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The heat shock protein 27 (Hsp27) has emerged as a principal
factor of the castration-resistant prostate cancer (CRPC) pro-
gression. Also, an antisense oligonucleotide (ASO) against
Hsp27 (OGX-427 or apatorsen) has been assessed in different
clinical trials. Here, we illustrate that Hsp27 highly regulates
the expression of the human DEAD-box protein 5 (DDX5),
and we define DDX5 as a novel therapeutic target for CRPC
treatment. DDX5 overexpression is strongly correlated with
aggressive tumor features, notably with CRPC. DDX5 downre-
gulation using a specific ASO-based inhibitor that acts on
DDX5 mRNAs inhibits cell proliferation in preclinical models,
and it particularly restores the treatment sensitivity of CRPC.
Interestingly, through the identification and analysis of DDX5
protein interaction networks, we have identified some specific
functions of DDX5 in CRPC that could contribute actively
to tumor progression and therapeutic resistance. We first
present the interactions of DDX5 and the Ku70/80 heterodimer
and the transcription factor IIH, thereby uncovering DDX5
roles in different DNA repair pathways. Collectively, our study
highlights critical functions of DDX5 contributing to CRPC
progression and provides preclinical proof of concept that a
combination of ASO-directed DDX5 inhibition with a DNA
damage-inducing therapy can serve as a highly potential novel
strategy to treat CRPC.

INTRODUCTION
Prostate cancer (PC) is the second most frequent cancer and the
fifth most common cause of cancer deaths in men.1 Most patients
with advanced PC are treated with standard androgen deprivation
therapy (ADT). Despite the initial response to ADT, patients tend
to suffer from disease evolution to a castration-resistant state
Molec
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(CRPC) with pejorative outcomes.2 The heat shock protein 27
(Hsp27) was found upregulated in the vast majority of CRPC cases
and mediates tumor growth and drug resistance. Hsp27 inhibition
by antisense oligonucleotide (ASO) and small interference RNA
(siRNA) has been revealed to significantly restore tumor sensitivity
to castration and chemotherapy in preclinical models.3–5 We pre-
viously illustrated that Hsp27 stabilizes its critical oncogenic inter-
acting proteins such as eukaryotic translation initiation factor 4 E
(eIF4E), translationally controlled tumor protein (TCTP), and
menin through its chaperon activites.6–8 To get insight into the
network of proteins or cellular functions that are regulated by
Hsp27, a large-scale proteomic analysis was performed in our lab-
oratory, and it suggested that DDX5 is an Hsp27-mediated protein
in PC.8 In addition, the established Hsp27 interactions identified
DDX5 as a potential novel Hsp27-interacting protein in PC cells
but not in the nonmalignant prostatic cells (T.K.L., unpublished
data). DDX5 acts as an oncoprotein in a wide range of cancers
and links to drug response in many studies.9,10 Together, these ob-
servations led us to hypothesize that Hsp27 could confer CRPC
emergence through DDX5, so DDX5 could serve as a high-poten-
tial therapeutic target for CRPC treatment.

DDX5, a member of the DEAD-box RNA helicase family, plays central
roles in gene expression via participating in cellular RNA metabolism
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such as mRNA decay, ribosome biogenesis, splicing, and transcrip-
tion.11,12DDX5 functions as a transcriptional co-activator for a number
of highly regulated transcription factors, including estrogen receptor
a,13 b-catenin,14 androgen receptor (AR),15 and p53.16 DDX5 is over-
expressed in nearly 93% of human cancers10 such as breast cancer17

and PC.18 In addition, DDX5 has been demonstrated to enhance cell
proliferation, metastasis, and resistance to drugs through stimulating
different oncogenic signaling mechanisms.9,10

In PC, DDX5 acts as an AR co-activator of transcription.15 DDX5
interacts with b-catenin, a transcriptional co-regulator of activity;
remarkably DDX5 was shown to promote cell survival and growth
in AR-negative PC cell lines (DU-145, PC-3) by promoting
mTORC1 signaling.19 The oncogenic lncRNA CCAT1 was demon-
strated to activate AR-mediated genes through interacting with
DDX5, thereby promoting PC cell proliferation.20 The previous
study reported that DDX5 overexpression is linked to PC18;
however, whether DDX5 expression level is upregulated in CRPC
remains undefined.

This work aims to further characterize the oncogenic roles of DDX5
in PC, providing perspectives of ASO-directed DDX5 silencing in
CRPC treatment. We show that Hsp27 positively regulates DDX5
protein levels, which in turn are associated with tumor growth and
progression. The tissue microarray analysis (TMA) implies that
DDX5 is a novel therapeutic target for CRPC remedy due to a
strong positive correlation between DDX5 overexpression and
CRPC. An ASO selectively targeting DDX5 mRNAs (DDX5-ASO,
WO2021099394A1, 2021) is developed and illustrated in its high ef-
ficiency in the downregulation of DDX5 expression and cell prolifer-
ation both in vitro and in vivo. In addition, we determine and analyze
DDX5 protein interactions using four human prostate cell lines
(PNT1A, LNCaP,DU-145, andPC-3) recapitulating different disease
stages. Compared with the normal prostate cell (NM) and castration-
sensitive (CS) cells, the DDX5 interaction proteins in the castration-
resistant (CR) cells are exclusively enriched in functions mainly
related to DNA damage response, transcription regulation, RNA sta-
bility, and DNA conformation changes, which could promote tumor
progression and therapeutic resistance in PC. Interestingly, we iden-
tify a new critical role of DDX5 in DNA damage repair in CRPC, and
Figure 1. Hsp27 positively regulates DDX5 expression through preventing DDX

