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G-quadruplexes (G4) are noncanonical secondary structures formed
in guanine-rich DNA and RNA sequences. MYC, one of the most
critical oncogenes, forms a DNA G4 in its proximal promoter re-
gion (MycG4) that functions as a transcriptional silencer. How-
ever, MycG4 is highly stable in vitro and its regulatory role would
require active unfolding. Here we report that DDX5, one of the
founding members of the DEAD-box RNA helicase family, is ex-
tremely proficient at unfolding MycG4-DNA. Our results show that
DDXS5 is a highly active G4-resolvase that does not require a single-
stranded overhang and that ATP hydrolysis is not directly cou-
pled to G4-unfolding of DDX5. The chromatin binding sites of
DDXS5 are G-rich sequences. In cancer cells, DDX5 is enriched at the
MYC promoter and activates MYC transcription. The DDX5 interac-
tion with the MYC promoter and DDX5-mediated MYC activation is
inhibited by G4-interactive small molecules. Our results uncover a
function of DDX5 in resolving DNA and RNA G4s and suggest a
molecular target to suppress MYC for cancer intervention.

G-quadruplex | MYC | DDX5 | cancer drug target | G4-helicase

-quadruplexes (G4s) are 4-stranded, noncanonical second-

ary structures formed in guanine-rich DNA and RNA se-
quences (1, 2). G4 structures are built upon stacked square-
planar G-tetrads connected with Hoogsteen hydrogen-bonds and
stabilized by monovalent cations, such as K* or Na* (3). DNA G4s
have recently been found to be involved in a number of critical
cellular processes, including gene transcription, replication, and
genome instability (4-7). In particular, MYC, one of the most
commonly deregulated genes in human cancers, has a G4 DNA
motif in its proximal G/C-rich promoter region, known as the
nuclease hypersensitive element III; (NHE II1;; also known as the
CT element) (Fig. 14), that functions as a transcriptional silencer
element (4, 8-11). Recently, DNA G4s have been visualized in
chromosomes in human cells using a G4-specific antibody (12),
revealing enrichment of these structures in regulatory regions of
chromatin, particularly the MYC promoter (13). Transcriptional
regulation of MYC expression is complex, with P1 and P2 being
the predominant promoters (14, 15). The NHE III; element is
upstream of the P1 and P2 promoters and is an important cis-
element for transcriptional regulation of MYC (9, 16) (Fig. 14).
When the MYC gene is not actively transcribed, inherent super-
coiling generally does not make MycG4 to form in the double-
stranded promoter region (17). However, in highly transcribed
cells, the transcription machinery generates dynamic, negative
supercoiling behind the moving machinery (18-20). This dynamic,
transcription-coupled negative supercoiling can be transmitted to
the NHE III, region, where it promotes melting of genomic DNA
to the intermediate single-stranded forms that can spontaneously
form the metastable stable G4 structures (21-24). The formation
of G4s in the MYC promoter inhibits MYC transcription by pre-
venting the binding of double-stranded (Spl) or single-stranded
(CNBP and hnRNP K) transcriptional factors (8, 25). Compounds
that bind and stabilize this G4 have been shown to reduce MYC
expression and are antitumorigenic (4, 8, 26). We previously de-
termined the molecular structure of the major G4 formed in the

www.pnas.org/cgi/doi/10.1073/pnas.1909047116

MYC promoter NHE III; G-rich strand (Pu28) (Fig. 14) in
physiologically relevant K* solution, revealing a parallel-stranded
structure (27) (MycG4) (Fig. 1B). The MycG4 structure is very
stable under physiologically relevant salt conditions with a melting
temperature over 85 °C in 100 mM K™ solution (28-30). There-
fore, regulation of MYC expression would require active unfolding
of the MycG4 G4 structure. Such a resolvase, however, has yet to
be discovered.

