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Abstract: DDX5 (p68) is a well-known multifunctional DEAD-box RNA helicase and a transcription cofactor. Since
its initial discovery more than three decades ago, DDX5 is gradually recognized as a potential biomarker and tar-
get for the treatment of various cancer types. Studies over the years significantly expanded our understanding of
the functional diversity of DDX5 in various cancer types and extended our knowledge of its Mechanism of Action
(MOA). This provides a rationale for the development of novel cancer therapeutics by using DDX5 as a biomarker
and a therapeutic target. However, while most of the published studies have found DDX5 to be an oncogenic tar-
get and a cancer treatment-resistant biomarker, a few studies have reported that in certain scenarios, DDX5 may
act as a tumor suppressor. After careful review of all the available relevant studies in the literature, we found that
the multiple functions of DDX5 make it both a superior independent oncogenic biomarker and target for targeted
cancer therapy. In this article, we will summarize the relevant studies on DDX5 in literature with a careful analysis
and discussion of any inconsistencies encountered, and then provide our conclusions with respect to understand-
ing the MOA of FL118, a novel small molecule. We hope that such a review will stimulate further discussion on this
topic and assist in developing better strategies to treat cancer by using DDX5 as both an oncogenic biomarker and
therapeutic target.
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Overview of the DDX5 research area only in a small region that resembles the epit-

ope of cross-reaction with an antibody named

DDX5 belongs to the DEAD box RNA helicase
protein superfamily [1]. The DDX5 protein was
initially named as p68 because its molecular
weight (MW) is about 68 kD. However, the name
p68 is not an exclusive name for DDX5, becau-
se several other proteins with MW around 68
kD also use the term “p68”. This can lead to
erroneous citations as we noted during our lit-
erature review (see below), and this may be the
reason that more recent years of publications
used DDX5 instead of p68. However, in this
article, we will use both terms interchangeably
based on the term used in the correspond-
ing published research article. DDX5/p68 was
identified by its specific immunological cross
reaction with the SV40 large T antigen [2]. The
homology between the two small proteins is

PAb204, suggesting the functional importance
of this region. Complementary DNA analysis of
DDX5/p68 revealed extensive amino-acid se-
quence homology to many proteins including
the eukaryotic translation initiation factor, el-
F4A, which has RNA binding and unwinding
activity [2]. Consistently, it was found that the
purified p68 protein exhibits RNA-dependent
ATPase activity and functions as an RNA heli-
case [2].

Over the past 3 decades, it has been found th-
at p68/DDX5 is a multifunctional protein and is
involved in many processes to maintain can-
cer cell proliferation, tumor development and
malignancy through (i) binding, regulation and
processing of various types of RNA [3], and (ii)
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Table 1. DDX5 incoming signal network”: Molecules that regulate/act on DDX5

Mechanism and Effects

Classified Molecules

1. Molecules that acetylate DDX5
for activation

2. Molecules that bind on DDX5
for activation

3. Molecules that phosphorylate
DDX5 for activation

4. Molecules that transcription-
ally regulate DDX5 for activation
5. Molecules that co-regulates
DDX5 for transcription activation
6. Molecules that influence DDX5
expression for activation

7. Molecules that bind on DDX5
for inhibition

8. Molecules that phosphorylate
DDX5 for inhibition

9. Molecules that SUMOylate
DDX5 for inhibition

10. Molecules that influence
DDX5 expression for inhibition
11. miRNA binds on DDX5 for
inhibition

12. Molecules that methylate
DDX5 with unspecified effects

13. Molecules that bind on DDX5
with unspecified effects

14. Molecules that AMPylate
DDX5 with unspecified effects
15. Molecules that phosphory-
late DDX5 with unspecified
effects

16. Molecules that dephos-
phorylate DDX5 with unspecified
effects

17. Molecules that cleave DDX5
with unspecified effects

18. Molecules that transport
DDX5 with unspecified effects
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Generic enzyme: p300.

Generic binding protein: ATAD5, RBM4, SUMO-1. Generic RNA: CCAT1, LINC01116. Transcription factor:
FOXC1, NANOG, p53. Protein kinase: LMTK3.

Protein kinase: c-Abl, MAPKAPK2, p38 MAPK.

Transcription factor: TCF7L2 (TCF4), VDR.

Generic binding protein: Beta-catenin, TDRD3.

Compound: Androstanolone extracellular region. Transcription factor: HIF3A, N-Myc. Receptor ligand: Lutropin.

Generic binding protein: Calmodulin, p14ARF, SUMO-2, SUMO-3. Transcription factor: ESR1 (nuclear). Generic
RNA: Hm629797, SLC26A4-AS1.

Protein kinase: PKC.
Generic enzyme: PIAS1.
Receptor ligand: FGF1, MIF. Generic binding protein: ZMF331.

Generic RNA: microRNA 134, microRNA 154, microRNA 302a, miR-1-3P, miR-106b-5p, miR-147-3p, miR-17-
5p, miR-200a-3p, MiR-205-5p, miR-206-3p, miR-218-5p, miR-33a-5p, miR-5590-3p.

Generic enzyme: PRMT5.

Generic binding protein: 14-3-3 beta/alpha, 14-3-3 gamma, 14-3-3 sigma, 14-3-3 zeta/delta, ACTB, ADA2,
AKAPS8, Alpha-1 catenin, Alpha-actinin 4, ALY, AOF1, ARVCF, ASCC2, BAF155, BAF60A, BBLF2-BBLF3 (HHV4),
Beta-arrestin2, Brcal, BRD3, BRD4, BRD6, BRD7, c-IAP2, Cab45, Casein kinase Il, beta chain (Phosvitin),
CBX4, CENP-A, ChAF1 subunit A, CIP29, COPS6, CPEB1, Cullin 1, Cullin 2, Cullin 3, Cullin 4A, Cullin 4B, Cullin
5, DGCRS8, DLC1 (Dynein LC8a), DnaJB9, DNAJC11, E4/orf4 (HAAV5), EED, EKN1, EWS, FAT10, FMIP, FMR1,
FUS, Gamma-synuclein, GBL, GRB2, Histone H1.0, hnRNP A1, hnRNP H1, HOXB-AS3, HZwint-1, IQGAP1,
KBTBD4, KIN17, Ku70, Lamin A/C, LEDGF/p52, LSm4, MAML1, MAP1LC3A, MAP1LC3B, Matrin-3, MEX3C,
Mi-2 beta, MKIG7IP, MMS19L, MTA2, NDRG1, NEDDS8, Nesprin 1, Nsp1 (SARS-CoV-2), Nucleolin, Nucleolysin
TIAR, Nucleophosmin, p160, p21, PC4, PHLDA3, PQBP-1, Protein p8, Prp8, PTBP1, Rab5ip, RBM16, RBM46,
RBMS5, RBM7, RP42 (Scro), RPS6, RUFY3, SAM68, SF3A2, SHISA9, Sin3A, SKIV2L, SLM-1, SMARCAD1, SMN,
SNRPA, XFm300, SRRF, SRRM1, TFIIS, TIP120A, TNNT1, TNRC6EA, TNRC6B, Tob1, TRAF1, U1-70K, U2AF-65,
Ubiquitin, UBR4, VHL, ZC3HAV1, ZFP385, ZFYVE21. Compound: 4-Aminophenyl arsonous acid intracellular,
Phenylarsonous acid analogs. Transcription factor: AIRE, CREB4, CTCR, DPF2, ERG, EWSR1-FLI1 fusion
protein, FOXK2, FUS/DDIT3 fusion protein, HMGB1, HMGI/Y, hnRNP K, MTA1, NF-X1, NK31, NP220, NR2F1,
NRB54, PU.1, RARalpha, SMAD3, SMADS5, SPI-B, TARDBP (TDP43), TBX3, TFCP2, X protein (HBV-C), YB-1,
ZNF335, ZNF768. Receptor ligand: Amphiregulin, HDGF. Protein kinase: APEG1, Aurora-A, BRD2, c-Raf-1,
CDK1 (p34), FAK1, GSK3 beta, IKK-epsilon, MST3, NIK (MAP3K14), p70 S6 kinase2, p90RSK1, PINK1,
PKX-alpha, RIPK3. Generic enzyme: APEX2, BCDIN3, BRG1, DDX17, DDX3X, Dyskerin (NAP57), elF2C2
(Argonaute-2), elF4A2, ERCC6, GSTK1, HDAC1, HUTH, JAB1, JMJD6, LSD1, MBNL1, MGMT, PARG, PB1 poly-
merase 1 (Influenza A virus), PHF10, Pin1, PM/SCL-100, RBBP4 (RbAp48), RGOMTD1, RING2, RNF20, SDOS,
Sirtuin®, Sirtuin7, STARING, TOP1, TRIM25, WWP2. RAS superfamily: ARF6. Generic protein: Bles03, BRD9,
EBNA-LP (HHV4), espF (E. coli), FBXW4, ICP8 (HSV1), NIF3L1BP1, NS3 (DENV2), NS5 protien (DENV2), p15
(PAF), PA (Influenza A virus), PAF1, PB2 (Influenza A virus), Seipin, UL54 (HSV1), WTAP.

Voltage-gated ion-channel: CACNB2. Generic receptor: Casprl, CD4, GABARAP, GABARAPL1, LIMR, Peripherin,
SEC62. Generic RNA: CCAT2, LINC0O0920, LOC100499467, MEG3, MIR222HG, VTRNA1-1. Receptor with en-
zyme activity: DR5, TGF-beta receptor type |, TrkA. Generic phosphatase: F16P. Generic protease: FAM111A,
Otubainl, OTUD3, PSMA3. Ligand-gated ion-channel: GRID1. Transporter: Karyopherin alpha 2. Lipid kinase:
PI3K cat class IA (p110-alpha). Protein phosphatase: PP1-cat, PP2A cat (alpha). Lipid phosphatase: PTEN.
Generic channel: TRPM7.

Generic binding protein: HYPE.

Protein kinase: p38alpha (MAPK14), PKC-delta, TLK1.

Protein phosphatase: PP2A catalytic.

Generic protease: Granzyme A, PR (HIV-1), Thrombin.

Transporter: CRM1.
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19. Molecules that transcription-
ally regulate DDX5 with unspeci-
fied effects

20. Molecules that transcrip-

tionally co-regulate DDX5 with
unspecified effects

21. miRNAs that bind to DDX5
transcripts (i.e., DDX5 mRNA)
with unspecified effects

Transcription factor: AML1 (RUNX1), Androgen receptor, AP-2, ATF-2, Bcl-6, c-Myc, CREB1, E2A, E2F1, E2F4,
ELF2, ETS1, FOXM1, GATA-2, GCR, HES1, HNF4-alpha, KLF4, LBP9, Lef-1, LMO2, Max, Oct-3/4, OTX2, PLZF/
RARalpha fusion protein, REV-ERBalpha, REX1, RXR, SOX17, SOX2, SP1, SP3, STAT3, STAT5, YY1, ZFZ,
ZNF143, ZNF263, ZNF281.