(A) Western blotting (WB) analyzing the protein expression levels of DDX5 and Hsp27

expression is higher in LNCaP-Hsp27 compared with the LNCaP-mock. (B) WB analyz

OGX-427 (an Hsp27-targeting ASO) or control-ASO reveals that DDX5 protein expressio

at transcriptional level. qRT-PCR analysis showed that DDX5 mRNA levels are similar in

Hsp27 are evaluated by qRT-PCR analysis using the PC-3 cells transfected with OGX

Sample t test was performed to compare the relative mRNA levels between two sample

PC-3 cells. **p < 0.01; ns, non-significant. (D) Confirmation of the interaction between Hs

the IP using anti-DDX5 antibody. (E and F) DDX5 stability is controlled by the proteas

bortezomib induces accumulation of DDX5 protein at the indicated times (E). Proteaso

heximide), conserves DDX5 protein levels (F). (G) Hsp27 prevents DDX5 from proteasom

concentration for 2 days, followed by incubation with or without 100 nM bortezomib for

downregulation of DDX5 induced by OGX-427. (H) DDX5 does not control Hsp27 prote

knockdown by OGX-427 or DDX5 downregulation by DDX5-ASO in PC-3 cells. Hsp27
we demonstrate that DDX5 inhibition via DDX5-ASO enhances
treatment sensitivity, which opens new therapeutic perspectives for
PC patients.

RESULTS
Hsp27 highly regulates DDX5 expression via preventing DDX5

protein from proteasomal degradation

Our recent works based on proteomic approaches have suggested that
DDX5 is aHsp27-regulatedprotein8 andprobably interactswithHsp27
in PC cells (T.K.L., unpublished data). Here, we confirmed that the
DDX5 protein level is higher in the LNCaP-Hsp27 than in LNCaP-
mock cells (Figure 1A). Hsp27 depletion by OGX-427 results in
remarkable decreases of DDX5 levels in both LNCaP and PC-3 cell
lines (Figure 1B). However, DDX5 mRNA expression is not altered
under both conditions of Hsp27 upregulation and downregulation
(Figure 1C), implying that Hsp27 does not regulate DDX5 expression
either at transcriptional level or through controlling DDX5 mRNAs
stability.

On the other hand, the interaction between Hsp27 and DDX5 is veri-
fied by western blot following immunoprecipitation (IP) in PC-3 cells
(Figure 1D). Since the ubiquitin-proteasome system was previously re-
ported to mediate DDX5 degradation,21,22 we examined whether
DDX5 protein stability is regulated by the 26 S proteasome in PC.
The CR PC-3 cells were treated with either MG132 or bortezomib
(proteasome inhibitors) with or without cycloheximide (CHX, an in-
hibitor of de novo protein synthesis). DDX5 levels increased in the
presence of the proteasome inhibitors (Figure 1E); meanwhile, they
were stable by the combination of both MG132 and CHX (Figure 1F).
These results indicate that DDX5 degradation is mainly modulated by
the proteasomal machinery in PC. Furthermore, adding bortezomib
reverses the downregulation effect of OGX-427 on DDX5 protein
levels (Figure 1G), suggesting that binding of Hsp27 to DDX5 can pro-
tect DDX5 protein from degradation by the proteasome.

To evaluatewhether bothproteins havemutual effects, we evaluated the
Hsp27 protein expression upon DDX5 silencing. Hsp27 protein level
was not changed due to DDX5 inhibition (Figure 1H). Therefore,
Hsp27 controls DDX5 expression, and DDX5 does not regulate
Hsp27 expression.
5 protein from proteasomal degradation

in LNCaP-mock versus LNCaP-Hsp27 (overexpressed Hsp27) shows that DDX5

ing the protein expressions of DDX5 in the LNCaP and PC-3 cells transfected with

n decreased dramatically upon Hsp27 depletion. (C) Hsp27 does not regulate DDX5

both LNCaP-mock and LNCaP-Hsp27 cells. The mRNA levels of both DDX5 and

-427 or control-ASO. The DDX5 mRNA level is constant upon Hsp27 knockdown.

s: LNCaP-mock versus LNCaP-Hsp27, OGX-427 versus control-ASO-transfected

p27 and DDX5. DDX5 IP followed byWB analysis showed that Hsp27 was present in

ome pathway in PC. Proteasome inhibition using either 10 mM MG132 or 100 nM

me inhibitor combined with an inhibitor of de novo protein synthesis, CHX (cyclo-

e degradation. PC-3 cells were transfected with OGX-427 or control-ASO at 150 nM

24 h. WB analysis shows that the proteasome inhibitor bortezomib can reverse the

in abundance. WB analyses of the DDX5 and Hsp27 expression upon either Hsp27

protein expression is stable upon DDX5 depletion.
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Elevated DDX5 protein expression is strongly associated with