DEAD-box (DDX) proteins define the largest family of
double-stranded RNA (dsRNA) helicases, which contain 12
conserved sequence motifs, including the eponymous DEAD
motif (Asp-Glu-Ala-Asp, or D-E-A-D) (31). The DEAD-box
helicases are unique among helicase families, in that they are
nondirectional and nonprocessive. The human DEAD-box pro-
tein 5 (DDXS5), also named p68, is one of the founding members
of the DEAD-box RNA helicase family and is implicated in a
number of critical cellular processes, including cell proliferation
and organ development (32-35). While its level is low in normal
cells, DDXS5 is overexpressed in a number of major human
cancers—including colon, lung, breast, and prostate—and is shown
to promote tumorigenesis, tumor progression, and cellular trans-
formation (36-41). DDXS5 has been suggested to be a transcrip-
tional regulator (36, 42, 43). The DDXS5 yeast ortholog Dbp2 has
been shown to directly associate with transcriptionally active
chromatin (44, 45). Intriguingly, DDXS5 has been shown to activate
MYC expression in multiple solid tumors by an unknown mecha-
nism (38, 39, 46). However, the mechanism of transcriptional
regulation by DDXS is poorly understood, as the RNA helicase
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Fig. 1. DDX5 actively unfolds MycG4 and is a potent G4 unfolding protein. (A) The MYC promoter structure with the G4-forming region NHE Ill; sequence
Pu28 is shown. The truncated Pu22 sequence that forms the major MycG4 is also shown. (B) A molecular beacon MycG4 FRET probe was designed for helicase
unfolding assays using the MycG4 Pu28 and MycG4 Pu22 sequences. Each oligo was labeled with the fluorophore 6-FAM on the 3’ end and quencher BHQ-
1 on the 5’ end. (C and D) MycG4 unfolding by DDX5 in MycG4 Pu28 (C) and MycG4 Pu22 (D). Percent of MycG4 unfolding was calculated as 100 X AF/AFpax,
where AF.x = (black line — blue line), the difference of fluorescence between the unfolded probe (black line) in 0 mM K* and the folded probe (blue line) in
50 mM K* solution (50 mM pH 7.4 Tris-acetate, 20 nM MycG4 Pu28 or MycG4 Pu22, 2.5 mM MgCl,, no ATP), and AF = (red line — blue line), the fluorescence
change after adding DDX5 (red line) from the folded probe (blue line). (E) Time course analysis of 20 nM MycG4 unfolding by 20 nM DDX5 at various
concentrations of K* (20, 50, 100, and 200 mM) (no ATP). For relative binding of DDX5 to MycG4 at different concentrations of K*, see SI Appendix, Fig. S3A.
(F) Time-course analysis of 20 NM MycG4 unfolding at various concentrations of DDX5 (0, 10, 20, 40, and 80 nM) in 50 mM K* (no ATP) showing DDX5 unfolds
MycG4 in a dose-dependent manner. MycG4 Pu28 FRET probe was used as the substrate. (G) The observed Michaelis constant (K,,) for DDX5-mediated
G4 unfolding was 32 + 8 nM of DDX5 (50 mM K*, no ATP). Unfolding reactions were incubated for 5 min before taking fluorescence measurements. n =

3 independent measurements. Error bars represent mean + SD.

activity of DDXS does not seem to be required for transcriptional
regulation in many cases (36, 43).

Here we report that DDXS5 is a highly active DNA and RNA
G4 resolvase that does not require a single-stranded overhang.
ATP hydrolysis is shown not to be directly coupled to the DDX5
G4-unfolding. DDXS5 proficiently unfolds the MYC promoter
DNA G4 and activates MYC expression in human cancer cells in
a G4-dependent manner. Furthermore, the DDXS unfolding of
MycG4 and DDXS5-induced MYC activation are inhibited by
G4-stabilizing small molecules. Thus, the DDX5-MycG4 inter-
action represents a potential future target for MYC down-
regulation for cancer intervention.

Results

Characterization of DDX5 as a Proficient G4 Resolvase. We first in-
vestigated the G4-unfolding activities of DDX5. We designed a
fluorescence resonance energy transfer (FRET) probe using the
full-length MYC promoter G4 DNA (MycG4-Pu28) (Fig. 14 and
SI Appendix, Table S1), which is labeled with 6-fluorescein (6-
FAM) on the 3’-end and black hole-1 quencher (BHQ-1) on the
5’-end (Fig. 1B). The stable formation of G4s requires the pres-
ence of K* or Na™ cations, with a preference for K* (Fig. 1B). In
the absence of K*, the MycG4-Pu28 existed in the single-stranded
form with the 2 ends far apart, as evidenced by high FAM-
fluorescence (Fig. 1 B, Upper, and Fig. 1C, black line). In the
presence of 50 mM K*, DNA G4 is formed and FAM-fluorescence
was quenched (Fig. 1C, blue line). Upon addition of DDX5 (SI
Appendix, Fig. S1) to MycG4-Pu28 DNA in the K* solution, the
FAM-fluorescence was dramatically increased (Fig. 1C, red line)
to the same level of unfolded Pu28 in the absence of K* (Fig. 1C,

20454 | www.pnas.org/cgi/doi/10.1073/pnas.1909047116

black line), indicating that MycG4 is unfolded to the single-
stranded form by DDXS5.

A unique feature of DEAD-box helicases is that they separate
strands locally rather than in a translocation-based manner,
therefore their dsSRNA unwinding activity does not require an
extended flanking tail (31, 47). All active G4 helicases reported
to date require a long single-stranded tail at either the 3’- or 5'-
end for loading and subsequent G4-unfolding (34). To test
whether the extended tail is needed for G4-unfolding by DDXS,
we first prepared a truncated MycG4 FRET probe, MycG4-Pu22
(27), which contains the 4 guanine-runs with minimal flanking
capping segments that are required to form the well-defined
major G4 conformation in the full-length MycG4-Pu28. Upon
addition of DDXS, the FAM-fluorescence was dramatically in-
creased (Fig. 1D), indicative of MycG4-Pu22 unfolding by DDX5,
as observed for Pu28 (Fig. 1C). We then prepared MycG4-Pul6
that contains only the core G4-forming sequence without any
flanking segments and found the same G4-unfolding activity of
DDXS5 (SI Appendix, Fig. S2). These results demonstrate that
DDXS can load on and unfold the MycG4 without extended
flanking tails.

We next examined the effect of K* because it can stabilize
G4 structures (28). Using equimolar concentrations of DDXS5
and DNA (20 nM), the MycG4 unfolding activity of DDX5 was
similar in 20 mM and 50 mM K* concentrations (50%). Increasing
the K* concentration above 50 mM reduced the unfolding activ-
ity of DDXS5 (Fig. 1E). Because DDXS5 showed high unfolding
amplitudes up to 50 mM K*, this potassium concentration was
used in most FRET assays.