Generic binding protein: AEBP1, HEXIM1, SNAP43. Generic enzyme: CARM1, EZH2, PAD4, PLU-1, PRMT1. Pro-
tein kinase: CDK9. Transcription factor: MLL1 (HRX), NOTCH1 (NICD), Tat (HIV-1), TIF1-beta. Generic protein:
STRAS8, ZGLP1.

Generic RNA: hsa-miR-3169 mature, hsa-miR-3655 mature, hsa-miR-4297 mature, msyutr miT-4317,
microRNA 708, miR-1270, miR-142-5p, miR-185-5p, miR-188-5p, miR-199a-5p, miR-199b-5p, miR-205-3p,
miR-2054, miR-20a-5p, miR-21-5p, miR-2113, miR-23b-3p, miR-23c, miR-3123, miR-3128, miR-3140-3p,
miR-3163, miR-3180-5p, MmiR-3202, miR-325-5p, miR-338-5p, miR-340-5p, miR-3652, miR-3663-3p, miR-
3668, miR-3671, miR-3925-5p, miR-422a, miR-4262, miR-4306, miR-4311, miR-4423-5p, miR-485-5p, miR-
509-3-5p, MiR-509-5p, miR-511-5p, miR-519b-3p, MiR-519¢c-3p, MiR-548a-5p, MmiR-548b-5p, miR-548¢-3p,
miR-548c-5p, miR-548d-5p, miR-548i, miR-548k, miR-548Il, miR-548w, miR-548y, miR-559, miR-583, miR-
586, miR-607, miR-610, miR-613, miR-620, miR-622, miR-628-3p, miR-636, miR-641, miR-645, miR-875-3p,
miR-885-5p, miR-92a-3p, miR-93-5p, miR-944, mmu-miR-466q mature.

“Information was retrieved from the GeneGo database at https://portal.genego.com/and organized by the authors. Relevant references for individual findings can be
found in the database from the corresponding molecule by clicking the con under the “Interaction info” section.

Table 2. DDX5 outgoing signal network*: DDX5 downstream targets

Mechanism and Effects

Classified Molecules

1. Molecules that DDX5 binds on
for activation

2. DDX5 co-regulated molecules
for transcription activation

3. Molecules that DDX5 binds on
for inhibition

4. DDX5 co-regulated molecules
for transcription inhibition

5. Molecules that DDX5 com-
petes with for inhibition

6. Molecules that DDX5 binds on
with unspecified effects
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Transcription factor: Androgen receptor, c-Fos, CTCF, ESR1 (nuclear), GATA-6, MYOD, NF-AT5, NF-kB1 (p50),
NOTCH1 (NICD), p53, RBP-J kappa (CBF1), RUNX2, SRF, STAT3, c-Myc, HES1. Generic binding protein: Beclin
1, b-catenin, Cyclin A2, Cyclin B2, Cyclin D2, hnRNP A2, Rev (HIV1), SUZ12, Bax, Bcl-XL, CDC20, Cyclin D1.
Generic enzyme: CBP, DROSHA, G9a, RAD18, Rad50, XRN2. Generic RNA: microRNA let-7a-1. Generic protein:
NSSB (HCV).

Protein kinase: AKT1. Generic binding protein: Bax, Bcl-XL, CDC20, Cyclin D1, Mcl-1, <TS1 (S100A4), ORC6L,
p21, PUMA, Stanniocalcin 1. Transcription factor: c-Myc, HES1, MEF2C, MYOG, NFAT-90, SLUG, SNAIL1.
Receptor ligand: IL-1 beta, IL-20, VEGF-A, WNT5A. Generic receptor: IL-2R alpha chain. Generic protease: Kal-
likrein 3 (PSA). Generic RNA: microRNA 181b-1, microRNA 21. Metalloprotease: MMP-2, MMP-9.
Transporter: NGAL. Protein Kinase: PLK1. Generic protein: TMEM26. Generic enzyme: TMEM55B.

RAS superfamily: H-Ras. Generic RNA: microRNA 182, microRNA 196a-2, microRNA 34a. Generic binding
protein: Myelin basic protein, Sequestosome 1 (p62).

Transcription factor: C/EBPdelta, KLF4. Voltage-gated ion-channel: CLCA2. Generic binding protein: Ep-CAM,
p15.

Generic binding protein: Axin1.

Generic enzyme: AARS, ARSL, ADAR1, AMP deaminase 1, ATP8B3, C1TM, C6orf150, CGAT1, CHD5, CYP2A13,
CYP4B1, DDX1, DDX17, DDX21, DDX23, DDX24, DDX9, DHX8, DNA ligase IV, elF2C2 (Argonaute-2), Fibrillarin,
FTHC, FTSJ3, HDAC1, HDC, KAR, Lactoperoxidase, METTL3, MOZ, MPG, NS5 (JAEV), PAM, Parvulin 14, PB1
polymerase 1 (Influenza A virus), PDE1C, PDE3B, PDE8B, PISD, POLR2A, PON3, RNA polymerase I, RNMT,
RPP38, SATL1, SIA10, SMURF1, TPH1, UGT2A1, XPB, XYLT1. Generic binding protein: ACTL7A, Amyloid beta
42, ANKS1, Ankyrin-B, APC protein, ARC, ARID4A, ASB1, BAT2, C20rf63, CacyBP (SIP), CAMSAP1, CAPZ beta,
CAS-L, CBP80, CCAR1, CENP-F, CMTR1, CNOT1, CNTN5, CRFG (NGB), Cyclin A1, Cyclin D3, Cyclin E, Cyclin T1,
D52, DAZ2, DEDD, DOM3Z, DZIP, E6 protein (HPV16), ECM29, EED, EEF1E1, elF2C1 (Argonaute-1), ELAVL1
(HuR), Epiplakin, FAM136A, FAT1, FAT2, FLJ43093, FRYL, GAS11, Gemin5, Hampin, HC II, Hdj-2, Histone
H2AX, hnRNP C, HYOU1, IGF2BP3, IRF2BP1, KBTBDS5, L-Ficolin, Lbal, LMAN1L, MBD3, MCM10, Mi-2, Mi-2
alpha, Midasin, MKLP1, MYH9, MYL6, Myoglobin, Myosin VIIA, NANOS3, NIPBL, NLRC5, Nop56, Nop58, NP
(Influenza A virus), Nucleolin, Oviductin, PABPC1, PES1, Plectin 1, PLEKHA4, PML, RENT1, RENT2, RENT3B,
RHOBTB1, RPL10A (CsA-19), RPL13, RPL17, RPL21, RPL26, RPL4, RPL6, RPL7, RPL7A, RPLPO, RPS19,
RPS3, RPS3A, RPS9, SAMD13, SEC23A, Sec24C, Septin 4, Serpin B12, SETBP1, SFRS3, SHRM, SMG7,
SNX11, SON, SSX5, TANC, Tangerin A, Tau (MAPT), TCP1-eta, TPX2, TRAF5, TSPEAR, ZBTB12, ZNF294,
ZNF462, ZNF699, ZNF77, ZNF804B, ZSWIM3. Metalloprotease: ADAM12, SUPT16H. Protein Kinase: AKT2,
AKT3, ATM, ATR, Aurora-C, CaMK Il alpha, CDKL5, HIPK3, JNK1 (MAPKS8), JINK3 (MAPK10), MEK4 (MAP2K4),
MYLK1, p9ORSK2 (RPS6KA3), RIPK2, SIK, SLK, TAK1 (MAP3K7), Titin, TTK. Ligand-gated ion-channel: ANO7.
Generic channel: ATP8B4. Generic protein: C (HCV), C130rf39, C140rf104, C21orf54, C50rf35, XXSX62,
Core protein (JAEV), CSPP1, DKFZP434B061, FAM33A, FBF1, FBXW10, FLJ10986, FLJ13231, FLJ14803,
KIAAO774, KIAA1109, KIAA1211, KIAA1704, KIAA1731, LL5beta, LSMD1, LZTS2, MLLT11, MNS1, MUM1,
NS4B (HCV1b), OSBPL7, SNM1, SPECC1, ST20, SYCP2L, TMEM98, VN1R17P, WDR48. Transcription factor:
c-Jun, EBF2, ELYS, FALZ, Fra-1, HEY2, MEIS1, NF45 (ILF2), PXR, RUNX3, SMAD1, SMAD2, SMAD4, SMAD7,
STAT1, TBP, TIEG1, TLE4, UNR, ZNF145, ZNF384. Lipid kinase: DGK-zeta.

Generic DNA: DNA. Receptor ligand: Galanin, IFN-omega, LAMA2, PACAP, TNF-alpha. GPCR: Gpr123. Generic
RNA: HOTAIR, Hotair (mouse), microRNA 145, microRNA 15-1, microRNA 214, microRNA517B, microRNA let-
7g, miR-483-5p, mRNA intracellular, RNA. Generic receptor: IL7RA, RELT.

Transporter: IPO11, Karyopherin alpha 6, Rabphilin-3A, SLC21A2, SLC4A2. Regulators (GDI, GAP, GEF, etc.):
IQSEC2, LARG, RGS5, SOS2. Voltage-gated ion-channel: Nav1.6. Generic protease: NS3 (JAEV), S1P, SFRS2
(SC-35), Usp24, USP6, USPT.

Generic kinase: PKM2. Protein phosphatase: PP2A cat (beta), SHP-1. RAS superfamily: Rab-32, Rab12,
RAB2B.
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7. DDX5 transcriptionally
co-regulated molecules with
unspecified effects

Metalloprotease: ADAM-TS20. Generic enzyme: AMDHD2, CL6S, HEXA, HHIPL2, Spam1, TERT, ZNRF3.
Generic channel: ATP6V1H. Transcription factor: BACH2, MESP2, RARgamma, RLF, Scieraxis, SOX8, TSC-22.
Generic binding protein: Cadherin 9, CDC4L, MAEL, MRLPL32, Prickle-1, SERPINB8, SP3A3, SLAP-2, SPAG16,
SSX2IP, TFF1, Thrombospondin 4.

Ligand-gated ion-channel: GABA-A receptor gamma-2 subunit, GIuR6. Receptor ligand: IGF-2, Vitronectin.
Voltage-gated ion-channel: KCNH7, KCNQ5. Protein kinase: KSR1. Receptor ligand: LAMB3. Generic protein:
LAMP1, MAGEB16, 0DZ4, Paralemmin, STOX2. Generic receptor: Neurexin 1-alpha, Neurexin 1-beta, PTCH2.
Generic protease: PRSS11 (HtrA1). RAS superfamily: RAB40B.