PC progression and castration-resistant phenotype

We examined DDX5 expression by immunohistochemistry (IHC)
in a large tissue microarray series of different stages of PC speci-
mens. As shown in Figures 2A and 2B, PC has a significantly higher
level of DDX5 protein expression than benign prostatic hyperplasia
(BPH). Although we found DDX5 upregulation in high Gleason
scores, no statistical significance was observed, certainly due to
tumor heterogeneity and the small number of samples in the Glea-
son 5 group (n = 32). Among the 266 PC specimens analyzed, Glea-
son grade 5 PC has the strongest DDX5 expression, followed by
Gleason grades 4 and 3 (Figures 2C and 2D). Of note, DDX5 expres-
sion is remarkably upregulated in CRPC, with an average DDX5
staining intensity that is 10.56 times and 7.3 times higher than in
hormone naive and neoadjuvant hormonal therapy (NHT) tumors,
respectively (Figures 2E and 2F). This is in an agreement with DDX5
overexpression observed in CR cell lines (DU-145 and PC-3)
compared with the CS LNCaP cell line (Figure 2G). The DDX5
subcellular localization was persistent across all the specimens.
Furthermore, high expression levels of DDX5 mRNA positively
correlated with poor recurrence-free survival (RFS), where 10-year
RFS values of group “DDX5 high” and “DDX5 low” are 34% and
63%, respectively (p = 1.94 � 10�2, Figure 2H). Taken together,
these results indicate that DDX5 could represent a novel potential
target for CRPC treatment.
ASO-directed DDX5 silencing significantly decreases CRPC

proliferation in both in vitro and in vivo models

To specifically inhibit DDX5 expression, we first designed 93 ASOs
potentially acting on the human DDX5 mRNA sequence (hASO)
(Table S1 and Figure S1). The first screening that tested 13 hASOs
showed that hASO51 effectively inhibitsDDX5 expression (Figure 3A).
Subsequently, the screening of DDX5-ASOs was continued to find out
a bispecific sequence of both human and murine forms (hmASOs),
allowing us to identify potential toxic effects of DDX5 inhibition in
xenografted mice.We tested eight bispecific sequences distributed uni-
formly over the entire target sequence at different locations of the
mRNA in addition to hASO51. The hmASO3 is shown to effectively
downregulate DDX5 protein expression (Figure 3B) and in a dose-
dependent manner like hASO51 (Figure 3C). Moreover, DDX5 inhibi-
tion induced by both hASO51 and hmASO3 results in significant
decreases of cell viability in CR PC-3 (Figure 3D) and in two LNCaP-
derived cell lines (Figure S2).
Figure 2. DDX5 overexpression is associated with tumor progression and CRP

(A) DDX5 expression is significantly higher in prostate cancer (PC) compared with ben

increased DDX5 expression in PC specimens compared with BPH. (C) results show

Representative images of DDX5 staining show increased staining intensity in Gleason gr

expression is extremely higher in castration-resistant prostate cancer (CRPC) patient

Representative images of DDX5 staining show a remarkable increase of DDX5 staining e

PC-3) compared with CS cells (LNCaP). The DDX5 protein level was analyzed by weste

and PC-3). DDX5 protein level was normalized with GAPDH, which was also used as load

at about three times as high as in CS cells. (H) Kaplan-Meier RFS curves in the TCGAPRA

poor recurrence-free survival (RFS). According to the DDX5 mRNA levels, samples were

of 34% and 63%, respectively in a pool of 490 informed patients. *p < 0.05; **p < 0.01
Subsequently, we assessed the effect of DDX5 downregulation via
DDX5-ASO (hmASO3) on the development of PC-3 xenograft tumors.
The mice group treated with DDX5-ASO had a significant delay in tu-
mor growth compared with the group treated with control-ASO
(***p < 0.001, using repeated measures ANOVA) (Figures 3E and S3;
Table S2). Furthermore, the population pharmacodynamic modeling
approach was used to characterize the tumor growth kinetics and to
quantify the effect of the ASO treatment on tumor size evolution.23

The Gompertz model was selected as it can reflect the sigmoidal nature
of growth and fit to the observed data significantly better than other
models (Figure 3F, left and middle panels, and supplemental informa-
tion). The inclusion of the treatment groups in the model produced a
statistically significant drop in the objective function (DOFV = 11, p
value for likelihood ratio test <0.001), demonstrating that tumor growth
was inhibited significantly in the DDX5-ASO treatment group
compared with the control group.Model predictions showed that indi-
viduals for whom the ASO treatment was administered showed a 20%
decrease in maximum tumor volume (Figure 3F, right panel). During
the experiment, the mice were healthy (supplemental information,
Table S3) and reverse side effects regarding animal behaviors were
not observed (data not shown).

The identified DDX5 protein interactions reveal a broad

functional landscape of DDX5 in PC

Todecipher howDDX5 could promotePCprogression,we determined
and analyzed protein interaction networks of the endogenousDDX5 in
different human PC cells using immunoaffinity purificationmass spec-
trometry (IP-MS). In total, 489 DDX5-associated proteins were identi-
fied, and we obtained 16, 44, 239, and 401 interaction candidates for
PNT1A, LNCaP,DU-145, andPC-3, respectively (with the selection fil-
ter false discovery rate [FDR] of 0.01, so = 1; supplemental information,
Table S4). Obviously, a correlation of the number of DDX5 binding
proteins with the disease aggressiveness and CRPC was observed, sug-
gesting thatDDX5may acquiremore functions during PC progression.
Of note, there are 48 candidates (12%) characterized as known DDX5
interactors in the published database (String.db), including very well-
documented DDX5-interacting proteins such as TP53,16 DHX9,24

and CDK925 (Figure 4A). In addition, our identified interactome of
DDX5 reinforces the interaction between DDX5 and Hsp27.

