

Our previous publications showed that YK-4-279 inhib-
ited RHA immunoprecipitation with EWS-FLI1 from ES
cell lysates in an enantiomer-specific fashion (35). We
therefore evaluated the effect of YK-4-279 on the EWS-
FLI1-dependent inhibition of RHA helicase activity. Both
racemic YK-4-279 and (S)-YK-4-279 disinhibited the heli-
case reaction, showing restoration of 80% helicase activity
in the presence of 1-nM EWS-FLI1 (Figure 5A(iii–iv) and
B). Consistent with prior enantiospecific immunoprecipita-
tion results, (R)-YK-4-279 did not restore helicase activity
(Figure 5A(v) and B) (35,66). YK-4-279 alone did not al-
ter RHA helicase activity (Supplementary Figure S6). Since
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YK-4-279 reverses the inhibitory effect of EWS-FLI1 upon
RHA activity investigated whether YK-4-279 alters RNA
binding to either protein.

EWS-FLI1 and RHA immunoprecipitated RNA is altered by
YK-4-279

We queried the profiles of RNA binding to EWS-FLI1 and
RHA complexes in ES and whether this would change fol-
lowing treatment with YK-4-279. We performed RIP using
ES TC32 cells treated with either vehicle (DMSO) or 3-�M
YK-4-279 for 8 h followed by cell lysis and immunopre-
cipitation of protein complexes (Figure 5C). EWS-FLI1 or
RHA antibodies precipitated RNA associated with either
protein followed by RNA extraction. Extracted RNA was
transcribed to cDNA and sequenced using an Illumina plat-
form. DNA sequences were aligned to the GRCh37 genome
and transcript FPKM was calculated. Transcripts that im-
munoprecipitated in samples treated with blocking peptides
for either antibody were removed from analysis as nonspe-
cific. We also excluded the transcripts having lower than 0.5
FPKM values from the analysis in order to increase strin-
gency.

Alignment of sequencing results showed that 6.9% of the
total cellular RNA was uniquely present in the RHA im-
munoprecipitation, while 4.8% was unique to the EWS-
FLI1 RIP. The remaining 86.9% of unique cellular RNA
sequences were not immunoprecipitated in either condi-
tion. We determined RIP from either EWS-FLI1 or RHA
contained 1345 overlapping transcripts (Figure 5C, Supple-
mentary Table 1). These overlapping transcripts were statis-
tically significant (P = 2.208 x 10−296) by using the hyperge-
ometric distribution test. Gene Ontology term enrichment
(GO) analysis by GOrilla (67,68) classified RNA found in
both RHA and EWS–FLI1 protein complexes as enriched
for transcripts categorized in the following: cell–cell adhe-
sion, inflammatory response, negative regulation of vascu-
lature development, regulation of vasoconstriction, sensory
perception, neuronal action potential, humoral immune re-
sponse, cell–cell signaling and negative regulation of Notch
signaling (Supplementary Figure S7A). The results of GO
term analysis suggest that there is a significant probability
that cellular functional pathways are perturbed by changes
in RNA metabolism when EWS-FLI1 binds to RHA.

This GO term analysis led us to evaluate YK-4-279-
treated cells for RNA binding profile changes. We analyzed
our data based on four subsets of isolated RNA (i) those
that continued to be overlapping from both RIP (46% of
the transcripts), (ii) those only present with EWS-FLI1 RIP
(23% of the transcripts), (iii) those only present with RHA
RIP (18% of the transcripts) and (iv) those RNA which
were no longer RIP by either protein (13% of the tran-
scripts) (Figure 5D). RNA bound only to EWS-FLI1 fol-
lowing YK-4-279 treatment was enriched for single organ-
ism signaling and cell communication (P = 5.7 × 10−4 and
4.7 × 10−4, respectively; Supplementary Figure S7C). The
GO term enrichment analysis of RNAs bound only to RHA
was enriched for the negative regulation of megakaryocyte
differentiation and Histone H4K20 demethylation (P = 3.3
× 10−4 and 6.0 × 10−4, respectively; Supplementary Figure
S7D). Thirteen percent of the RNA present in the overlap-

ping RIP profile were no longer present in EWS-FLI1 nor
RHA RIP. These RNAs that were ‘lost’ from the protein
complexes following YK-4-279 treatment were enriched for
JAK-STAT signaling cascade (P = 8.4 × 10 -4; Supplemen-
tary Figure S7E). These data show that a common col-
lection of RNA RIP independently by either EWS-FLI1
or RHA exists. Furthermore, YK-4-279 treatment leads to
shifts in the RIP profiles that affect many cellular pathways.