“Information was retrieved from the GeneGo database at https://portal.genego.com/and organized by the authors. Relevant references for each finding can be found in

the database from the corresponding molecule under the “Interaction info”.

acting as a coactivator to interact with various
types of transcription factors (TFs) to control
gene transcription [4-6]. The function and regu-
latory mechanisms of DDX5 have continuously
expanded over time. We have summarized the
current and latest discoveries on the DDX5
molecule in Tables 1 and 2 without citing spe-
cific references related to these findings. How-
ever, the specific references can be found from
the GeneGo website at https://portal.genego.
com/ under the DDX5 molecule interactions.
The corresponding references can be found by
clicking on the “icon” marker under the “In-
teraction info” column.

Based on the information summarized in Table
1, DDX5 can be regulated by a lot of different
molecules including compound, generic bind-
ing protein, generic channel, generic enzyme,
generic phosphatase, generic protease, gener-
ic protein, generic receptor, generic RNA, li-
gand-gated ion channel, lipid kinase, lipid phos-
phatase, protein kinase, protein phosphatase,
RAS superfamily, receptor ligand, receptor with
enzyme activity, transcription factor, transport-
er, and voltage-gated ion-channel.

On the other hand, DDX5 also has a lot of down-
stream targets. As summarized in Table 2, this
includes G protein-coupled receptor (GPCR),
generic binding protein, generic channel, gener-
ic enzyme, generic kinase, generic protease,
generic protein, generic receptor, generic RNA,
ligand-gated ion-channel, lipid kinase, metallo-
protease, protein kinase, protein phosphatase,
RAS superfamily, receptor ligand, regulators
(GDI, GAP, GEF, etc.), transcription factor, trans-
porter, and voltage-gated ion-channel.

Importantly, most of these findings summa-
rized in Tables 1 and 2 for the DDX5/p68
upstream and downstream specific effects of
DDX5/p68 have not been functionally defined.
Further elucidating these effects and charac-
terizing the detailed mechanism of action
(MOA) will fill a major knowledge gap.
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Based on these findings, DDX5/p68 has been
identified as a potential oncogenic biomarker
and target for the treatment of various cancer
types. However, a few studies reported that
DDX5 may also possess a tumor suppressor
property in certain conditions acting as a favor-
able cancer biomarker. After carefully reviewing
recent and up-to-date studies in the literature,
we found that the multiple functions of DDX5
make DDX5 a superior oncogenic biomarker
and target for cancer therapy. In this review,
we will first begin by discussing the new role of
DDX5 in facilitating genome DNA repair, a key
role to unify DDX5 as a superior cancer bio-
marker and target. Then, we will update the
studies relevant to individual cancer types to
further support our conclusion drawn from lit-
erature review. Finally, we will summarize the
relationship of DDX5 with anticancer drugs and
cancer treatment resistance. We hope that this
review will stimulate further discussion to cre-
ate better strategies for treating cancer by
using DDX5 as an oncogenic biomarker and
therapeutic target.

The emerged new role of DDX5 in genome
DNA repair

The early evidence for p68/DDX5 involvement
in a tumor co-suppressor role comes from the
fact that p68 acts as a coactivator of the p53
target gene, p21"A™ [7]. However, later studies
demonstrated that while p68 is critical for
p53-mediated transactivation of the cell-cycle
arrest gene p21"**, p68 is dispensable for
induction of several pro-apoptotic genes in
response to DNA damage [8]. Instead, p68
depletion strikingly inhibits the recruitment of
p53 and RNA Pol Il to the p21 promoter but not
to the apoptotic Bax or PUMA promoters [8],
indicating the selective effect on p21 induction
(for cell arrest) versus on Bax and PUMA induc-
tion (for cell apoptosis). In other words, this
finding revealed that p68 depletion may induce
apoptosis. Furthermore, using an inducible p68
knockout mouse model, p68 depletion selec-
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tively inhibits p21 induction in several tissues,
while in the bone marrow, p68 depletion results
in an increased sensitivity to y-irradiation and
increased apoptosis [8]. These authors con-
cluded that their studies highlight a novel func-
tion of p68 as a modulator to make the de-
cision between p53-mediated growth arrest
(e.g., for survival by DNA repair) and apoptosis
[8]. Supportively, the early study from Bates,
et al. actually observed that cells transfected
with p68 siRNA had a somewhat higher back-
ground of apoptosis before doxycycline induc-
tion of p53 expression [7]. This supports the
theory that targeting p68/DDX5 would shift
cancer cells from a growth arrest-DNA repair
state into an apoptotic state.

The role of DDX5 in the growth arrest-based
DNA repair versus apoptosis is emerging. Re-
cent studies have defined a role for DDX5 in
damaged DNA repair in addition to its various
RNA processing and transcription coactivator
roles. Specifically, formation of the aberrant
transcription-associated RNA:DNA hybrid (R-
loop) formation often causes catastrophic con-
flicts during replication, resulting in DNA dou-
ble-strand breaks (DSBs) and genomic instabil-
ity. Mersaoui et al. demonstrated that DDX5 is
a crucial player in R-loop resolution [9]. Spe-
cifically, they found that recombinant DDX5
resolves R-loops in an ATP-dependent manner
in vitro, leading to R-loop degradation by the
XRN2 exoribonuclease. DDX5-deficient cells
accumulate R-loops with local reactive oxygen
species (ROS)-induced DNA damage and cause
spontaneous DNA DSBs (and the unrepaired
DNA DSBs will induce cell apoptosis) and hyper-
sensitivity to replication stress [9]. In short, the
study revealed that cellular depletion of DDX5
will cause DNA damage accumulation and
excessive genomic instability and as a result,
cells will go into apoptosis. The follow-up stud-
ies from this group further demonstrated that
DDX5 was excluded from DSBs in a transcrip-
tion- and ATM activation-dependent manner;
DDX5 deficiency led to delayed exonuclease 1
and replication protein A (RPA) recruitment to
laser irradiation-induced DNA damage sites,
resulting in homologous recombination repair
defects [10]. Thus, these authors defined a role
for DDX5 in facilitating the clearance of RNA
transcripts overlapping DSBs to ensure proper
DNA repair.

The involvement of DDX5 in DNA repair can
employ distinct mechanisms. The BRCA2 tumor
suppressor is a DNA DSB repair factor essen-
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tial for maintaining genome integrity and in-
hibiting cancer development. BRCA2-deficient
cells spontaneously accumulate DNA-RNA hy-
brids, increasing genome instability and cell
malignancy. Sessa et al. demonstrated that
DDX5 is a BRCA2-interacting protein and asso-
ciates with DNA-RNA hybrids at the vicinity of
DSBs, which is enhanced by BRCA2-mediated
stimulation of DDX5 DNA-RNA hybrid-unwind-
ing activity [11]. DDX5-BRCA2 interaction fa-
vors DSB repair by homologous recombination,
and DDX5 depletion leads to a genome-wide
accumulation of DNA-RNA hybrids particularly
enriched at DSBs [11]. The studies indicated
that DDX5 can help BRCA2 repair DNA DSBs.

However, if a substantially damaged DNA will
not be effectively repaired, for example due to
DDX5 depletion, cancer cells will have to go into
apoptosis. In our view, increasing cancer cell
malignant potential or cancer cell death (apop-
tosis) are the two possible outcomes of a single
process, with the decision made by key regu-
latory proteins including DDX5/p68 which is
dependent on the amount of DNA damage and
genomic instability intensity (i.e., increased ma-
lignant potential with limited DNA repair vers-
us death if the genomic damage cannot be
repaired).

Does the DDX5’s DNA repair function play a
role in pancreatic ductal adenocarcinoma?

Pancreatic cancer, especially the most com-
mon type, pancreatic ductal adenocarcinoma
(PDAC, >85%), is known to be a highly malig-
nant and extremely difficult-to-treat cancer and
represents ~8% of all cancer-related deaths
[12]. Pancreatic cancer has the lowest 5-year
survival rate (10%) among all cancers, with the
survival in advanced and metastatic disease
being only ~3% [12]. Unfortunately, both pan-
creatic cancer incidence and mortality contin-
ues to increase annually [12]. Furthermore,
pancreatic cancer is expected to become the
second largest cause of cancer-related death
by 2030 [13]. These facts indicate that this
highly malignant disease should have high ge-
nomic instability. The question is: what could
the effect of DDX5’s DNA repair function be on
the pancreatic cancer malignant behavior?

Because the studies on DDX5's DNA repair
function mainly employed cancer cells (U20S
osteosarcoma, Hela, K562), this raises an
intriguing possibility that at least in certain
types of cancer, if the cancer DNA instability
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intensity is high (i.e., having high potential ma-
lignancy), DDX5 may play a role in stabilizing
cancer DNA instability in some degree (i.e.,
inhibit malignant transformation) before treat-
ment. This notion is consistent with a recent
(and also the first) study on DDX5 with PDAC
[14]. The study was to determine the DDX5
expression using immunohistochemistry (IHC)
on a tissue microarray (TMA) that was con-
structed with surgery-obtained tissues from
230 PDAC patients who have no preoperative
treatment (e.g., no chemotherapy and/or radio-
therapy). The IHC data presented in Figure 2
indicated that “DDX5 was stained positive in
the nuclei of carcinoma cells (A) and negative in
carcinoma cells (B)” [14]. Based on their defin-
ed criterion that “DDX5 expression was consid-
ered high when more than 50% of the cells
were stained and low when less than 50% of
the cells were stained”. DDX5 expression was
low in 148 cases (64.3%) and high in 82 cases
(35.7%) [14]. After analysis of the data with the
corresponding clinical information, these au-
thors concluded that low DDX5 expression was
typically associated with an advanced pT factor
(pT2-pT3: tumor size, >20 mm), lymphatic in-
volvement, advanced tumor-node-metastasis
(TNM) stage (stages IIB, Ill, and V), and venous
involvement [14]. The median overall survival
time of patients in the low versus high DDX5
expression groups was 24 versus 38 months,
respectively [14].