Classifying the DDX5-binding proteins based on the PANTHER 14.1
“molecular function” and “protein class” category shows that amajority
of the DDX5 interactors are involved in binding to nucleic acid, and
C as clinically relevant

ign prostatic hyperplasia (BPH). (B) representative images of DDX5 staining show

a tendency for DDX5 expression to increase with increasing Gleason grade. (D)

ade 5 specimens. (E) The graph and the representative IHC images show that DDX5

s than in the hormone naive and neoadjuvant hormone therapy (NHT) tumors. (F)

xpression in CRPC specimens. (G) DDX5 is overexpressed in CR cells (DU-145 and

rn blot using total cell lysate from three different prostate cell lines (LNCaP, DU-145,

ing control. Quantification illustrates that DDX5 expression levels in both CR lines are

D public samples. High expression level of DDX5mRNAs is positively correlatedwith

classified into two groups, DDX5 high and DDX5 low, which have 10-year RFS rates

; ***p < 0.001; ****p < 0.0001; ns, non-significant.
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most of them are RNA-binding proteins (Figure S4). It also reveals
several protein classes engaging with catalytic functions and illustrates
a set of DDX5-associated proteins that act as transcription factors. Ac-
cording to gene ontology biological process (GO-BP) enrichment anal-
ysis, 126 and 79 biological functions are enriched with the significance
levels of p = 0.05 and 0.005, respectively (Figure S5 and Table S4). As
expected, a number of well-documented functions of DDX5 are
observed (Figure 4B). Accordingly, we found that DDX5 plays a vital
role in gene expression since a majority of DDX5 interactors (up to
57%) are engagedwith this process (p = 0.0000E-100). DDX5 functions
mainly in RNA processing (p = 1.2751 � 10�72), translation (p =
1.8605� 10�71), ribosome biogenesis (p = 1.8027� 10�42), and tran-
scription (p = 2.8988 � 10�6). In addition, DDX5 modulates gene
expression at posttranscriptional levels by regulating mRNA stability,
RNA splicing, and translation. DDX5 is also found to participate in
DNA topological change (p = 1.2599� 10�8) and the cellular response
to the DNA damage stimulus (p = 4.4587 � 10�3) including DNA
repair (p = 4.4272� 10�3).

By performing a functional enrichment analysis using Gprofiler with
the CORUM 3.0 database for the identified DDX5-associated proteins,
various enriched protein complexes corresponding to different func-
tions are determined (Figure 4C). In agreement with GO-BP enrich-
ment analysis, DDX5 was found to be tightly associated with the estab-
lished protein complexes involved in ribosome biogenesis, protein
synthesis in both cytoplasm and mitochondria, splicing, mRNA stabil-
ity, transcription, and DNA repair (Table S5). In particular, DDX5 was
found to be tightly associated with the IGF2BP2/IGF2BP3 complex
(mRNAstability), toposome (cell cycle), thegeneral transcription factor
complex GTFIIH (transcription initiation and DNA repair), and 7SK
RPN complex (transcription elongation) (Figure 4D).
Acquired biological functions of DDX5 in CR cells contribute

to the switch from castration-sensitive PC to castration-

resistant PC

Comparison of the enriched GOs obtained from DDX5 PPI networks
in four cell lines using the ClusterProfiler R packages gives us clues
about DDX5 functions promoting tumor progression and CRPC.
Obviously, DDX5 was involved in many more biological functions
Figure 3. ASO-directed DDX5 downregulation inhibits cell proliferation and PC

(A–C) ASO screenings aim to define ASOs that inhibit DDX5 protein expression. Both hA

dose-dependent manner. (D) DDX5 knockdown by both hASO51 and hmASO3 sign

tetrazolium bromide (MTT) assay was done with biological triplication, and the data were

curve of PC-3 xenografted tumors (***p < 0.001, using repeatedmeasures ANOVA). Male

daily intraperitoneally injected with 12.5 mg/kg control-ASO or DDX5-ASO (hmASO3)

perpendicular dimensions (X = width, Y = length, Z = depth) and calculated following the

growth compared with the group of control-ASO. (F) Population pharmacodynamic mod

compared with the control group. The left andmiddle panels present the goodness of fit a

provided an acceptable fit to the observed data. Left panel: Individual predicted volum

against observed volumes and are distributed evenly around the identity line, indicating th

scatter visual predictive check from 500 model-generated datasets. Solid triangles repr

model, demonstrating that the model is able to reproduce the pharmacodynamic (PD

depending on the received treatment, using the final model. Individuals for the mice tr

scrambled oligonucleotide; NT: non- treated; TSmax, individual carrying capacity (pred
in CR cells than in both CS and NM (Figure S6). Only three GO terms
are common for both CS and CR cells, which are related to mRNA
alternative splicing and mitochondrial translation. This implies that
DDX5 could play a role in these two biological functions in both
CSPC and CRPC. DDX5 could drive tumor progression and treat-
ment resistance through its implications in DNA damage response,
mRNA stabilization, transcription, and DNA conformation changes
since these are the main cellular processes exclusively enriched in
CRPC cells compared with CSPC (Figure 5A).