We directly evaluated YK-4-279 for its ability to directly
dissociate either EWS-FLI1 or RHA from a complex with
RNA. Neither EWS-FLI1 nor RHA binding to a 350-nt-
long-radiolabeled dsRNA containing 3 GGAA repeats was
altered following YK-4-279 treatment in solution (Supple-
mentary Figure S8A). This result was confirmed by titrating
the amount of recombinant EWS-FLI1 or RHA in the re-
action (Supplementary Figure S8B).

In silico modeling the EWS-FLI1 effect upon RHA activity

Our published studies demonstrated that EWS-FLI1 binds
to RHA adjacent to its helicase domain (33). There is no
published crystal structure of full-length RHA containing
the region of RHA amino acids between 647 and 1075
where RHA binds to EWS-FLI1. Thus, we created an
in silico model based upon homologous sequences to S.
cerevisiae Prp43p DEAH/RHA (PDB codes: 2XAU and
3KX2) (48,49). Prp43p has 26% sequence identity to a hu-
man DEAD box family member DDX15, which is closely
related to RHA. Therefore, a model of the fragment con-
taining residues 300–1100 may therefore be reliably con-
structed. Fortunately, the RHA residues previously identi-
fied as binding to EWS-FLI1, aa 822–831, were present in
the model based upon the Prp43p structure.

A homology model using the protein family (Pfam)
database (69) classified motifs DEAD/DEAH box heli-
case (residues 393–546; PF00270), helicase conserved C-
terminal domain (residues 679–767; PF00271) and helicase-
associated domain––HA2 (residues 830–918; PF04408)
(Supplementary Figure S9). The conserved helicase motifs
of our modeling superimposed with those of the template of
Prp43p (Supplementary Figure S10). The model indicates
that EWS-FLI1 binds to RHA (salmon ribbon structure)
on the opposite side of the protein as nucleic acids, while
green and red represent ionic interactions (Figure 6A). The
quality scores for the best-obtained models were as follows:
I-Tasser (TM-score: 0.50 ± 0.15), Swiss-Model (QMEAN
Z-score: −4.45) and Phyre2 (confidence in the model: 964
residues (76%) modeled at >90% accuracy). The authors
of I-Tasser show that a TM-score >0.5 indicates a model
of correct topology and a TM-score <0.17 indicates ran-
dom similarity. Thus, the indicators from both I-Tasser and
Phyre2 support the likelihood that our predicted models
have the correct overall folding for the core RHA fragment,
and provide a robust model for a structural explanation of
our experimental results. This model shows that the EWS–
FLI1 interaction site is located on the reverse side of the
nucleic acid interaction region. According to our model, the
residues in the predicted RHA-EWS-FLI1 binding site are
solvent-exposed and accessible for EWS–FLI1 interaction.

We observed that EWS-FLI1 inhibited only RHA un-
winding activity and this is reversed by YK-4-279. Our
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Figure 6. Modeling the EWS-FLI1 effect upon RHA activity. (A) Struc-
ture of RHA calculated using homology modeling and structure of S.
cerevisiae Prp43p as a template. DNA position was modeled based on su-
perimposition of the RHA model with the structure of superfamily 2 he-
licase Hel308 in complex with unwound DNA (PDB code: 2P6R). The
model with 90◦ right turn is shown in the successive image. The orange
indicates unwound DNA. The salmon colored residues demonstrate the
EWS-FLI1 binding region of RHA. The green, and pink and red space
filling molecules indicate MgCl2 and ADP, respectively. (B) The cartoons
of RHA and EWS-FLI1 interaction explain the working hypothesis. RHA
consists of dsRBDs, Helicase Domain 1 (D1), Helicase Domain 2 (D2)
and HA2 with RGG domains. EWS-FLI1 consists of N-terminal domain
of EWS and C-terminal domain of FLI1 (containing the ets-DNA binding
domain, ets-DBD). EWS-FLI1 interacts with RHA amino acids between
822 and 832 shown in red. Helicase activity is reduced when EWS-FLI1
binds to RHA. However, the exact binding region of RHA upon EWS-
FLI1 is unknown. (C) Following the addition of YK-4-279 shown in the
red triangle, the helicase activity of RHA resumes to wild-type activity. Of
note, the exact binding region of YK-4-279 is unknown.

working hypothesis suggests that when EWS-FLI1 bound
to RHA, RHA enzymatic activity is sterically hindered
leading to a lower efficiency reaction (Figure 6B). However,
when YK-4-279 disrupts the complex in cells, RHA helicase
activity can proceed with less impedance (Figure 6C).