Given that the majority of publications in the
past defined a role of DDX5/p68 in promot-
ing cancer development, metastasis and treat-
ment resistance [3-6], this is a surprising re-
sult. However, the additional role of DDX5/p68
in DNA repair working together with either p53
[8], BCRA2 [11] or other factors (e.g., ATM) [9,
10], may at least partially explain such a sur-
prising result (see below for more discussion).
When a cancer type (e.g., PDAC) has a high
malignant potential (i.e., higher DNA instability
intensity) before treatment, DDX5 may delay
the malignant transformation and tumor pro-
gression of PDAC by stabilizing the cancer cell
genome through facilitation of DNA repair.
However, because DDX5/p68 can also control
and regulate various RNA processing (e.g.,
miRNA, IncRNA), ribosome biogenesis and on-
cogene transcription, downregulation of DDX5
expression and/or inhibition of DDX5 function
will not only induce massive DNA damage
(beyond the repair limit) but also induce strong
apoptotic signaling. Consistent with this no-
tion, previous studies demonstrated that after
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non-DDX5-targeting drug treatment, either with
camptothecin or with heat shock protein 90
(HSP90) inhibitors, the surviving cancer cells
always have high DDX5, while the apoptotic
cells always have low DDX5 (refer to the “DDX5,
anticancer drug and cancer treatment resis-
tance” section below for more information) [15,
16]. This significant finding suggests that DDX5
is a treatment resistant factor. Additionally, it is
worthy to note that the above-discussed PDAC
study excluded the cancer samples from the
PDAC patients who have preoperative treat-
ment [14]. This would abrogate a full evaluation
of DDX5 as a non-DDX5 targeting drug resistant
factor. Furthermore, these authors used per-
centage cell positivity or negativity as a criteri-
on to separate DDX5 high or low in their IHC
study without considering DDX5 expression
intensity in the PDAC cells [14]. This may be
another weakness in their study, which could
make the study incomplete and/or inaccurate,
which left a gap for further studies to get a clear
conclusion.

Additionally, as we pointed out previously, p68
is not an exclusive name for DDX5, because
several other proteins with the MW around 68
kD also use the “p68” term. We should be cau-
tious to avoid confusing citations for DDX5. For
example, the double-stranded RNA-dependent
protein kinase (p68), an interferon-inducible
protein kinase, was cited by the authors of their
DDX5 PDAC paper to support their study results
(Reference 10 in their paper) [14].

There are examples to support that high expres-
sion of an oncogenic and drug target protein
can act as a favorable patient survival factor,
although in most cases the mechanism is not
fully understood. For example, analysis of TCGA
data indicated that high expression of HIF2a in
clear cell renal cell carcinoma (ccRCC) is asso-
ciated with favorable patient survival. How-
ever, studies have demonstrated that targeting
HIF2a for ccRCC treatment is highly effective
and HIF2« is a good target for drug develop-
ment to treat ccRCC tumors [17].

DDXS5 in breast, cervical and endometrial
cancer

In contrast to the PDAC’s incomplete and con-
troversial study discussed above, review of
DDX5/p68-relevant studies from breast, cervi-
cal and endometrial cancer in the literature
indicated a consistent conclusion that p68/
DDX5 is a cancer biomarker and target for can-
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cer prognosis and treatment. We briefly sum-
marize the observations below from the most
relevant publications.

The p68/DDX5 signaling and function in breast
cancer were recently reviewed [18]. Here, we
focus on DDX5 as a breast cancer biomarker
and target. Using an integrative biology study
(quantitative proteomics, global microRNA pro-
filing, and biochemical characterization of cell
lines and tissues) of DDX5 in breast cancer,
Wang et al. found that (1) the expression of
DDX5 protein increased progressively from
luminal to basal breast cancer cells, and corre-
lated positively with that of CD44 in the basal
subtypes; and (2) IHC analyses of tissue micro-
arrays containing over 200 invasive human
ductal carcinomas indicated that DDX5 was
upregulated in the majority of malignant tis-
sues, and its expression is strongly correlated
with those of Ki67 and EGFR in the triple-nega-
tive breast cancer (TNBC) tumors [19]. These
authors further showed that (3) DDX5 regulated
a subset of microRNAs including miR-21 and
miR-182 in basal breast cancer cells; (4) kno-
ckdown of DDX5 resulted in reorganization of
actin cytoskeleton and reduction of cellular pro-
liferation in parallel with miR-182 downregula-
tion; and (5) treatment with miR-182 inhibitors
resulted in morphological phenotypes resem-
bling those induced by DDX5 knockdown [19].
After pathway and network analyses with bioin-
formatics tools, these authors concluded that
their results reveal a new functional role of
DDX5 in breast cancer via the DDX5-->miR-
182-->actin cytoskeleton pathway, and suggest
the potential clinical utility of DDX5 or miR-182
in the theranostics of breast cancer [19].

Using breast cancer cells as studying models,
Mazurek et al. found that (1) DDX5 plays an
important role in G-S-phase transition by
directly regulating DNA replication factor ex-
pression through promoting the recruitment of
RNA polymerase Il to E2F-regulated gene pro-
moters; (2) the DDX5 locus is frequently ampli-
fied in breast cancer; and (3) breast cancer
cells with DDX5 amplification show much more
sensitivity to DDX5 depletion for treatment
(e.g., trastuzumab) than cells without DDX5
amplification [20], indicating a role of DDX5 in
cell resistance and proliferation. These authors
proposed that given the high frequency of DDX5
amplification in breast cancer, DDX5 is a prom-
ising candidate for targeted therapy of breast
tumors. Here, we should point out that the find-
ing of DDX5 helping to correct DNA replication
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[20] is consistent with the role of DDX5 in DNA
repair as shown in recent studies [9, 10].

Lyer et al. showed that (1) elevated p68 expres-
sion in a cohort of human breast cancers is
strongly associated with elevated levels of the
oncogenic Polo-like kinase-1 (PLK1); (2) pa-
tients expressing detectable levels of both p68
and PLK1 have a poor prognosis; and (3) in the
absence of a functional p53, p68 stimulates
the expression of PLK1 at basal levels and also
in response to the clinically relevant drug, eto-
poside, while silencing of p68 expression down-
regulates PLK1 gene expression [21]. These
authors also found a competitive/opposing re-
gulation of PLK1 by p68 versus by p53: While
the association of p68 with the PLK1 promoter
is irrespective of the p53 status, p68 recruit-
ment to the PLK1 promoter is stimulated by
etoposide in cells lacking p53 [21].

Given that nuclear accumulation of B-catenin
is important for cancer development, it was
found that p68 can be transcriptionally upregu-
lated by Wnt/B-catenin signaling in breast can-
cer cells [22]. This finding further strengthens
the involvement of DDX5/p68 in breast cancer
progression. Furthermore, a recent study re-
ported that using both proteomic and genomic
approaches, DDX5 was found to be the most
enriched Fra-1-interacting protein and involved
in the Fral transcriptional network [23]. This is
important because it is known that Fra-1 (a
member of the AP-1 family) is overexpressed in
TNBC and plays a crucial role in breast cancer
growth. These authors demonstrated that (1)
DDX5 expression enhances Fra-1 transcription-
al activity and potentiates Fral-driven cell pro-
liferation; (2) the DDX5-targeting gene signa-
ture predicts poor clinical outcome in breast
cancer patients; and (3) the DDX5 protein level
was higher in triple-negative basal-like tumors
than in non-basal-like tumors, including luminal
A, luminal B, and Her2-enriched subtypes [23].
Collectively, the authors stated that they re-
vealed a role for DDX5 as a regulatory protein of
Fra-1 signaling and found that DDX5 is a poten-
tial therapeutic target for TNBC.

In cervical cancer, it was shown that (1) p68
MRNA and protein levels are significantly en-
hanced in cervical cancer cell lines (CaSki,
HPV18-positive HelLa, HPV16-positive SiHa and
HPV-negative C-33A) compared with the human
keratinocyte HaCaT cell line; (2) overexpression
of p68 induced an elongated and spindle-sh-
aped morphology in CaSki cells; (3) upregu-
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lation of p68 increased the expression of
a-smooth muscle actin, vimentin and fibronec-
tin, while epithelial marker E-cadherin was sig-
nificantly decreased; (4) overexpression of p68
markedly enhanced CaSki cell migration capac-
ity; and (5) knockdown of p68 partially revers-
ed TGF-Bl-induced changes in epithelial-mes-
enchymal transition (EMT) markers and cell
morphological changes [24]. Based on these
observations, the authors concluded that p68
promotes EMT in cervical cancer cells.

In endometrial cancer (EC), it was reported that
(1) the expression of hepatoma-derived growth
factor (HDGF) and DDX5 was positively corre-
lated in EC tissues; (2) high expression of DDX5
constituted an unfavorable factor with respect
to the clinicopathological characteristics of EC
tissues, and the high expression of HDGF and
DDX5 led to a worse prognosis for patients with
EC; (3) knockdown of HDGF expression signifi-
cantly decreased EC cellular proliferation, mi-
gration, invasion in vitro and tumorigenesis
and metastasis in vivo, while overexpression
of DDX5 reversed the suppression of shHDGF;
and (4) mechanistically, the authors found that
HDGF interacts with DDX5 and DDX5 interacts
with B-catenin, while HDGF does not interact
with B-catenin [25]. The authors proposed that
HDGF interacts with DDX5 and promotes the
progression of EC through the induction of
B-catenin.

In summary, all of the relevant studies in bre-
ast, cervical and endometrial cancers indicated
that DDX5 is an oncogenic biomarker and tar-
get for these cancers’ prognosis and treat-
ment.

DDXS5 in colorectal and intestinal cancer

Consistent observations for DDX5/p68 as an
oncogenic biomarker and target were also
obtained from colorectal cancer (CRC) in the lit-
erature. A brief review of these studies is pro-
vided below.

Early studies using 50 colorectal adenocarci-
noma specimens via IHC and Western blot
analyses revealed that (1) p68 protein but not
MRNA, is consistently overexpressed in tumors
when compared with matched normal tissue;
(2) the accumulated p68 showed poly-ubiquiti-
nation; and (3) the overexpressed, ubiquitylat-
ed p68 is observed in both pre-invasive and
invasive lesions, suggesting that the dysregula-
tion of p68 expression occurs early during tu-
mor development [26]. It was also found that

5197

(1) the expression of p68/DDX5 and the func-
tionally associated homolog p72/DDX17 st-
rongly increases during the transition of polyp
to adenoma to adenocarcinoma in the colon;
(2) p68/p72 form complexes with B-catenin
and promote B-catenin to activate gene tran-
scription of multiple oncogenes (c-Myc, cyclin
D1, c-Jun, and Fra-1); and (3) knockdown of
p68/p72 leads to reduced expression of the
p68/p72-targeting genes in parallel with inhib-
iting colon cancer cell proliferation and tumor
formation [27]. The authors proposed that
p68/p72 overexpression is not only a potential
marker of colon cancer but is also causally
linked to this disease. Therefore, p68 and p72
may be novel targets in the combat against
colon cancer [27].

Another study showed that IHC analyses of the
expression of fructose-bisphosphate aldolase
A (ALDOA) and DDX5 on a tissue microarray
(TMA, containing 141 specimens from 105
CRC patients) revealed that (1) ALDOA and
DDX5 were highly expressed in CRC tissues
and liver metastatic CRC tissues compared
with normal glandular epithelium tissues; and
(2) primary CRC tissues highly expressing
ALDOA or DDX5 had poor outcome compared
with patients who had low expression of those
proteins [28]. The authors concluded that high
levels of ALDOA and DDX5 contribute to the
aggressiveness and poor prognosis of CRC and
ALDOA/DDX5 expression could be biomarkers
for the prognosis of CRC.