To verify several key interactions identified by MS analysis, IP fol-
lowed by western blot analysis was carried out. Accordingly, DDX5
is confirmed to interact with the Ku70/Ku86 heterodimer (DNA
repair, Figure 5B), NF45 (pri-ribosomal RNA processing, DNA
repair, Figure 5B), GTF2H1 (transcription, DNA repair, Figure 5C),
and YBX1 (mRNA stability, Figure 5D).
DDX5 inhibition with ASO technology restores treatment

sensitivity in CR cells

A set of DDX5-binding proteins participating in DNA damage
response was determined, and most of them are exclusively found
in the CRPC cells and are implicated in two DNA repair pathways:
non-homologous end joining (NHEJ) and nucleotide excision repair
(NER) (Table 1). To decipher the role of DDX5 in the DNA repair, we
examined the effect of DDX5 silencing on DNA repair recovery
following radiations. The irradiation induced foci (IRIF) numbers
(i.e., double-strand breaks) are higher in the DDX5-depleted cells
compared with the control samples (DDX5 proficient cells) at 1, 7,
and 24 h following irradiations (Figures 6A and 6B). In parallel
with immunofluorescence, western blot analysis using both total
and subcellular protein extracts illustrated that DDX5 knockdown de-
creases DNA repair efficiency (Figure 6C). Moreover, DDX5-
ASO significantly enhances sensitivity to either irradiation or
cisplatin compared with the control-ASO in CRPC DU-145 cells
(Figures 6D and 6E). Particularly, combining DDX5-ASO with
cisplatin can remarkably lower the GI50 of cisplatin up to nearly 3
times compared with the combination of control-ASO and cisplatin
(3.838 versus 9.601 mM) (Figure 6E). Altogether, these imply that
an overexpressed DDX5 could enhance DNA damage response and
-3 xenograft-tumor growth

SO51 (human ASO) and hmASO3 (human/mouse) decrease DDX5 expression in a

ificantly inhibits cell proliferation. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

analyzed using an independent sample t test. ***p < 0.001. (E) Mean (± SE) growth

BALB/c nudemice harboring PC-3-derived xenografted tumor (7 mice/group) were

for 5 weeks. Tumor volume (mm3) was measured weekly using a caliper in three

formula X�Y� Z� 0.5236. The group treated with DDX5-ASO had a delay in tumor

eling demonstrates that DDX5-ASO treatment significantly inhibits the tumor growth

nd predictive check (VPC) plot. Overall, these two plots indicate that the basemodel

es versus observed volumes. Points represent individual predicted volumes plotted

at nomajor bias was observed across predicted values. Middle panel: Results of the

esent the observed volumes and are almost within the 95% prediction interval of the

) observations adequately. Right panel: Model prediction of tumor growth kinetics,

eated with DDX5-ASO showed a 20% decrease in maximum tumor volume. SCR:

icted maximum tumor volume).
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genome maintenance in CRPC, promoting tumor progression and
treatment resistance (Figure 6F).

DISCUSSION
Nucleic acid (NA)-based technologies are currently developing rapidly
withmore than 15NAdrugs approved by the FDA and EMAandmore
than 2000 NA therapies undergoing clinical investigations.26,27

Compared with siRNAs, ASO has several advantages such as its lower
cost of production and easier synthesis and cell penetrationwithout any
transfecting agents.28 Due to remarkable successes of mRNA-based
vaccine during the current COVID-19 pandemic, mRNA targeting
will represent a promising growing field in the next few years for
personalized therapy in oncology. DDX5 has been identified as a
cellular target of RX-590229 and resveratrol.19 However, clinical trans-
lations of these agents have been hindered by certain limitations
including lack of specificity. RX-5902 has not been tested in PC so far
and probably does not work with AR-negative PC because the b-cate-
nin/DDX5 interactions areARdependent inPC.15Aswithmanyplant-
based phytochemicals, the biggest challenge of resveratrol in clinical tri-
als is its poor bioavailability once administered.30 For these reasons, the
DDX5mRNA-directed ASO can serve as themost effective DDX5-tar-
geting therapy for PC patients.

The obtained interactionmaps of DDX5 in CR cells showed that DDX5
interacts with a number of critical oncogenic proteins linked to tumor
progression and drug resistance in various malignancies such as
IGF2BPs,31 YBX1,32,33 YY1,34,35 and CTCF.36 Most notably, we uncov-
ered novel DDX5-interacting proteins involved in different DNA
repair pathways in PC. DDX5 has been previously reported to engage
in DNA damage response.16 This was attributed via recruitment of
both p53 and RNAPII to the p21 promoter upon irradiation stress, re-
sulting in cell cycle arrest after DNA damage. DU-145 cells harbor p53
mutation, which was believed to produce non-functional protein,
whereas the PC-3 is a null-TP53 cell line37; therefore, DDX5 might
respond to the irradiation stimulated in a p53-independent manner
in the PC-3 and DU-145 cells.

Emerging evidences highlight the central roles of DDX5 and other
the RNA-interacting proteins in genome stability, notably in DNA
repair.38,39 R-loops or DNA-RNA hybrids are generated not only at
active transcription sites by RNA polymerase but also around DNA
break sites, and they play a fundamental function in DNA repair.40

Aberrant R-loop formation can result in replication stress, DNA dou-
Figure 4. Functional bioinformatics analyzing DDX5 interaction proteins identi

(A) The pie chart shows the proportion of the novel DDX5-interacting proteins (87.9%) an

string database (12.1%). (B) Gene ontology biological process (GO-BP) enrichment ana

Benjamini and Hochberg false discovery rate [FDR] correction, p = 0.005, biological proc