DISCUSSION

The role of RHA in diverse cellular processes is modulated
by its intrinsic enzymatic activity and/or its role as a pro-
tein scaffold. Our goal was to determine the effects of EWS-
FLI1 upon RHA helicase activity since prior data identi-
fied EWS-FLI1 binds to RHA near its helicase domain.
We produced full-length, recombinant RHA and charac-
terized it as having a high specific activity for unwinding
RNA as well as reannealing properties. We demonstrated
that EWS-FLI1 inhibited the helicase activity of RHA in

vitro and that YK-4-279, which blocks the interaction be-
tween EWS-FLI1 and RHA, reversed the inhibitory effect.
In this study, we also report a novel, unexpected finding that
EWS-FLI1 can bind to RNA with physiological affinity. Fi-
nally, we show a possible mechanism connecting the altered
RHA activity with ES biology based upon a significant shift
in the RNA binding profiles of both EWS-FLI1 and RHA
complexes when disrupted by YK-4-279.

Our full-length recombinant RHA exhibited high RNA
helicase activity permitting the usage of dsRNA substrate
to probe the functional effect of EWS-FLI1 on RHA activ-
ity. Our analysis of RHA kinetics, in the presence of EWS-
FLI1, suggested the existence of an inhibitory mechanism
that does not fit standard models. We showed that EWS-
FLI1 directly binds to RNA as a possible means to block
helicase enzyme activity without affecting ATPase activity.
This conclusion is supported by a recent publication show-
ing that RHA has a unique unwinding mechanism link-
ing unwinding with reannealing cycles (70). A single RHA
molecule can repeat unwinding, stalling and reannealing
steps without dissociation from an RNA molecule. We show
that EWS-FLI1 inhibition on unwinding activity did not
reduce the reannealing rate of single-stranded substrates of
RHA. In fact, EWS-FLI1 facilitated annealing of single-
stranded RNA to form dsRNA in a dose-dependent man-
ner. The unwound RNA in the presence EWS-FLI1 may
impede RHA function. An alternative conclusion is that the
inhibitory effect of EWS-FLI1 may simply be attributable
to competition with RHA that neutralizes the electrostatic
interaction of RHA with nucleic acids. Resolution of these
questions requires investigating the effects of EWS-FLI1 on
the modulation of repetitive sub-steps of RHA activity.

EWS-FLI1 binds to RHA amino acids between 822 and
831 in a region that is just distal to the Helicase Associated
2 (HA2) domain, which is an essential domain for helicase
activity (71). As predicted by in silico modeling, the confor-
mational changes posed due to EWS-FLI1 binding to this
region might reduce the helicase activity of RHA. The dele-
tion of the HA2 domain did not affect the ATPase activity
of RHA (71), which is also consistent with our finding that
EWS-FLI1 altered unwinding activity without any effect on
ATPase activity of RHA. The ATPase activity of MLE is
sufficient for the transcription of targeted genes, whereas
the helicase activity of MLE is necessary for distributing
the MSL complex along the X-chromosome in Drosophila
(72). Therefore, the functional ATPase and helicase activi-
ties of RHA are essential for the physiological role of MLE
(73). Overall, the literature along with our investigations,
supports a dissociation of RHA ATPase and helicase ac-
tivity that would lead to a different functional outcome. In
the case of EWS-FLI1, this disconnect will be explored in
future work as a novel mechanism of oncogenesis.