It was also reported that (1) the IncRNA NEAT1
expression is significantly upregulated in CRC
tissues compared with its expression in normal
tissues; (2) NEAT1 directly bound to DDX5 and
sequentially activated the Wnt/B-catenin sig-
naling pathway via DDX5, and fulfilled its onco-
genic functions in a DDX5-mediated manner;
and (3) analysis of 71 CRC clinical samples with
patient outcomes indicated that concomitant
NEAT1 and DDX5 protein levels negatively cor-
related with the overall survival and disease-
free survival of CRC patients [29]. The authors
concluded that NEAT1 activated Wnt signaling
to promote CRC progression and metastasis
through the NEAT1/DDX5/Wnt/[B-catenin axis,
which could be a potential therapeutic target.

One mechanism for DDX5 to promote colorec-
tal oncogenesis is through DDX5 in coopera-
tion with B-catenin and NF-kB to upregulate
AKT transcription and inhibit the tumor sup-
pressor FOXO3a protein level in an AKT-de-
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Figure 1. Chemical structures of the compounds that have been discussed in this review article. Each compound
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pendent manner [30]. Another mechanism is
that DDX5 can alternatively cooperate and ac-
tivate Stat3 to increase Stat transcriptional ex-
pression, and subsequently, DDX5/Stats coop-
eratively activate the Stat3 target gene Mcl-1
[31]. An additional mechanism could be through
DDX5 involvement of various IncRNAs to pro-
mote tumorigenesis [32]. Additionally, use of a
mouse model found that knockout of DDX5 in
epithelial cells protected mice from intestinal
tumorigenesis and dextran sodium sulfate
(DSS)-induced colitis [33].

Based on all of the available observations de-
rived from these studies on DDX5/p68 in the
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literature, it is safe to conclude that DDX5/p68
is an oncogenic biomarker and target in CRC
and intestine cancer.

DDX5 in gastric cancer

DDX5 as an oncogenic biomarker and target
was also proposed in the studies on gastric
cancer. A brief review of the most relevant stud-
ies is presented below.

Using proteomics combined with boronate-
affinity pull-down, it was found that (1) epiga-
llocatechin-3-gallate (EGCG, Figure 1A), the
most abundant polyphenol in green tea, direct-
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ly binds to p68 in AZ521 human gastric cancer
cells; and (2) exposure of AZ521 cells to EGCG
lowered the p68 level through proteasomal
degradation and inhibits AZ521 cell prolifera-
tion [34]. Similarly, another study showed that
(1) DDX5 is significantly upregulated in gastric
cancer tissues compared with the paired adja-
cent normal tissues; (2) knockdown of DDX5
inhibited gastric cancer cell proliferation, colo-
ny formation and xenografts growth, whereas
ectopic expression of DDX5 promoted these
cellular functions; and (3) mechanically, DDX5
induced gastric cancer cell growth by activating
MTOR/S6K1, and inhibition of mTOR signaling
by the mTOR inhibitor everolimus (Figure 1B)
significantly attenuated DDX5-mediated cell
proliferation [35]. The authors indicated that
DDX5 may serve as a therapeutic target in gas-
tric cancer. Additionally, it was also shown that
IncRNA MIAT was highly expressed in gastric
cancer tissues and cell lines and regulates
miR-141/DDX5 pathway; knockdown of MIAT
impaired gastric cancer cell proliferation and
metastasis by inhibiting DDX5 expression [36].

DDX5 in gliomas

Review of the studies relevant to human glio-
mas also supports the notion that DDX5/p68 is
a glioma prognostic/diagnostic biomarker and
target. We briefly review these studies below.

It was reported that (1) p68 protein levels we-
re significantly elevated in high-grade gliomas
compared to low-grade gliomas and normal
adjacent brain tissues; (2) the expression of
p68 was significantly associated with poorer
overall survival and enhanced resistance to
treatment with radiotherapy plus temozolomide
for glioma patients; (3) ectopic expression of
p68 enhanced glioma cell proliferation both in
vitro and in vivo, but knockdown of p68 pre-
vented glioma cell proliferation [37]. Further-
more, through a tandem affinity purification
assay, they found that (4) p68 binds on NF-kB
p50 and induces p50 accumulation in the
nucleus through release of NF-kB p50 from
IkBa and increased NF-kB p50 transcription
activity on target gene; and (5) knockdown of
NF-kB p50 rescued the phenotypes induced by
p68 both in vitro and in vivo [37]. These authors
concluded that p68 induces glioma tumor
growth through binding with NF-kB p50, regu-
lating p50 nucleus accumulation and transcrip-
tion activity [37]. Their follow-up studies throu-
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gh microarray analysis further revealed that (1)
dual specificity phosphatase 5 (DUSP5) is a
downstream target of p68, and negatively regu-
lated by p68; and (2) downregulation of p68 or
upregulation of DUSP5 in U887 and LN-229 glio-
ma cells suppressed proliferation, invasion,
and migration in parallel with the inhibition of
ERK phosphorylation, whereas downregulating
DUSP5 rescued the level of ERK phosphoryla-
tion [38]. Additionally, it was found that the
IncRNA, LINCO11186, directly binds to DDX5 in
glioma cells and is significantly upregulated in
glioma, and positively correlated with clinical
malignancy and survival prognosis [39]. LIN-
C01116 overexpression enhanced IL-13 tran-
scription by recruiting DDX5 to the IL-1( pro-
moter in glioma cells to enhance IL-1[3 expres-
sion to attract tumor-associated neutrophils
(TANSs) into tumor microenvironment to promote
tumor cell proliferation [39].

It was also reported that (1) DDX5 and DDX17
expression is upregulated in glioma tissues
compared to normal brain tissues; (2) the in-
creased expression of DDX5 and DDX17 is fo-
und to be strongly associated with worse over-
all glioma patient survival; and (3) higher ex-
pression of both DDX5 and DDX17 predicted
shorter clinical survival time for high-grade glio-
ma patients with radiotherapy or chemotherapy
[40]. The authors concluded that overex-
pressed DDX5 and DDX17 are involved in the
clinical progression and poor prognosis of glio-
ma patients, and their upregulation can be
used as a reliable clinical predictor for tumor
diagnosis and glioma patient survival [40].

DDXS5 in leukemia

Data collected from the studies on various
types of human leukemia indicated that DDX5/
p68 is also a biomarker and target in leukemia.
A brief review of the relevant studies is provid-
ed below.

It is known that aberrant Notch signaling repre-
sents an important oncogenic mechanism for T
cell acute lymphoblastic leukemia (T-ALL), an
aggressive subset of the most common malig-
nant childhood ALL. In this regard, MAML1 is a
major transcription coactivator that regulates
Notch oncogenic activities in leukemic cells,
although the underlying mechanism is unclear.
Lin et al. found that (1) DDX5 interacts with
MAML1 in the MAML1 protein complex, and is
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associated with the endogenous Notch 1 tran-
scription activation complex in human T-ALL
leukemic cells; (2) knockdown of DDX5 resulted
in the decreased expression of Notch target
genes, reduced cell proliferation and increased
apoptosis in leukemic cells, while DDX5 deple-
tion inhibited the growth of human leukemia
xenograft in nude mice; and (3) DDX5 is highly
expressed in primary human T-ALL leukemic
cells [41]. The authors proposed that DDX5
may be critical for Notch 1-mediated T-ALL pa-
thogenesis and a potential new target for mod-
ulating the Notch signaling in leukemia [41].
Similarly, Mazurek et al. found that acute mye-
loid leukemia (AML) cells, but not normal bone
marrow cells, are dependent on DDX5 [42]. This
conclusion is based on the fact that inhibition
of DDX5 expression (1) slows AML cell prolifera-
tion in vitro and AML progression in vivo but
is not toxic to normal bone marrow cells; (2)
induces apoptosis in AML cells via induction of
reactive oxygen species (ROS); either Bcl2 over-
expression or treatment with the ROS scaven-
ger N-acetyl-L-cysteine can block DDX5 inhibi-
tion-induced apoptosis; and finally (3) DDX5 is
dispensable for normal hematopoiesis and tis-
sue homeostasis [42]. In our view, if these ob-
servations can be repeated, we believe that
these findings make DDX5 an ideal target in
AML without inducing normal hematopoiesis
toxicity.

Consistent with the role of DDX5 in T-ALL and
AML, using a DDX5-targeting human mAb (2F5),
Wu et al. demonstrated that (1) 2F5 selectively
inhibits acute promyelocytic leukemia (APL) cell
proliferation without toxicity to normal neutro-
phil and tissues; (2) 2F5 induces GO/G1 phase
arrest in APL cells, and promotes APL cell dif-
ferentiation in parallel with decreased DDX5
expression and increased ROS production; and
(3) knockdown of DDX5 inhibits APL cell prolif-
eration, promoted cell differentiation and en-
hanced ROS production in APL cells, which can
be reversed by treatment with ROS inhibitors
[43]. Thus, these authors concluded that 2F5
showed the therapeutic value and may provide
a novel and valid approach for treatment of
relapse/refractory APL [43].

Combining the observations derived from the
studies on various types of leukemia (T-ALL,
AML, APL), we can conclude that DDX5 is a
biomarker and target for multiple leukemia
diseases.
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DDXS5 in liver cancer

Review of the available studies relevant to DD-
X5 in human hepatocellular carcinoma (HCC) in
the literature indicated some inconsistent stu-
dies. This may be partially attributed to the un-
certainties of the study models/systems used,
including HCC cell/tumor models with or with-
out virus infection (e.g., hepatitis B virus/HBV
or hepatitis C virus/HCV), as well as other
uncertainties such as whether there is an in-
volvement of the double sword property of
autophagy. However, after reviewing all of the
relevant studies, we conclude that DDX5 can
still act as a valid biomarker and target in HCC
cancer. Our review and discussion are present-
ed below.

An early study indicated that the expression of
seven genes (Dger8, p68, p72, Dicer, Ago3,
Ago4 and Piwil4) was significantly decreased in
primary HCC, especially in non-viral HCC sub-
types, compared to the non-cancerous liver;
the reduction of two of these genes (Dicer and
p68) in HCC was associated with poor progno-
sis [44]. This could be simply explained as the
loss of DDX5 genome repair function would
increase HCC malignancy. However, although
the mechanism is not fully understood, chronic
HBV infection is a major factor contributing to
HCC pathogenesis. In this regard, knockdown
of DDX5 enhanced transcription from the ch-
ronic HBV minichromosome, and paradoxically,
chronically infected HBV patients with HCC
expressed reduced DDX5 and exhibited poor
prognosis after tumor resection [45]. The au-
thors stated that they identify DDX5 as an
important player in poor prognosis HCC [45].
Their follow-up studies indicated that DDX5 pro-
motes autophagy and suppresses tumorigene-
sis; patients with low DDX5 expression showed
poor prognosis after tumor resection; and miR-
17-5p downregulated DDX5 and impaired au-
tophagy [46]. In our view, this could be well
explained by a possible role of DDX5 in HCC
genome DNA repair to control HCC over malig-
nancy in the defined conditions.