CORUM enrichment analysis allows identifying experimentally proven human protein c

complexes and DDX5. Green nodes represent proteins found in the DDX5 interactome

edges represent interactions with DDX5 annotated in published PPI databases. All of th

solid connection between DDX5 and the toposome was observed since most of the pro

appear in the DDX5 interactions, but it was annotated to interact with DDX5 in string d

complex GTFIIH (or TFIIH), which is composed of the core complex (GTF2H1, GTF2H2

could modulate transcription through the 7SK RPN complex because all of its constru
ble-strand breaks, and genomic instability.41,42 DDX5 associates with
DNA:RNA hybrids,43 unwinds unscheduled R-loops,42 and DDX5
downregulation accumulates R-loop genome-wide, in chromosome re-
gions with very high gene density and particularly at transcription start
sites, transcription termination sites,44 and at double-stranded breaks
(DSBs).45 Furthermore, DDX5 has been previously illustrated to pro-
mote DNA damage repair through acting as an active player in
resolving R-loops near or at DSBs, therebymaintaining genomic stabil-
ity.41,45 These findings imply the functions of DDX5 in transcription
(both transcription initiation and termination), DNA repair, and
genome maintenance via R-loops regulation.

On the other hand, the present work suggests the dual functions of
DDX5 in transcription and DNA damage response that can be
achieved through DDX5 interaction with the multifunctional tran-
scription initiation (TFIIH) complex and the Ku DNA end-binding
proteins. There are many lines of scientific evidence supporting a
cross-talk between transcription and DNA repair via a set of common
molecular utilized networks such as the TFIIH core subunit XPB46,47

and the Ku70/80 complex that has been recently reported to bind to
the promoter DNA region and interact with transcription factors for
transcriptional modulation.48,49

Emma L. Clark et al. pointed out that DDX5 functions as a “coupling”
factor, coordinating both transcription and RNA processing of AR-
regulated genes in PC.15 In consistency with this finding, our DDX5
PPI revealed the tight connection betweenDDX5 and the core proteins
of the basal initiation transcription factor complex TFIIH playing a role
in transcription of protein-coding genes mediated by RNA Pol II.47

Several protein subunits of the transcription factor IIIC complex and
the RNAP (RNA polymerase) were obtained in the DDX5 interactome
of CR cells. Noticeably, our data also showed a group of transcription
factors that appeared as DDX5 interacting proteins (data not shown).
In the absence of AR-negative CR cells, cellular survival and growth
are driven by bypass pathways, including increased activity of
MAPK, PI3K, and PCK cascade and aberrant expression and activity
of oncogenes (such as BCL2). DDX5 could participate in expression
regulation of these oncogenes by coordination with other transcription
factors, transcriptional machinery, and RNA-processing proteins,
thereby contributing to CRPC development.

Collectively, the oncogenic functions of DDX5 in PC that are described
in the present work and previous reports allow us to paint a hypothesis
fied in the study

d the identified interactions characterized as known DDX5-interacting proteins in the

lyses of the DDX5 interactome were performed using BiNGO (hypergeometric test,

ess). The bar chart shows the top functions ranked by the fold enrichment score. (C)

omplexes associated with DDX5. (D) Network modeling of the top enriched protein

obtained in the study, while gray nodes mean proteins were not identified. Bordered

e protein members of the IGF2BP1 complex were found in the DDX5 interactions. A

tein components of the toposome associate with DDX5 in the study (SSRP1 did not

b). We showed the rigid association of DDX5 with the general transcription factor

, GTF2H3, GTF2H4, ERCC2, ERCC3) and the CAK (CDK7, CCNH, MNAT1). DDX5

ctive proteins (CDK9, HEXIM1, CCNT1, and LARP7) interact with DDX5.
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Table 1. List of DDX5 interacting proteins implicated in the DNA damage

response identified in four PC cell lines

Proteins PNT1A LNCaP DU-145 PC-3 DDR-related pathways

XRCC6 x x NHEJ

XRCC5 x x NHEJ

GTF2H4 x x NER

GTF2H1 x x NER

ERCC3 x x NER

GTF2H2 x x NER

GTF2H3 x x NER

RFC5 x x x NER

UPF1 x x Unclear

PRPF19 x x NER, NHEJ

IGHMBP2 x x Unclear

MSH6 x x MR

TP53 x
BER, NER, DSBR,
mitochondrial DNA repair

LIG3 x
BER, NER, alNHEJ, HR,
mitochondrial DNA repair

RFC3 x NER

ERCC2 x NER

ERCC6 x NER

RFC1 x NER

TOP2A x DDR

RECQL4 x HR

MRPS26 x Mitochondrial DNA repair

MRPS35 x Mitochondrial DNA repair

DTX3L x NHEJ

DDR, DNA damage response; DSBR, double-strand break repair; NHEJ, non-homolo-
gous end joining; HR, homologous recombination; MR, mismatch repair; BER, base
excision repair; NER, nucleotide excision repair.
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picture of how DDX5 can promote CRPC by playing as a cross-talk
among different signaling pathways such as transcription, RNA pro-
cessing, and DNA repair. Without any therapeutics, DDX5 regulates
R-loop structure, recruits and/or associates with RNAPII, TFIIH, and
other transcription factors, and participates in coupling transcrip-
tion-RNA process, thereby facilitating transcription process, avoiding
Figure 5. Acquired DDX5 functions lead to switching from castration sensitivit

(A) The scheme describes the hypothesis about how DDX5 can promote PC progression