Wu et al.
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To investigate the unfolding activity of DDXS5, we carried out
time-course analyses of G4-unfolding by DDXS using the FRET
assays. The results revealed that the MycG#4 structure was rapidly
unfolded by DDXS, with a half-time of a few seconds (Fig. 1 E
and F). In addition, DDXS5 appeared to unfold the MycG4 Pu28
in a dose-dependent manner (Fig. 1F); DDXS5 unfolds about
50% of MycG4 DNA at equimolar concentration of DNA (20 nM).
The observed Michaelis constant (Ky,) of unfolding of MycG4
Pu28 DNA was 32 + 8 nM of DDX5 (Fig. 1G).

Taken together, our results demonstrate that DDXS pro-
ficiently unfolds G4 DNA without a requirement for single-
stranded DNA (ssDNA) tail, representing a distinct mechanism
among known G4 helicases to date.

Gds Are Preferred Substrates of DDX5 In Vitro and In Vivo. We next
measured the G4 binding activity of DDXS5. Utilizing bio-
tinylated DNA immobilized to streptavidin-coated plates in an
ELISA, we measured the direct binding of DDXS to various
DNA substrates in 100 mM K* solution (Fig. 24). DDX5 dis-
played a high binding affinity to MycG4 DNA, markedly greater
than to ssDNA (Fig. 24). As K* induces (48) and stabilizes (28)
the G4-formation, we tested the relative binding of DDXS5 to
immobilized unannealed MycG4 DNA in ELISA in the presence
of increasing concentrations of K*. These results showed that K*
enhances the DDXS5 binding of MycG4 DNA, with maximal
binding at 50 mM K* (SI Appendix, Fig. S34). This observation
may explain the similar G4-unfolding activity of DDXS5 in 20 mM
and 50 mM K* concentrations (Fig. 1E). The dissociation con-
stant (K;) of DDXS binding to MycG4 DNA was determined to
be 13 + 1 nM using fluorescence anisotropy (SI Appendix, Fig.
S3B). Additionally, DDXS showed a preference to the G-rich
sequence over other non-G-rich sequences in the presence of K*
(SI Appendix, Fig. S3C).

To test whether DDX5 binds to RNA G4 structures, or other
double- or single-stranded DNA and RNA conformations, we
performed ELISA competition experiments using immobilized
MycG4 DNA. The binding of DDXS5 to immobilized MycG4
DNA was significantly inhibited by both DNA and RNA G4
structures (Fig. 2B), but not by other DNA or RNA conforma-
tions, such as dSRNA, RNA hairpin, ssRNA, and dsDNA, DNA
hairpin, and ssDNA (Fig. 2C). Importantly, the MycG4 DNA
and MycG4 RNA showed the same inhibitory activity of DDXS5
binding to immobilized MycG4 DNA (Fig. 2B), suggesting DDX5
recognizes the G4 conformation through a structure-based
mechanism. The binding of DDXS to MycG4 was confirmed by
EMSA (SI Appendix, Fig. S3D). Addition of DDX5 to the MycG4
DNA caused significant changes to the migration of the un-
bound probe. We attribute the shift of the unbound probe to the
binding and unwinding of DDXS, as well as gradual dissociation of
the unfolded DNA from the DDX5-complex during the gel run-
ning process, which has been observed in other protein-DNA
systems (49).

We then investigated the DDXS5’s preferred chromatin-
binding sites reported in vivo. We analyzed publicly available
DDX5 chromatin immunoprecipitation-sequencing (ChIP-seq)
data (50), which was obtained from HeLa S3 cells that have
high expression levels of both DDXS5 and Myc (SI Appendix, Fig.
S4). We found that most of the top 15 DDX5-binding motifs
identified by MEME (motif-based sequence analysis tools) (51)
are G-rich sequences (SI Appendix, Fig. S54), suggesting G4
structures are one of the preferred substrates for DDXS in
human chromatin.