Another study indicated that DDX5 expression
was upregulated in HCC tumors, and the ecto-
pic expression of DDX5 abrogated the tumor-
suppressive effect of the knockdown of TINCR
(@ newly identified IncRNA) [47]. Furthermore,
si-TINCR-induced inactivation of AKT signaling
was rescued by overexpression of DDX5 [47].
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Consistently, knockdown of DDX5 decreased
Akt as well as p-Akt (S473) expressions [48].
These findings suggested that DDX5 facilitated
HCC cell growth via the Akt signaling pathway.
These authors concluded that DDX5 played a
crucial role in HCC proliferation and tumorigen-
esis and may be a novel prognostic marker and
potential therapeutic target for HCC [48].

A very recent study has further strengthened
the biomarker and target role of DDX5 in HCC.
Zhang et al. found that HSP9O interacts directly
with DDX5 and inhibits DDX5 protein degrada-
tion in the AMPK/ULK1-regulated autophagy
pathway, and the subsequent accumulation of
DDX5 protein induces the malignant phenotype
of HCC through activating the B-catenin signal-
ing pathway [49]. Furthermore, silencing of DD-
X5 or treatment with HSP9O inhibitor (STA9090,
Figure 1C) blocked in vivo tumor growth in a
murine HCC xenograft model; high levels of
HSP90 and DDX5 protein were associated with
poor prognosis [49]. These authors concluded
that (1) HSP9O interacted with DDX5 protein
and subsequently protected DDX5 protein from
AMPK/ULK1-regulated autophagic degradati-
on, and (2) DDX5 and HSP9O are potential ther-
apeutic targets for HCC [49].

In summary, these studies indicate that DDX5
appears to be a cancer biomarker and target
for HCC therapeutics. However, it also begs the
question of why DDX5 can delay or inhibit the
development of malignancy before treatment in
some cases, when otherwise it clearly acts as
an oncogene and is an oncogenic biomarker
and target. As we discussed before, it is likely
that if cancer has a high malignancy (i.e., high
genome instability), such as PDAC, it is likely
that DDX5’s DNA repair role can decrease the
malignant potential before treatment. However,
when DDX5 expression and/or its multiple func-
tions are abrogated, the malignant cancer cells
will be turned into massive apoptosis regard-
less of the degree of cancer malignancy levels.

DDXS5 in lung cancer

It was shown that (1) DDX5 was significantly
overexpressed in non-small-cell lung cancer
(NSCLC) tissues compared with the matched
normal adjacent tissues; (2) overexpression of
DDX5 was associated with advanced clinical
stage, higher Ki67 index, and shorter overall
survival in NSCLC patients; (3) upregulation of
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DDX5 promoted proliferation of NSCLC cells in
vitro and tumor growth of NSCLC xenografts in
vivo, whereas downregulation of DDX5 showed
the opposite effects; (4) DDX5 directly interact-
ed with B-catenin, promoted its nuclear translo-
cation, and co-activated the expression of cy-
clin D1 and c-Myc, while silencing [-catenin
significantly abrogated DDX5-induced cyclin D1
and c-Myc expression and proliferation in NS-
CLC cells [50]. This suggests that B-catenin
functions as a critical mediator for signaling
DDX5 function. These authors proposed that
DDX5 may serve as a novel prognostic marker
and potential therapeutic target in the treat-
ment of NSCLC [50]. Similarly, Fu et al. demon-
strated that preventing lung adenocarcinoma
(LADC) cell growth, metastasis, and chemore-
sistance by the tumor suppressor miR-296-3p
can be suppressed by hepatoma-derived gr-
owth factor (HDGF) direct interaction with DDX5
to activate the B-catenin/c-Myc pathway [51].
Consistently, reduced miR-296-3p in clinical
samples associated with HDGF/DDX5 signal-
ing increase and is an unfavorable factor [51].
Another study revealed that the tumor suppres-
sor function of miR-431 is through miR-431
directly binding on the 3'-UTR of DDX5 to de-
grade DDX5 [52]; accordingly, the authors sh-
owed that miR-431 expression was significant-
ly lower in 122 lung cancer tissue samples
compared to the adjacent normal tissues [52].
In contrast, the tumor-promoting function of
LncRNA FGD5 antisense RNA1 (FGD5-AS1) in
NSCLC cells is through positively regulating the
expression of DDX5 via suppressing miR-493-
5p, which is associated with enlarged tumor
size and lymph node metastasis of the patients
[53].

Interestingly, it was also found that (1) DDX5
depletion in small cell lung cancer (SCLC) spe-
cifically reduced intracellular succinate (a TCA
cycle intermediate serving as a direct electron
donor to mitochondrial complex Il); (2) DDX5 is
overexpressed in SCLC cell lines and its down-
regulation resulted in various metabolic and
cellular alterations in parallel with reduced gr-
owth and mitochondrial dysfunction [54]. These
authors proposed that the oncogenic role of
DDX5, at least in part, manifests as upregula-
tion of respiration to support the energy de-
mands of cancer cells [54].

Based on all of the observations derived from
the reviewed studies, we conclude that DDX5
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could use multiple ways to express its oncogen-
ic property as a cancer biomarker and target in
lung cancer.

DDXS5 in osteosarcoma

Osteosarcoma (OS) is a common primary bone
malignant tumor, and currently, there are no
effective therapeutic regimens for OS treat-
ment. Recent studies indicated that DDX5 is an
OS biomarker and target. We briefly summarize
these studies below.

It was found that (1) DDX5 interacted with the
transcription factor 12 (TCF12, an important
molecule in the Wnt signaling pathway) in both
OS tissues and MG63 cells; (2) the expression
of both DDX5 and TCF12 proteins was signifi-
cantly higher in OS patients tissues and in the
0S MGG63 cells than in the corresponding nor-
mal tissues and human osteoblast cell hFOB
1.19; (3) overexpression of both DDX5 and
TCF12 was associated with clinicopathological
features and poor prognosis of OS patients; (4)
siRNA knockdown of DDX5 not only inhibited
MGG63 cell proliferation, migration and inva-
sion, respectively, but also promoted apoptosis
of MG63 cells; and (5) DDX5 knockdown also
inhibited the expression of TCF12 and decre-
ased the mRNA and protein levels of Cyclin
E1 (an important regulator of G1 to S phase
progression) [55]. The authors concluded that
DDX5 interacts with TCF12 and promotes the
progression of OS by stimulating cell cycle pro-
gression, and thus, DDX5 and TCF12 could be
potential biomarkers for the diagnosis and
treatment of OS [55].

Interestingly, another study found that the long
non-coding RNA (IncRNA) DLEU1 upregulated
DDX5 through the miR-671-5p/DDX5 pathway
to realize its oncogenic function in promoting
OS cell proliferation, migration, invasion and
tumor progression [56]. Supportively, another
very recent study found that the circular RNA,
Circ-XPR1 was upregulated in OS, which in turn
upregulated DDX5 through inhibiting miR-214-
5p, and knockdown of Circ-XPR1 significantly
reduced DDX5 and OS cell proliferation [57].

DDX5 in prostate cancer
Androgen receptor (AR) is known to be a critical

protein molecule extensively involved in pros-
tate cancer development and treatment resis-
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tance. Clark et al. found that (1) the interaction
of p68 with AR in prostate cancer (PCa) LNCaP
cells resulted in the recruitment of AR and p68
to the promoter region of the AR-regulated
prostate-specific antigen (PSA) gene; (2) RNAI
silencing of p68 reduced AR-regulated PSA
expression; (3) tyrosine phosphorylation of p68
by c-Abl kinase enhances the coactivation of
ligand-dependent transcription of AR-regulated
luciferase reporters, independent of ATP-bind-
ing; and (4) increased expression of p68 in PCa
compared with benign tissue were revealed in
a prostate TMA containing 147 cancer and 44
benign biopsies [58]. Their follow-up study indi-
cated that (1) p68 interacts with B-catenin in
PCa cell nuclei [59]. The PCa cell models used
in the study were the androgen-dependent
LNCaP cells but androgen independent in a
hormone refractory derivative of the same cell
line being representative of a castration resis-
tant PCa (CRPC) disease type; and (2) p68
interacts with RNA polymerase Il (RNAP II) and
is recruited to the elongating regions of the
AR-mediated PSA gene and possibly facilitat-
ing RNAP Il transcription of AR-mediated genes
[59]. The significance of these studies is the
identification of p68 as a novel AR and [-ca-
tenin transcription coactivator in PCa and thus
p68 possibly plays a role in PCa progression to
hormone-refractory disease.

Additionally, using resveratrol-immobilized be-
ads, Taniguchi et al. identified 11 novel resvera-
trol-binding proteins and one of the 11 proteins
is DDX5. They found that (1) treatment with res-
veratrol induced degradation of DDX5 in PCa
cells; (2) depletion of DDX5 caused apoptosis
by inhibiting mTORC1 signaling; and (3) knock-
down of DDX5 attenuated PCa cell growth and
the inhibitory activities of resveratrol against
mMTORC1 signaling [60].

It was also found that (1) higher level of the
oncogenic LncRNA CCAT1 leads to increased
mortality in CRPC patients; and (2) the CCAT1
protein promotes PCa cell proliferation and
PCa xenograft tumor growth, because CCAT1
acts as a scaffold for DDX5 and AR transcrip-
tional complex to facilitate the expression of
AR-regulated genes in nuclei, thus stimulating
CRPC progression [61]. Additionally, another
study found that DDX5 is fused in frame with
the ETs transcription factor ETV4 in PCa cells
and led to the expression of a DDX5-ETV4
fusion protein [62].
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In summary, these studies support the conclu-
sion that DDX5 is an oncogenic biomarker and
target in the PCa disease.

DDX5 in squamous cell carcinoma (SCC)

The studies relevant to SCC also support the
notion that DDX5 is a cancer biomarker and tar-
get. We briefly review these studies below.

Differential display and Northern blots discov-
ered that p68 was overexpressed in head and
neck SCC (HNSCC) cells but not normal upper
aerodigestive tract mucosal keratinocytes [63].
The authors concluded that p68 may be in-
volved in the process of malignant transforma-
tion or progression of HNSCC [63].

Using 24 human cutaneous SCC tissue speci-
mens and their adjacent tissues plus 6 normal
foreskin samples to compare the expression of
p68 with that of Ki-67 by double immunofluo-
rescent staining, the study found that p68 pro-
tein was overexpressed in all 24 SCC cases
(100%), whereas very low expression of p68
was detected in normal foreskin [64]. More-
over, p68 protein expression was higher in
cases of cutaneous SCC with metastasis than
in cases without metastasis [64]. These au-
thors concluded that the high frequency of p68
expression in cutaneous SCC indicates that
p68 might be involved in the development and
progression of cutaneous SCC.