DDX5 could drive PCprogression and therapeutic resistance through playing roles in DNA

since these cellular processes are exclusively enriched in the DDX5 PPI obtained in CRC

thereby modulating expression of target genes. DDX5 also regulates gene expression by

TFIIH and transcription factors (TFs). DDX5 functions in non-homologous end joining (NHE

with the TFIIH complex andRFC proteins (RFC1, RFC3, RFC5) to participate in nucleotide

toposome complex acting in chromosome segregation. Through binding to different topoi

topological changes, therebymonitoringDNA replication and transcription. (B) IP using ant

thepresenceofKu70,Ku80,andNF45 in theDDX5complexes inbothCRDU-145andPC

byWBusing anti-DDX5Abconfirmed the interactionofDDX5with theKu70/Ku80heterodi

anti-YBX1 Ab combined with WB using anti-DDX5 Ab confirmed the association of DDX5
DNA damages, and maintaining genome integrity. On the other
hand, upon DNA lesion-inducing-treatments, DDX5 can immediately
facilitate DNA repair at the active transcription sites either via clearing
of RNA transcripts of R-loop or enhancing the recruitment and/or ac-
tivity of the DNA repair machinery (Ku complex, TFIIH complex),
ensuring proper and prompt DNA repair, thereby maintaining
genomic stability and enhancing tolerance of cancer cells to therapies
(Figure 7).

In summary, treatment options of CRPC that progress after chemo-
therapy remain challenging. Here, we show the translational signifi-
cance of DDX5 silencing using ASO technology that could be repre-
sented as a new therapeutic strategy in CRPC. DDX5 overexpression
is linked to CRPC progression, and DDX5 can promote disease evolu-
tion through participating in various critical cellular processes, notably
in the DNA damage response. Our worldwide-patented ASO targeting
DDX5 could have potential to be highly impactful in combating CRPC,
particularly in the setting of CRPC progressing after docetaxel treat-
ment, as a monotherapy or more probably in combination with other
approaches including other chemotherapies or therapeutic radiation
(e.g., PSMA-directed radionuclide therapy). Additionally, this ASO-
directed DDX5 mRNA silencing could be operative in other cancer
types in which DDX5 acts as a major oncogenic player. Further works
will focus on evaluating toxicologic and pharmacologic properties of
the DDX5 ASO.
MATERIALS AND METHODS
Cell lines and cell culture conditions

Four different human prostate cell lines were used as a way to study
PC pathogenesis: normal phenotype cell PNT1A (NM, ECACC, Eu-
ropean Collection of Cell Cultures, England), CS LNCaP (ATCC,
American Type Culture Collection, Rockville, MD, USA), and CR
DU-145 and PC-3 cell lines (ATCC). Additionally, two LNCaP-
derived cell lines were used, LNCaP overexpressing Hsp27
(LNCaP-Hsp27) and LNCaP-mock (empty vector), which were es-
tablished as previously described.7 The cells were maintained with
either the RPMI-1640 medium (Roswell Park Memorial Institute)
(for PNT1A, LNCaP, LNCaP-mock, and LNCaP-Hsp27) or DMEM
medium (Dulbecco’s Modified Eagle’s Medium) (for PC-3 and DU-
145), supplemented with 10% fetal bovine serum at 37�C in 5% CO2.
y to castration resistance of PC

and therapeutic resistance based on functional analyses of DDX5 interaction network.

damage response,mRNA stabilization, transcription, and DNA conformation changes

P. In particular, DDX5 regulates mRNA stability via interacting with IGF2BP complex,

monitoring transcription initiation via associating with the basal transcription complex

J) via interactingwith the Ku70/Ku80 andNF45/NF90 complexes. DDX5 also interacts

excision repair (NER). DDX5may regulate the cell cycle through its interaction with the

somerase enzymes such as TOP2A, TOP2B, and TOP1, DDX5 canmodulate the DNA

i-DDX5Ab followed byWBwith anti-Ku70 Ab, anti-Ku80Ab, and anti-NF45 Ab shows

-3cells (left abovepanel). The reverse IPusing anti-Ku70Abandanti-Ku80Ab followed

mer (right above andbelowpanel). (CandD)Similarly, the IPusinganti-GTF2H1Aband

with GTF2H1 (C) and YBX1 (D).
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Figure 7. The scheme illustrates a hypothesis picture

of how DDX5 can promote tumor progression and

therapeutic resistance via playing as a cross-talk

among different signaling pathways such as

transcription, RNA processing, and DNA repair in

CRPC

The increased R-loop formation frequently occurs in

accessible chromatin regions of highly transcribed genes

located in gene-rich areas that are more sensitive to

DNA damage-inducing therapies than the other parts

of the genome. Without any treatments, DDX5

mediates R-loops structure, recruits and/or binds with

RNAPII, transcription initiation complex (TFIIH), and other

transcription factors (TFs), and participates in coupling

transcription-RNA process, thereby facilitating transcription

process, preventing DNA damages, and promoting tumor

development. On the other hand, upon DNA damage-

inducing therapies, DDX5 can immediately facilitate DNA

repair at the active transcription sites either via clearance

of RNA transcripts of R-loop or enhancing the

recruitment and/or activity of the DNA repair machinery (Ku

complex, TFIIH complex), ensuring proper and rapid DNA

repair, resulting in genomic maintenance and tolerance

enhancement of cancer cells to therapies.
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Human prostate cancer TMA construction and