Gel-shift assays and AFM corroborated in leading us to a
novel conclusion that EWS-FLI1 binds to RNA. The RNA
binding of EWS-FLI1 could be monomeric or dimeric as
seen in AFM results. This simple stoichiometric binding
could be the result of the RNA species used in these assays.
These results challenge a current paradigm of EWS-FLI1
as strictly a DNA-binding protein; since the RNA-binding
domain of EWS is lost in the translocation and FLI1 has
never been described as binding to RNA (74). Examples of
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DNA binding domains also binding RNA are found in the
Drosophila homeodomain protein bicoid that binds both
DNA and RNA through a helix-turn-helix structure (75).
In addition to its function as a transcription factor, the bi-
coid protein has control over the translation of certain RNA
products due to its RNA binding feature (75,76). The struc-
tural similarity between the DNA-binding domain of bicoid
and the ets proteins support our findings (77). It is possi-
ble that regions of EWS-FLI1 outside of the DNA bind-
ing domain also bind to RNA; future work will investigate
and resolve these possibilities. The RNA binding of EWS-
FLI1 also suggests future investigations to evaluate whether
the oncogenic effect of EWS-FLI1 could be through RNA
metabolism, in addition to its DNA binding ability and
transcript activation properties.

The use of a small molecule to probe the effects of the
protein interaction of EWS-FLI1 with RHA provided in-
sights into potential mechanisms of inhibition. While YK-
4-279 restored the helicase activity of RHA, YK-4-279 did
not change the affinity of individual proteins to RNA. After
YK-4-279 treatment of ES cells, approximately half of the
common transcripts found in either the EWS-FLI1 or RHA
protein complexes were retained as common RNAs. There-
fore, the protein–protein interactions that are disrupted by
YK-4-279 appear to affect both the profile of RNA binding
and the processing of the retained RNA. A recent publica-
tion showed a direct effect of the splicing protein Prp8 upon
the helicase activity of Brr2 where the mechanism is due to
competition for RNA substrate (78). In an additional exam-
ple, Upf1, a key helicase in nonsense-mediated decay, shows
decreased affinity for RNA when Upf2 binds, leading to an
increase in helicase activity (79). Thus, other biologic sys-
tems support our conclusions favoring an inhibitory mech-
anism of EWS-FLI1 on RHA helicase activity as complex
and at least in part due to both the protein–protein interac-
tion and RNA interactions with the two proteins.

The RIP assay confirmed the presence of RNA in the
EWS–FLI1 protein complexes, which might or might not
contain RHA. It is possible that EWS-FLI1 and RHA
bind to the same RNA either simultaneously or sequen-
tially. Due to the technical inability to tandem IP for the
RIP assay, all the overlapping RNAs found in EWS-FLI1
or RHA immunoprecipitation carry the equal possibility
of being shared or bound separately by respective proteins.
We did find that YK-4-279, by blocking RHA from bind-
ing to EWS-FLI1, changed the composition of the overlap-
ping RNA molecules identified. Further, the GO analysis
demonstrated a shift in the functional profiles of RNA when
EWS-FLI1 binds to RHA or when the complex is disrupted
with EWS-FLI1. This experiment suggests that the role of
helicases in oncogenesis requires additional investigation to
evaluate whether helicases are critical cancer proteins.

This publication is the first to show that targeting an
oncogenic protein–protein interaction by a small molecule
restores wild-type RNA helicase activity without changing
RNA-binding affinity of the respective proteins. It is impor-
tant to recognize that our current results show that EWS-
FLI1 significantly reduces, but does not fully eliminate heli-
case activity. Thus, reduced helicase activity may alter RNA
metabolism with subsequent effects on the overall proteome
leading to oncogenesis. This is consistent with our prior

studies showing that an ATP-binding mutant RHA, de-
void of helicase activity, caused decreased oncogenic growth
of ES cells while (S)-YK-4-279 led to apoptotic cell death
(33,35,66).

Our current data show that EWS-FLI1 inhibits helicase
activity of RHA and this inhibition is reversed only by (S)-
YK-4-279; this suggests a novel role for EWS-FLI1 in RNA
processing. We can only hypothesize based upon these data
that EWS-FLI1 and RHA regulation of RNA transcripts
are part of a complex oncogenic mechanism. The contri-
bution of this interaction toward oncogenesis may be inde-
pendent or related to the overlapping profile of EWS-FLI1
and RHA RIP transcripts. Further studies are needed that
dissect the potentially oncogenic role of EWS-FLI1 upon
RHA helicase activity based upon modulation of specific
RNA or pathways. In addition, clarifying the critical bal-
ance between the scaffolding function of a helicase and the
modulation of its helicase activity will shed light on the pro-
cess of oncogenesis while potentially identifying new thera-
peutic targets.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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