ATP Hydrolysis Is Not Directly Coupled to G4-Unfolding by DDXS5.
Unexpectedly, our results showed that the unfolding activities
of DDXS5 on the MycG4 structure occurred in the absence of
ATP (Fig. 1). DDXS’s binding and unwinding activity of dsSRNA
is ATP-dependent and saturated at 2 mM ATP (52). To confirm
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Fig. 2. DDX5 preferentially recognizes and unfolds G4 structures in an ATP-
independent manner. (A) Binding determined by ELISA in 100 mM K* showing
that DDX5 has a high affinity for MycG4 structure (K, = 22 + 2 nM). Ky was calculated
using the 1-site specific binding equation. n = 3 to 6 independent measurements.
Error bars represent mean + SD. (B and C) Competition binding ELISA experiments
with the immobilized MycG4 DNA in showing DDX5 preferentially recognizes
G4 structures. DDX5 was coincubated with increasing concentrations of either G4-
forming oligonucleotides (MycG4 Pu28, MycG4, MycG4 RNA, TERRA RNA G4, or Q2
RNA G4) (B) or non-G4-forming oligonucleotides (ssDNA, ssRNA, DNA hairpin, RNA
hairpin, dsDNA, or dsRNA) (C). Data were fitted with a 1-site competition binding
equation. n = 4 to 6 independent measurements. Error bars represent mean + SD. (D
and E) Time-course analysis of 20 nM MycG4 FRET unfolding in 100 mM K* showing
that the unfolding of MycG4 by DDXS5 is slightly enhanced by the addition of ATP (D).
Black arrows from left to right correspond to total concentrations of ATP in the so-
lution (0.25, 0.5, 1, 2, 3, and 4 mM). The blue arrows correspond to the concentration
of DDX5 in the solution (20 nM). The percentages of 20 nM MycG4 unfolding by
20 nM DDX5 in 100 mM K* at different ATP concentrations are as follows: 32%,
32%, 32%, 32%, 32%, 34%, and 35%, from left to right (E). (F) G4 unfolding FRET
assay showing the ATPase-deficient DDX5 mutant proteins K144N and D248N are
able to unfold MycG4 structures. The mutant DDX5 protein K144N cannot bind ATP,
while D248N can bind but not hydrolyze ATP. (G) ELISA experiments showing the
addition of ATP into DDX5/MycG4 complex decreases the population of DDX5 bound
to MycG4 after washing steps. Different concentrations of ATP were added to wells
containing the DDX5 complex with immobilized MycG4. After incubation, ATP and
transiently released DDX5 were washed away prior to the addition of antibodies. n =
3 biologically independent samples. Error bars represent mean + SEM.
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that our observations were not caused by ATP contamination of
purified DDXS5, hexokinase and glucose were added to purified
protein prior to the assessment of its G4 unfolding activity.
Hexokinase phosphorylates glucose using ATP and has been used
previously to deplete copurifying ATP from helicase protein
preparations (53). No significant difference in MycG4 unwinding
activity was observed with or without pretreatment of hexokinase
(SI Appendix, Fig. S6), indicating our observations were not be-
cause of ATP contamination. To further investigate the effect of
ATP, we titrated ATP into the unfolding reaction up to 4 mM.
Our results showed that the addition of ATP does not appreciably
alter the MycG4 unfolding activity of DDXS5 (Fig. 2 D and E).

To confirm the ATP-independence of DDXS5 G4-unfolding,
we examined MycG4 unfolding using 2 ATPase-deficient mutant
DDXS helicases, mutant K144N and D248N (Fig. 2F). The mu-
tant DDXS5 protein K144N cannot bind ATP, while D248N can
bind but cannot hydrolyze ATP (54). In contrast to dSRNA un-
winding, which is ATP-dependent, our results showed that both of
the DDXS5 mutant proteins were able to unfold MycG4. This
suggests that DDXS utilizes a mechanism for unwinding G4 that is
distinct from dsRNA unwinding.

We further examined the effects of ATP on the binding of
DDXS5 to MycG4-DNA. Interestingly, the addition of ATP to the
preformed complex of DDXS5 and immobilized MycG4-DNA in
ELISA experiments followed by washing steps significantly re-
duced the amount of DDXS5 protein bound to immobilized
MycG4-DNA (Fig. 2G). Since the addition of ATP did not
change DDXS5 unfolding activity in the FRET assays (Fig. 2 D
and E), which didn’t contain washing steps, this result suggests
that ATP is likely required for release of unfolded G4 from
DDXS. Collectively, these data suggest that the ATP hydrolysis
is not directly coupled to G4-unfolding by DDXS5.

Conformational Change of MycG4 DNA Induced by DDX5. To inves-
tigate the conformational change of the MycG4-DNA induced
by DDXS5, we carried out dimethylsulphate (DMS) footprinting
experiments in which exposed N7s of guanine nucleotides are
methylated by DMS, cleaved by subsequent piperidine treatment,
and then visualized on a sequencing gel (55). G-tetrad (Fig. 34)
formation (4) and protein/nucleic acid interactions (55) have been
shown to protect the N7s of guanines against DMS methylation,
while protein-induced DNA/RNA conformational changes can
alter the DMS methylation-induced cleavage pattern (55-57). In
the presence of K*, 4 consecutive G-runs (R2 to R5) of Pu28
displayed a clear protection pattern against DMS methylation-
induced cleavage (Fig. 3B, lane 2), indicating the formation of
MycG4 in the Pu28 sequence (Fig. 1B) (4). Addition of DDXS to
the Pu28 DNA enhanced DMS methylation-induced cleavage
(Fig. 3B, lane 3) as compared to free Pu28 (Fig. 3B, lane 2 and
autoradiogram densitometric scans). In the presence of DDXS,
guanines in the G-run RS showed significantly greater cleavage,
while both R3 and R4 G-runs showed higher cleavage, indicating
N7s of guanines in G-runs R3, R4, and R5 were more exposed to
DMS methylation. This result demonstrates that the intramolecular
G4 structure was disrupted by DDXS. Interestingly, R2, R3, and
R4 were still partially protected from DMS-methylation-induced
cleavage (Fig. 3B, compare lane 1 and lane 3), suggesting asso-
ciation of DDXS with the unfolded MycG4 DNA.