Another study has shown that in esophageal
SCC (ESCQ) cells, knockdown of DDX5 inhibits
ESCC cell proliferation and metastasis in paral-
lel with the downregulation of CDK2, Cyclin D1,
and Vimentin but the upregulation of E-cadherin
[65]. The authors proposed that the downre-
gulation of DDX5 in ESSC correlates to lower
malignancy and presents a novel target for the
development of new treatment strategies [65].

LncRNA regulates DDX5 in neuroblastoma
and thyroid cancer

Long non-coding RNA (IncRNA) is known to play
essential roles in tumor progression. However,
the functional roles and underlying mecha-
nisms of INcRNAs in pediatric neuroblastoma
(NB) remain elusive. Zhao et al. found that (1)
the IncRNA NHEG1 bound to and stabilized
DDX5 protein through repressing proteasome-
mediated degradation, resulting in B-catenin
transactivation that altered target gene expres-
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sion associated with NB progression; (2) NHEG1
harbored oncogenic properties via its interplay
with DDX5; (3) RNAI silencing NHEG1 or DDX5
reduced tumor growth and prolonged survival
of nude mice bearing xenograft tumors; and (4)
high NHEG1 or DDX5 expression was associat-
ed with poor survival of NB patients [66]. These
authors concluded that IncRNA NHEG1 exhibits
oncogenic activity that affects NB progression
via stabilizing the DDX5 protein, which may
serve as a potential therapeutic target for NB
[66]. In contrast, but consistently, Yuan et al.
found that one mechanism for the IncRNA
SLC26A4-AS1 to play a tumor suppressor role
in thyroid cancer is through SLC26A4-AS1 si-
multaneous interaction with both DDX5 and the
E3 ligase, TRIM25, to promote DDX5 degrada-
tion through the ubiquitin-proteasome pathway
[67].

These studies also support the general notion
that DDX5 is a cancer biomarker and target in
neuroblastoma and thyroid cancer.

DDX5, anticancer drug and cancer treatment
resistance

DDX5 and camptothecin

In an attempt to answer why seemingly identi-
cal cells respond differently to a drug, Cohen et
al. studied the dynamics and variability of the
protein response of human cancer cells to
camptothecin (CPT, a well-characterized drug
with topoisomerasel as its therapeutic target)
using a dynamic-proteomics approach [15].
They found that the cells differ in the behavior
of a subset of proteins corresponding to the
outcomes: cell death or survival. Specifically, it
was found that DDX5 and the replication factor
RFC1 show cell-cell differences that correlated
with cell fate. DDX5 increased markedly in sur-
viving cells. In contrast, cells that underwent
morphological changes associated with cell
death showed decreased DDX5 [15]. Then, the
authors asked whether DDX5 plays a functional
role in the response to CPT. They knocked down
DDX5 by RNAi and found that after adding CPT
to the DDX5-silenced cells, the cell death rate
doubled when compared with cells treated with
nonspecific RNAi or no RNAI [15]. These results
indicate that DDX5 rises in cells that survive
and decreases in cells that die, and silencing
DDX5 causes accelerated cell killing by CPT.
Therefore, DDX5 may play a functional role in
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the escape of cells from the CPT action as the
CPT resistant factor.

Relevant to the studies discussed above [15],
it was recently reported that in osteosarcoma
(0S) cell models, camptothecin induces DDX5
degradation [68]. However, we have identified
several serious inconsistencies in this publica-
tion. For example, the word “camptothecin
(cpt)” was used in the Title and Abstract but in
the second paragraph of the Introduction, the
authors stated that “Recently, cpt has been
shown diverse anticancer properties against
various tumors in humans [3-7]". Interestingly,
references 3-7 are about a different small mol-
ecule called cryptotanshinone (Figure 1D) not
camptothecin (Figure 1E). Because camptoth-
ecin has been known to possess antitumor
activity against various human cancers for
more than 5 decades, we believe that the “cpt”
compound used in their study was likely crypto-
tanshinone but not camptothecin. Additionally,
there are inconsistencies in the paper [68]. For
example, the Figure 3E result with 2 h and 4 h
cpt treatment in their paper is not consistent
with the Figure 3E-quantified data shown in
Figure 3F with 2 h and 6 h; and the Figure 4A
(NC panel) showing significant DNA damage
(YH2AX positivity) in the absence of cpt treat-
ment is not consistent with Figure 4C showing
no yH2AX positivity without cpt treatment. In
summary, the data and conclusion presented
in this paper should be reviewed with caution
until the inconsistencies can be clarified and
additional studies are performed [68].

DDX5 and HSP9O0 inhibitor

We discussed the finding that DDX5 markedly
increased in surviving cells and significantly
decreased in dying cells after CPT treatment in
the study reported by Cohen et al. [15]. The
authors from the same PI group further asked
whether bimodality is a special case for CPT, or
whether it occurs for other drugs as well. To
address this, the authors tested an HSP9O
inhibitor (HSP9O0i, a drug with a different mech-
anism of action from CPT) [16]. Using single-
cell dynamic proteomics to follow 100 proteins
in space and time, they found bimodal dynam-
ics (increasing in some cells and decreasing in
others) for a quarter of the proteins including
DDX5 and RFC1 [16], which were also found in
previous studies with CPT [15]. The two drugs
(CPT, HSP9Oi) shared some aspects in their
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single-cell response. This includes 7 of the
bimodal proteins and translocation of oxidative
response proteins to the nucleus, but differed
in other aspects, with HSP90i (EMD-614684,
Figure 1F) showing more bimodal proteins [16].
Interestingly, the cell cycle phase at drug admin-
istration impacted the probability of cell death
from HSP9Oi but not from camptothecin [16].
These authors concluded that the bimodal pro-
teins associated with cell fate (cell survival or
death) may be potential drug targets to enhan-
ce the effects of therapy [16]. Consistent with
this study, a very recent study reviewed earlier
found that HSP9O interacts directly with DDX5
to protect DDX5 from degradation, and the sub-
sequent accumulation of DDX5 protein induc-
es the malignant phenotype of HCC [49]. High
HSP90 and DDX5 were associated with poor
prognosis [49].

DDX5 and RX-5902

Previous studies indicated that RX-5902 (Fi-
gure 1G) exhibits strong growth inhibition in
various human cancer cell lines with IC, values
ranging from 10-20 nM [69]. Using a drug affin-
ity responsive target stability (DARTS) method
followed by a confirmation with the direct bind-
ing of H-labeled RX-5902 to p68 RNA helicase
(DDX5), Kost et al. found that Y593 phospho-
p68 is a cellular target of RX-5902 [70]. They
further showed that RX-5902 inhibited the
B-catenin-dependent ATPase activity of p68
RNA helicase in an in vitro system, and that
treatment of cancer cells with RX-5902 result-
ed in the downregulation of the expression of
certain genes (e.g., c-Myc, cyclin D1 and p-c-
Jun) relevant to B-catenin pathway [70]. There-
fore, the authors proposed that RX-5902 bin-
ding to Y593 phospho-p68 to inhibit Y593
phospho-p68-B-catenin interactions may con-
tribute to the anticancer activity of this com-
pound [70]. However, the mode of action and
conformational changes of this interaction re-
main elusive. Comparative docking-for-func-
tional analysis of phospho-p68 against RX-
5902 and B-catenin uncovered a spectrum of
structural linkages associated with the molecu-
lar basis of B-catenin-dependent ATPase activ-
ity. These authors believe that this may provide
a platform for the rational design of specific
and potent inhibitors against phospho-p68
with a special emphasis on anticancer activity
[71].
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The efficacy of RX-5902 was further evaluated
in preclinical models of triple-negative breast
cancer (TNBC) [72]. A panel of 18 TNBC cell
lines was exposed to RX-5902, and changes
in proliferation, apoptosis, cellular ploidy, and
effector protein expression were assessed. Ge-
ne expression profiling was used in sensitive
and resistant cell lines with pathway analysis to
explore pathways associated with sensitivity to
RX-5902 [72]. RX-5902 was active in vivo ag-
ainst both cell line and patient-derived xeno-
graft (PDX) tumor models, and showed potent
antiproliferative activity in vitro against TNBC
cell lines with an average IC, , of 56 nM in sensi-
tive cell lines [72]. RX-5902 treatment induced
apoptosis, G2-M cell-cycle arrest and aneuploi-
dy in a subset of cell lines, and decreased
nuclear B-catenin and Mcl-1 [72]. RX-5902
exhibited dose-proportional pharmacokinetics
and plasma and tumor tissue in nude mice
[72]. Pathway analysis demonstrated an in-
crease in the epithelial-to-mesenchymal trans-
formation (EMT), TGFB, and Wnt/beta-catenin
pathways associated with sensitivity to RX-
5902 [72]. Together, the authors believe that
this study supports the continued investiga-
tion of RX-5902 in TNBC and combinations wi-
th immunotherapy.

Subsequently, it was also evaluated whether
B-catenin signaling blockade by RX-5902 would
enhance the efficacy of anti-CTLA-4 and anti-
PD-1 immune checkpoint blockade in immuno-
competent, preclinical models of TNBC [73].
Using immune system-humanized mice im-
planted with MDA-MB-231 xenograft tumors,
the authors showed that the addition of RX-
5902 to CTLA-4 or PD-1 inhibitors resulted in
decreased tumor growth; immunologic analy-
ses demonstrated a significant increase in the
number of activated T cells in tumor infiltrating
lymphocytes (TILs) with RX-5902 treatment
compared to vehicle [73]. In the RX-5902/
nivolumab combination group, there was a sig-
nificant increase in the percentage of CD4+ T
cells in TILs and increased systemic granzyme
B production [73]. These authors summarized
that RX-5902 enhanced the efficacy of Ni-
volumab (a PD-1 blocking antibody) in a hu-
manized, preclinical model of TNBC. Several
changes in immunologic profiles (e.g., an in-
crease in activated TILs and a decrease in
human myeloid populations) were noted in
mice treated with RX-5902 alone or in combi-
nation [73]. RX-5902 could potentiate the
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effects of checkpoint inhibitors of CTLA4 and
the PD-1 inhibitor in the 4 T-1 murine TNBC
model [73]. They concluded that RX-5902 may
have important immunomodulatory, as well as
antitumor activity in TNBC when combined with
a checkpoint inhibitor.