We also performed CD spectroscopy measurements to analyze
the conformational change of MycG4 induced by DDXS. The
MycG4-Pu28 DNA forms a parallel-type G4 structure in K*
solution, as shown by a characteristic CD maximum at 260 nm
(28) (Fig. 3C). DDXS5 protein does not have any signal at 260 nm
(Fig. 3D). Upon addition of DDX5 to MycG4 Pu28 DNA, the
CD intensity at 260 nm decreased as the concentration of DDXS5
increased (Fig. 3C), indicating the disruption of G4 structure
by DDXS5.
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Fig. 3. DMS footprinting and CD spectroscopy showing the conformation
change of MycG4 induced by DDX5. (A) Schematic diagram showing the
structure of G4. N7s of guanine nucleotides are labeled in red. M* represents
monovalent metal cation. (B) DMS methylation assay of the MycG4 Pu28
showing the conformational change of Pu28 induced by DDX5. Pu28 oli-
gonucleotides were incubated with DMS for 21 min at appropriate condi-
tions. Autoradiogram densitometric scans are shown to the right of the gel
comparing Pu28 cleavage patterns in the absence (blue; lane 2) and presence
(red; lane 3) of DDX5 (500 nM). Guanines with enhanced cleavage in the
presence of DDX5 are labeled with black asterisks. Guanines that are not
involved in G4 formation (and therefore have very similar cleavage patterns
in the absence and presence of DDX5) are labeled with gray dots. The un-
cropped image is shown in S/ Appendix, Fig. $10. (C) CD titration spectra of
MycG4 Pu28 in 100 mM K* solution with increasing concentrations of DDX5.
MycG4 Pu28 forms a parallel G4 structure in the presence of 100 mM K*, as
indicated by characteristic maxima at near 260 nm (indicated by the arrow).
Upon addition of DDX5, the CD intensity at 260 nm was significantly re-
duced. All measurements were using the same MycG4 Pu28 stock solution,
with Pu28 oligonucleotides preannealed in the presence of 100 mM K*. (D)
CD spectra of DDX5 protein at different concentrations.

DDX5 Directly Interacts with the MYC Promoter G4-Forming Region
and Activates MYC Expression in Tumorigenic Cells. DDXS5 level is
low in normal cells but is overexpressed in multiple human tu-
mors (36, 37, 39-41, 58). In addition, DDXS has been shown to
activate MYC in tumors (38, 39, 46) and a positive feedback loop
of DDXS5 and Myc was suggested to contribute to tumorigenesis
(46). As DNA G4s have been shown to form in the MYC promoter
and negatively regulate MYC transcription (4, 13), we rationalized
that DDXS regulates MYC expression in a G4-dependent mech-
anism. To test this hypothesis, we first determined whether DDXS5
directly interacts with the MYC G4-forming promoter region in
vivo by ChIP experiments in MCF7 cells (Fig. 44). The human
breast cancer MCF7 cell line has been shown to have a high-level
of DDXS5 expression (46). The ChIP results showed that DDX5
directly interacts with the MYC promoter, as demonstrated by
the enrichment of the MYC G4-forming promoter region in
coimmunoprecipitated DNA (Fig. 44). Note that this enrichment
was lost after knocking down DDXS5 by DDXS5 small-interfering
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Fig. 4. DDX5 up-regulates MYC transcriptional activity in a G4-dependent
manner. (A) The interaction of DDX5 with the MYC promoter was probed by
ChIP-gPCR with or without 24-h treatment of DDX5-siRNA in MCF7 cells.
DDX5 directly interacts with the MYC promoter at the MycG4 forming re-
gion (Left), whereas the MycG4 forming region cannot be detected from the
immunoprecipitated DNA-protein complex after DDX5 silencing (Center).
n = 3 biologically independent samples. Error bars represent mean + SD. (B)
Luciferase reporter assays showing that DDX5 silencing by siRNA inhibits WT,
but not G4-KO, MYC promoter activity in MCF7 cells. Relative firefly lucif-
erase activities produced by 2 reporters (pGL4.10-c-MYC-WT Pu43 or
pGL4.10-c-MYC-KO Pu43) (59) at different conditions were normalized to
the MYC-WT reporter in the presence of nontargeting control siRNA (ctrl-
siRNA). Renilla luciferase activity produced by pRL-TK reporter was served as
an internal control. n = 9 biologically independent samples. Error bars rep-
resent mean =+ SD, P value was calculated by Sidak’s multiple-comparisons
test after 2-way ANOVA. (C) Representative Western blot analysis showing
positively correlated expressions of Myc and DDX5 in MCF7 cells. DDX5 was
either knocked down using siRNA or overexpressed using DDX5-FLAG
encoding vectors in MCF7 cells. The cells were transfected with respective
plasmids for 48 h before harvesting. Note: FLAG/DDXS5, and Myc/B-actin were
analyzed as 2 blots. The positive correlation between Myc and DDX5 ex-
pressions was further confirmed using 22Rv1 prostate cancer cell line (S/
Appendix, Fig. S8). (D) MYC transcription is directly regulated by DDX5.
DDX5 was either knocked down using siRNA or overexpressed using DDX5-
FLAG encoding vectors in MCF7 cells, MYC mRNA levels were measured using
qRT-PCR at 48 h after transfection. Error bars represent mean + SD, P value was
calculated by Dunnett’s multiple comparisons test after 1-way ANOVA. (E)
qRT-PCR results showing knocking-down DDX5 by siRNA decreases the levels
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RNA (siRNA), indicating that the signal is not due to background.
We further analyzed the published DDX5 ChIP-seq data from
HeLa S3 cells (50), which showed high expression levels of both
Myc and DDXS (SI Appendix, Fig. S4), and found a specific en-
richment of DDXS5 close to the transcription start site (TSS) of the
MYC gene, corresponding to the G4-forming region (SI Appendix,
Fig. S5B).

We next employed luciferase assays using a MycG4-WT con-
struct with the WT MYC promoter sequence or a MycG4-knockout
(KO) construct with a MycG4-KO promoter sequence in front of
the luciferase gene (59) in MCF7 cells. For the MycG4-WT
construct, the promoter activities were markedly repressed by
DDXS5-siRNA. In contrast, a smaller effect was observed for the
MycG4-KO construct (Fig. 4B), These results indicate that
DDXS5-depletion inhibits the MYC promoter activity when the
MycG#4 is present.

We then examined the Myc expression levels in MCF7 cells
in response to DDXS5 depletion or DDXS overexpression. The
treatments of DDX5-siRNA lowered both MYC protein and
mRNA levels in MCF7 cells (Fig. 4 C and D). To directly assess
the effect of DDX5 on MYC transcription, we designed 2 sets of
primers (Fig. 4 E, Lower) to amplify either the unprocessed,
nascent or mature MYC RNA transcripts by qRT-PCR at various
time points following DDXS5 depletion (Fig. 4E and SI Appendix,
Fig. S7). Our results showed that both unprocessed and mature
MYC transcripts were rapidly decreased within 12 h after DDXS5
depletion and this effect could last up to 72 h, suggesting the
direct involvement of DDXS5 in the transcriptional activation of
the MYC gene. The suppression of MYC expression by DDXS5
depletion was also shown in a prostate carcinoma cell line 22Rv1
using 2 different DDX5-silencing shRNAs (S Appendix, Fig.
S8). In contrast, the overexpression of DDX5 by a DDX5-
overexpression plasmid (DDX5-FLAG) promoted MYC expression
(Fig. 4 C and D).

We then analyzed the expression levels of DDXS and MYC in
multiple immortalized cell lines (SI Appendix, Fig. S4). We found
a positive correlation between the expression of MYC and DDX5
in tumorigenic cell lines, which showed higher DDX5 and MYC
expression levels than nontumorigenic cell lines, suggesting
that the positive correlation between MYC and DDXS5 pro-
motes tumorigenesis. These results indicate DDXS directly
transactivates the MYC transcription through the G4-forming
promoter region.

DDX5-Induced MycG4-Unfolding and MYC Gene Activation Are
Inhibited by G4-Interactive Compounds. G4 structures can be rec-
ognized and stabilized by small molecules. TMPyP4 is a G4-
interactive compound, whereas its positional isomer, TMPyP2, is
a poor G4-interactive compound (29, 60) (Fig. 54). We exam-
ined the effects of TMPyP4 and TMPyP2 on the MycG4
unfolding activity of DDXS. Our results showed TMPyP4, but
not TMPyP2, significantly inhibited the G4 unfolding activity of
DDXS5 (~70% inhibition) (Fig. 5B). We then examined the ef-
fects of TMPyP4 and TMPyP2 on the direct binding of DDXS5 to
the MycG4. The results showed TMPyP4 disrupted the DDXS5
binding to MycG#4 in a dose-dependent manner, whereas TMPyP2
did not (Fig. 5C). In addition, we examined Phen-DC3, another
G4-interactive small molecule (Fig. 54), and found it disrupted

of both unprocessed and mature MYC RNA transcripts at 12-, 24-, 48-, and
72-h time points. Unprocessed MYC RNA transcript was measured using
the intron specific primers (primers a and b). Mature MYC mRNA levels
were measured using a pair of primer flanking intron 1 (primers 1 and 2).
All RNA transcript levels were measured at desired time points after the
DDX5-siRNA treatments. n = 3 biologically independent samples. Error
bars represent mean + SEM. The same data with normalization is shown in
SI Appendix, Fig. S7.
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Fig. 5. G4-interactive compounds inhibit G4-binding and G4-unfolding of
DDXS5. (A) Structures of TMPyP4, TMPyP2, and Phen-DC3. (B) G4-interactive
compound TMPyP4 (250 nM) and Phen-DC3 (250 nM), but not poor
G4-interactive TMPyP2 (250 nM), inhibits MycG4 unfolding activity of DDX5.
(C) Inhibition curves by ELISA showing that TMPyP4 and Phen-DC3, but not
TMPyP2, disrupts the interaction of DDX5 to MycG4 DNA. DDX5 was coin-
cubated with increasing concentrations of either TMIPyP2, TMPyP4, or Phen-
DC3 for assessment of DDX5 binding to MycG4 in ELISA. n = 4 to 6 inde-
pendent measurements. Error bars represent mean + SD.

the DDXS5 binding to the MycG4 and inhibited MycG4 unfolding
by DDXS (Fig. 5 B and C). These data indicate that G4-interactive
compounds can inhibit DDX5 G4-unfolding activity in vitro by
preventing its association with G4 structure.
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To investigate whether inhibition of DDXS activity presents a
mechanism of action for G4-interactive small molecule in cancer
cells, we examined the effects of TMPyP4 and TMPyP2 on the
DDXS5 and Myc levels in MCF7 cells. We found that treatments
of both TMPyP4 and TMPyP2 showed no inhibitory effects on
DDXS expression up to 48 h, whereas TMPyP4, but not TMPyP2,
decreased Myc expression in both a time- and dose-dependent
manner (Fig. 64 and SI Appendix, Fig. S9A4). It is noted that
while treating cells with TMPyP4 for 72 h completely knocked out
the Myc expression, the DDXS5 expression was also slightly re-
pressed (Fig. 64), likely reflecting previously reported positive
feedback loop between MYC and DDXS5 (46). Because 12 pM of
TMPyP4 induced significant Myc reduction within 48 h (SI Ap-
pendix, Fig. S94), this dosage was used in all of the subsequent
cellular studies.