RX-5902 monotherapy in advanced solid tu-
mors for a phase 1 study was registered by
Rexahn Pharmaceuticals, Inc. in 2013 and the
trial was completed at the end of 2019 (https://
clinicaltrials.gov/ct2/show/NCT02003092).
The major results were communicated in 2017
[74]. As of May 2017, 35 subjects (23 Females,
12 males) were treated with oral RX-5902. The
dose limiting toxicities were G4 hyponatremia
(n=1) and G3 fatigue (n=1) at 300 mg adminis-
tered daily for 4 weeks. The maximum tolerated
dose of 250 mg was considered as the recom-
mended Phase 2 dose (RP2D). Of the 35 sub-
jects treated, 15 subjects (breast ER+/PR+/
Her2-, triple negative breast (n=2), cervical
(n=2), neuroendocrine (n=3), paraganglioma,
colorectal (n=3), pancreatic, ovarian, head and
neck cancers) experienced stable disease; 2
subjects have received treatment for >2.5
years. The most common related adverse
events were G1/G2 anorexia, G1/G2 nausea,
G1/G2 vomiting, G1/G2 diarrhea, G1 weight
loss and G1/G2 fatigue. Oral RX-5902 was bio-
available with median T__ of 2 hours and medi-
an elimination half-life of 12 hours [74]. These
investigators concluded that RX-5902 is safe
and well-tolerated at the doses and schedules
tested. The RP2D of 250 mg of RX-5902 admin-
istered daily for 5 consecutive days for 4 weeks
is being studied further in metastatic TNBC in
phase 2 studies [74].

It is recognized that RX-5902 specifically binds
to the Y593 phospho-p68 [70] and controls the
phospho-p68 associated downstream signal-
ing function [70, 71]. However, many studies
suggest that both phosphorylated p68 (a small
portion of the total p68) and unphosphorylated
p68 (the major portion of the total p68) play
important roles in cancer development, metas-
tasis, and treatment resistance. Therefore, it
would be ideal for a drug that could bind to the
p68/DDX5 protein itself and inhibit the func-
tion of both phosphorylated and unphosphory-
lated p68 downstream signaling as well as
the expression of p68/DDX5 in terms of using
DDX5/p68 as a target for high effective cancer
therapeutics.
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DDX5 and simvastatin

Simvastatin is a well-known cholesterol lower-
ing agent, and it belongs to a group of drugs
known as Statins. Clinical trials of simvastatin
(Figure 1H) with other targeted or chemothera-
peutic drugs have been conducted over the
past 15 years in various types of cancer with
both positive and negative outcomes [75-80].
In preclinical studies, simvastatin has also
been found to have antitumor activity in various
types of cancer cells and/or tumor models in-
cluding renal cell carcinoma (RCC), which is
known to have a high mortality rate and steadi-
ly risen incidence as indicated in the recent
review [17]. With this being said, a recent paper
reported that simvastatin suppresses RCC
cells by inhibiting DDX5 expression and increas-
ing the expression of DUSP5 (a dual specificity
protein phosphatase that can de-phosphate
and inactivate ERK1/2 MAP kinase) [81]. Using
various methods, these authors showed that
simvastatinnotonlyinhibitedRCCcellviability, mi-
gration, and invasion, but also regulated the
cell cycle and induced apoptosis [81]. Mecha-
nistically, simvastatin significantly suppressed
DDX5 and promoted DUSP5 expression [81].
These authors concluded that simvastatin-
induced inhibition of RCC is via regulation of
the DDX5/DUSP5 axis [81].

DDX5 and FL118

The FL118 chemical structure is shown in
Figure 1l. By using genetically engineered can-
cer cell models containing the survivin gene
promoter-driven luciferase reporter as an as-
say biomarker [82] through high throughput
screening (HTS) of compound libraries; follow-
ed by in vitro-&-in vivo analyses of the HTS-
resulted hits-to-lead compounds, we discover-
ed FL118 [83]. The chemical structure of FL-
118 is similar to CPT and its analogues, irinote-
can, SN-38 (the active metabolite of irinotecan)
and topotecan. However, FL118 has a unique
structure of “10,11-methylenedioxy”, and none
of the other CPTs has such a structure (Figure
1E, 1J-L). CPTs use topoisomerase 1 (Topl) as
their cancer therapeutic target; high expres-
sion of Topl makes CPTs more effective but
resistant to other chemotherapeutic drugs [84-
86]. In contrast, FL118 does not use Topl as
its major therapeutic target, evidenced by the
fact that inhibition of Topl activity by FL118 is
at the puM level, but inhibition of cancer cell
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growth by FL118 is in the range of pM to low nM
levels [83]. FL118 exhibits high efficacy to
human tumors that have no or low Top1 expres-
sion [87]. This is because FL118 inhibits multi-
ple drug resistance proteins (survivin, MCL-1,
XIAP, clAP2, MDM4) [83, 88] and key DNA dam-
age repair regulators, ERCC1 [89] and ERCC6
[90]. Additionally, ABC efflux pump protein tr-
ansporters are known to be drug resistance
factors for CPTs [91-95]. However, FL118 is not
a substrate of efflux pump protein transporters
such as ABCG2/BCRP and MDR1/Pgp, and can
bypass such protein expression-mediated drug
resistance [96, 97]. Furthermore, it is well kn-
own that TP53/p53 or KRAS mutations are
challenging treatment resistant factors. How-
ever, FL118 exhibited better anticancer effica-
cy in CRC cells with mutant p53 [88], and our
recent studies indicated that FL118 exhibited
even better anticancer efficacy either in human
bladder cancer cells with KRAS mutation or in
human CRC cells with KRAS mutation in com-
parison with bladder cancer cells or CRC cells
with wild type KRAS [98, 99].

It is known that cancer stem cells (CSC) play a
critical role in treatment resistance and metas-
tasis. In many cases, FL118-induced elimina-
tion of human tumor in animal models did not
have tumor relapse by the end of the studies.
This is consistent with the fact that FL118
inhibits CSC markers/targets (ABCG2, ALD-
H1A1, Oct4) and reduces the invasive capabili-
ty of CSC spreading [89]. Our studies also
revealed that FL118 targets drug resistant and
CSC population cells, eliminates human PDAC
tumors and inhibits human PDAC metastasis
in animal models [90]. Additional features for
FL118 include that FL118 is orally available,
highly stable chemically, accumulates and re-
sides in tumors, and is rapidly cleared from the
bloodstream (favorable pharmacokinetics-PK)
[96]. Studies from the CRO Covance Lab indi-
cate that FL118 exhibits favorable toxicity pro-
files in dogs [90]. Furthermore, our collabora-
tive studies demonstrated that the bone ma-
rrow mesenchymal stromal cells (BMMSC)-ren-
dered multiple myeloma (MM) cell resistance
to CAR T cells or NK cells can be abrogated by
FL118 treatment through the inhibition of sur-
vivin, MCL-1 and XIAP [100, 101].

Considering all of these unique characteristics
of FL118, one critical question that needs to be
answered is why FL118 possesses SO many
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Figure 2. The experiment and observation-based diagram of the FL118’s mechanisms of action (MOA). (1) Use of
FL118 affinity purification approach, followed by alternative confirmation, DDX5 was identified as the FL118 direct
biochemical target, which was demonstrated being very important for human PDAC and CRC tumors. Our studies
relevant to PDAC and CRC revealed that the previously identified FL118 downstream targets (e.g., survivin, Mcl-
1, XIAP, clAP2, etc.) are the downstream targets of DDX5. Additionally, FL118 could bypass additional treatment
resistant factors (efflux pump proteins ABCG2 and Pgp, mutated Kras, mutated p53 and mutated APC). (2) Our
collaboration studies also revealed that the bone marrow stromal cells-rendered MM cell resistance to CAR T cells
or NK cells can be abrogated by FL118 treatment; therefore, it would be attractive for FL118 in combination with

immunotherapy for treatment of resistant cancers.

antitumor advantages. We used an FL118
affinity purification approach and identified
FL118 direct biochemical targets [102]. Spe-
cifically, we conjugated FL118 to agarose
beads and made an FL118 affinity purification
column in parallel with a control column with-
out conjugated FL118 on the agarose beads,
then we passed the whole cancer cell lysates
through the FL118 affinity column and the con-
trol column in parallel. After stringently wash-
ing off non-specific protein binding, we eluted
FL118-binding proteins with 8 M urea. After a
series of processes of de-urea, concentration
of the elution solution with nano-Sep Omega
Devices, gradient PAGE gel separation of the
concentrated elution samples, isolation of the
protein band from the gel, in gel digestion, pep-
tide purification, mass spectrometry analysis,
and protein database searching with the identi-
fied peptide sequences, we were able to iden-
tify DDX5/p68 as the direct biochemical target
of FL118 [102]. After alternative confirmation
and isothermal titration calorimetry (ITC) analy-
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sis, we found that FL118 has a very high affinity
with DDX5 protein (K, =34.4 nM). Using our
improved state-of-the art proteomics technolo-
gy [103], we also found that DDX5 is a major
FL118 target (unpublished data). Our data indi-
cated that DDX5 is a major target for FL118 in
PDAC and CRC. We have done numerous stud-
ies on the functional relationship of DDX5 and
FL118. For example, our studies indicated that
survivin, Mcl-1, XIAP, clAP2, mutant Kras are all
downstream targets of DDX5 and that PDAC
patient-derived xenograft (PDX) tumors with
mutant p53 exhibit higher mutant Kras ex-
pression and greater sensitivity to FL118 than
tumors with wild type p53 and wild type Kras
[104].

In consideration of all these findings together,
we outlined an FL118 mechanism of action
model (Figure 2) to explain why FL118 exhibits
high antitumor efficacy in PDAC and CRC, and
why it is desired for FL118 to enter clinical trials
in the near future.
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Conclusion

DDX5/p68 appears to be highly expressed in
various types of cancer tissues in comparison
with the adjacent normal tissues. Although a
few studies reported that high DDX5 expres-
sion may delay tumor malignancy in certain
types of cancer before treatment, the emerg-
ing role of DDX5 in genome DNA repair (pre-
venting excessive genomic instability) could
explain these seemingly paradoxical observa-
tions. Therefore, based on the overwhelming
demonstration in the literature as reviewed in
this article, we conclude that the DNA repair
function of DDX5 plus its RNA helicase and
transcription co-activator functions makes DD-
X5 a superior oncogenic biomarker and target
for targeted cancer therapeutics. This conclu-
sion is consistent with the fact that after non-
DDX5 targeting drug treatment, the final surviv-
ing cancer cells always have high DDX5 ex-
pression, and the dying cells have low DDX5
expression, indicating that DDX5 is a cancer
drug treatment resistant factor. Thus, targeting
DDX5 for cancer therapeutics alone or in com-
bination with immunotherapy (e.g., in the case
of FL118 shown in Figure 2) would be innova-
tive approaches to overcome treatment resis-
tance and increase patient response rates,
while avoiding the high patient toxicity which
often results from multiple chemotherapeutic
drug combination treatment.
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