We further examined the effects of TMPyP4 and TMPyP2 on
the Myc levels when DDXS5 was overexpressed (SI Appendix, Fig.
S9B). Our results showed that while the overexpression of
DDXS5 up-regulated the Myc expression in MCF7 cells, TMPyP4
was still able to inhibit the Myc expression, suggesting G4-
interactive small molecule is able to inhibit DDXS5-induced MYC
activation in vivo.

To confirm whether the reduced Myc expression by G4-
interactive compounds is related to the inhibition of the DDX5
interactions with the MYC G4-forming promoter, ChIP analysis
was carried out in MCF7 cells with 12-h drug treatments. As a
result, treating cells with TMPyP4, but not TMPyP2, led to a
significant reduction (more than 50%, P < 0.001 versus control)
of DDX5 occupancy on MYC promoter (Fig. 6B). It is important
to note that DDX5 protein levels were not affected by the
treatments of TMPyP4 or TMPyP2 up to 48 h (Fig. 64). Taken
together, these results indicate that the direct interactions of
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Fig. 6. G4-interactive molecules, such as TMPyP4, can disrupt transcriptional activation of DDX5 on MYC and lead to cancer cell death. (A) TMPyP4, but not
TMPyP2, lowers Myc protein levels but does not affect DDX5 expression. The time of treatments with either TMPyP2 or TMPyP4 is listed at the top of the gels.
(B) ChIP analysis of the interaction of DDX5 with the MYC promoter showing TMPyP4, but not TMPyP2, disrupts the interactions of DDX5 with the MYC
promoter MycG4 forming region. The cells were either untreated (ctrl) or treated with 12 uM TMPyP2 or TMPyP4 for 12 h. For ChIP assay validation, see Fig.
4A. n = 3 biologically independent samples. Error bars represent mean + SD P value was calculated by Tukey’s multiple comparisons test after 2-way ANOVA.
(C and D) siRNA knockdown of DDXS5 increases sensitivity of MCF7 cells to the cell death caused by TMPyP4 (C), but not TMPyP2 (D). Data are mean + SEM of
9 biologically independent samples. N.S., no significance, P > 0.05; P value for the 1Cs, comparison was calculated by extra sum-of-squares F test.
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DDXS5 with the MYC promoter G4 can be disrupted by G4-
interactive compounds to suppress MYC expression.

DDXS5 Inhibition and MycG4 Stabilization Lead to Synergistic Lethality
in Cancer Cells. We have demonstrated that DDXS5 is a highly
active MycG4 unfolding resolvase that activates MYC tran-
scription in a G4-dependent manner. To investigate if DDXS5
and MycG4 interaction can serve as a molecular target for cancer
intervention, we knocked down DDXS5 prior to the addition of
MycG4-stabilizing small molecule TMPyP4. We found that after
DDXS silencing, MCF7 cancer cells were more sensitive to the
cell death induced by MycG4-interactive small molecule TMPyP4,
but not TMPyP2 (Fig. 6 C and D). This suggests that inhibition
of DDXS5 and stabilization of the MYC promoter G4 can yield
synergistic lethality in cancer cells supporting a role of DDXS in
active resolution of G4 structures in vivo. Altogether, these results
demonstrate that G4-interactive ligands can target and block the
DDXS5 interactions with the MYC promoter G4, thereby disrupt
transcriptional activation of DDX5 on MYC and lead to MYC
down-regulation and cancer cell death.

ChIP Analysis of DDX5 and Other Transcription Factors at the MYC
Promoter. We have shown that DDXS is overexpressed in cancer
cells (SI Appendix, Fig. S4) and enriched at the MYC promoter
NHE III, (Fig. 44 and SI Appendix, Fig. S5B). Moreover, de-
pletion of DDXS5 using siRNA can significantly decrease the
transcriptional activation of the MYC gene in cancer cells (Fig. 4
C-E and SI Appendix, Figs. S7 and S8). Other transcription
factors, including Sp1 (10), hnRNP K (61), and CNBP (11), have
been reported to interact with the MYC promoter NHE III; for
MYC transcriptional regulation. Tumorigenic MCF7 breast cancer
cells were shown to have much higher MYC transcription levels
as compared to nontransformed MCF10A breast epithelial cells
(Fig. 74). We analyzed the enrichment of DDXS5 and other
transcription factors at the MYC promoter in MCF7 and MCF10A
cells using ChIP analyses. The ChIP results showed that all of
them, including DDXS, are enriched at the MYC promoter in
MCEF7 cells as compared to MCF10A cells (Fig. 7B).

Discussion

We have discovered the G4-resolvase activity of DDXS5, which
actively unfolds the MYC promoter DNA G4 structure as well as
other intramolecular DNA and RNA G4 structures. DDXS is
one of the founding members of the DEAD-box RNA helicase
family (33), whose members have been shown to act only on RNA
to date (62). Thus, it was largely unexpected that DDXS5 could
unfold DNA G4 structures. We showed that DDXS can recognize
the G4 conformation through a structure-based mechanism since
DDX5 showed similar binding activity to MycG4(DNA) and
MycG4(RNA). Interestingly, we found that the unfolding of G4 by
DDXS5 occurred in the absence of ATP, whereas addition of ATP
did not appreciably alter the unfolding activity. This shows that
ATP hydrolysis is not directly coupled to the unfolding process.

We show that the unfolding mechanism of DDXS5 is distinct
from previously characterized G4 helicases, as DDX5 exhibits
active G4-unfolding without requiring a single-stranded tail (as
shown in this study). BLM and WRN, members of RecQ family
helicases, were the first human helicases reported to resolve G4
DNA in human telomeres (63) and these enzymes function in a
3’—5" manner (34). The DEAH-box helicase DHX9 and DHX36
(RHAU) were also shown to unfold both RNA and DNA G4
3'>5" (64-66). Both DHX9 and DHX36 require a 3’ single-
stranded region, which is sequence-specific, for loading and
G4-unfolding (64-66). All of the reported active G4-helicases
are directional/processive and require a single-stranded tail at
either the 3’ or 5’ end for loading and G4 unfolding (34). Pot1
and RPA, 2 other proteins associated with G4 destabilization,
were found to unfold G4 without a tail (67-69). Pot1 appears to
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Fig. 7. MYC transcriptional regulation via MycG4 in cancer cells. (A) The
human breast adenocarcinoma cell line MCF7 has a high transcription level
of MYC, whereas the nontumorigenic human breast epithelial cell line
MCF10A has a low MYC level. n = 3 biologically independent samples. Error
bars represent mean + SEM. (B) DDX5, and previously reported transcription
factors Sp1, hnRNP K, and CNBP, are more enriched at the MYC promoter
G4-forming region in the MCF7 cell line compared to MCF10A cell line,
suggesting the potential involvement in the active transcription of the MYC
gene in tumorigenic cells. n = 3 biologically independent samples. Error bars
represent mean + SEM. (C) A model of transcriptional states associated with
the MYC promoter G4 and MYC transcriptional regulation by DDX5. The
DNA G4 that forms in the MYC promoter NHE Ill; region functions as a
transcriptional silencer element by preventing the binding of transcrip-
tion factors (Upper Left); DDX5 unfolds the MYC promoter G4 (Upper
Right), likely enabling the binding of transcription factors, such as Sp1
to dsDNA or CNBP and hnRNP K to ssDNA (8, 25), leading to transcriptional
activation (Lower).

passively trap unfolded ssDNA, while RPA unfolds G4 much
faster than a complementary DNA oligonucleotide, implying
that RPA has an active mechanism for G4 unfolding. The DEAD-
box RNA helicases DDX21, DDX1, and DDX3X were recently
reported to unfold or interact with G4s, but only in RNA (70—
72). In these cases, the G4-unfolding mechanism is unknown.
Thus, DDX5-mediated unfolding represents a description of a
G4-unfolding mechanism that is likely direct and also a de-
scription of a DEAD-box RNA helicase activity on DNA.
Transcription-associated dynamic negative supercoiling at
promoter sites proximal to the MYC TSS induces formation of
the MYC promoter G4. This G4 is a transcription inhibitor by
blocking binding of transcriptional activators such as Sp1 (dsDNA)
or CNBP and hnRNP K (ssDNA) (8, 25) (Fig. 7C). However, the
MYC G4 structure is thermodynamically very stable under
physiologically relevant salt conditions (melting temperature >
85 °C) (28), thus requiring active unfolding in vivo for tran-
scriptional activation. What may facilitate the unfolding has been
a missing link. Here, we demonstrated that DDXS actively unfolds
the MYC promoter G4 and transactivates the MYC oncogene in a
G4-dependent manner, defining a mechanism for how this structure
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can be resolved in vivo (Fig. 7C). It has been shown that within
the MYC promoter the G4 on the G-rich strand and i-motif
secondary structure on the C-rich strand are mutually exclusive
(73). Resolution of the stable MYC G4 structure by DDX5 may
allow the formation of i-motif on the C-rich strand and promote
hnRNP K and CNBP binding, or the formation of dsDNA for
Sp1 binding, to activate transcription.

Importantly, DDXS is overexpressed in major human cancers
and its overexpression promotes tumorigenesis and tumor pro-
gression (36, 37, 39-41, 58). Our results suggest that DDX5
promotes cancer progression through MYC transactivation by
unfolding of the MYC promoter G4. Significantly, we showed
that DDXS5 interactions with the MYC promoter and the DDX5-
mediated unfolding of MycG4 can be inhibited by G4-interactive
compounds, leading to MYC repression and cancer cell death.
This result indicates that small molecules targeting the interac-
tion of DDXS with the MYC promoter may be a future strategy
for MYC down-regulation.
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