immunohistochemistry

A TMA containing 515 specimens (79 benign prostate hyperplasia,
266 untreated primary [hormone naive] tumors, 113 NHT tumors,
57 CRPCs) was obtained from the Vancouver Prostate Center Tis-
sue Bank. Except CRPC samples that were obtained via transure-
thral resection of the prostate, all specimens were collected through
radical prostatectomy. IHC staining was performed by Dr. Ladan
Fazli with mouse anti-DDX5 monoclonal antibody (sc-365164,
Santa Cruz Biotechnology, CA, USA) using the Ventana autos-
tainer (model Discover XT; Ventana Medical System, Tucson,
AZ) with an enzyme-labeled biotin-streptavidin system and a sol-
vent-resistant DAB Map kit (Ventana). DDX5 staining intensity
was scored using Aperio/Leica software called ImageScope. The
image analyzing process was done by applying IHC (intensity
and pixel count) scoring algorithms directly to the annotated
area in the scanned image.
Figure 6. DDX5 promotes therapeutic resistance of CRPC through activation o

(A and B) DDX5 downregulation reduces DNA damage repair efficiency by immunofl

transfected with 150 nM DDX5-ASO (hmASO3) or control-ASO, and 3 days later, the

unirradiated, 1, 7, and 24 h). IF staining using anti-gH2AX antibody was carried out (A).

with the control-ASO-transfected cells (B). (C) WB analysis shows that DDX5 depletio

(hmASO3) or control-ASO (150 nM) were exposed to 5 Gy IR and further cultured for

nuclear extracts were subjected to WB analysis using anti-DDX5 Ab, anti-gH2AX Ab,

sensitivity to DNA damage stress stimuli such as irradiation (D) and cisplatin (E). The DU-1

cisplatin, and subjected to cell proliferation evaluation using MTT assay after 2 days. The

to nearly three times. (F) In DDX5-overexpressed PC cells, DDX5 facilitates twomain DNA

inducing therapies such as irradiation and chemotherapy, thereby promoting cell surv

downregulated PC cells failed to repair DNA lesions; therefore, they are sensitive to tre
ASO design, selection, and transfection in PC cells

Synthesis of DDX5-targeting ASOs was performed in Optoligo, a
French Inserm Transfert-sponsored platform. ASOs were designed us-
ing a computational algorithmdeveloped inour laboratory byP.F. First,
the coding part of the DDX5mRNA sequence (NM_001320595.2) was
selected and divided into a set of consecutive sequences that contained
20 base pairs. The resulting sequences were converted into their com-
plementary acid nucleotide sequences, which were subsequently in-
verted to obtain the potential ASO sequences. The ASO sequences
were individually evaluated regarding their GC content and their spec-
ificity using NCBI’s Basic Local Alignment Search Tool (BLAST), with
the use of the “blastn” algorithm and the NCBI reference transcript
database “refseq_rna” as parameters. The ultimate selection was done
manually by excluding all ASOs showing sequence similarities with
other genes. The lead ASOs were synthesized in our laboratory by
C.P. following a previously described procedure.50 These ASOs had
been modified with a phosphorothioate backbone that protected
f DNA repair

uorescent (IF) and irradiation induced foci (IRIF) counting. The DU-145 cells were

cells were exposed to 5 Gy IR and further cultured for various time periods (UIR =

The graph shows a higher number of the IRIF in DDX5-ASO-treated cells compared

n defects the DNA repair process. DU-145 cells transfected with the DDX5-ASO

7 h. The total protein extract or compartment extracts including cytoplasmic and

and GAPDH used as a loading control. (D and E) DDX5 knockdown enhances cell

45 cells were transfectedwith DDX5-ASO for 2 days, treated with either irradiation or

MTT tests were performed with triplication. DDX5-ASO can lower GI50 of cisplatin up

repair pathways (NHEJ, NER), ensuring the proper DNA repair upon DNA damage-

ival, PC development, and therapeutic resistance (left panel). Conversely, DDX5-

atments (right panel). *p < 0.05; **p < 0.01; ***p < 0.001; ns, non-significant.
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them against degradation by nucleases. The ASOs alter targetedmRNA
through RNase H1-mediated RNA cleavage.

Cells (at�50% density) were transfected with ASOs two times as pre-
viously described.50 ASOs were pre-incubated with 1 mL Gibco Opti-
MEM (Life Technologies, Courtaboeuf, France) containing 4 uL Oli-
gofectamine (Life Technologies, Courtaboeuf, France) for 20–30 min
before adding to the cells. After 4 h, the mixture of ASOs and Oligo-
fectamine was removed, and the fresh completed medium was sup-
plied. The ASO treatment was repeated exactly the same on the
following day. After 3 days, the transfected cells were harvested for
protein extraction and western blot analysis. The protein expression
was evaluated quantitatively using ImageJ (NIH) software.

The hmASO3 was patented worldwide by Inserm Transfer with
the PATENT N.REF as PCT/EP2020/082548 (WO2021099394A1,
2021).

Preclinical evaluation of ASO treatment in PC-3 xenografts

PC-3 cells (10� 106) in 100 mL DBPS 1X were inoculated subcutane-
ously in the right flank of 5-week-old male BALB/c nude mice
(Charles River Laboratories, France). After 12 days, the tumors
reached from 50 to 100 mm3, and the treatment started on the next
day. Mice (n = 14) were randomly selected for treatment with
DDX5- or control-ASO. Each group received daily intraperitoneal
injection of 12.5 mg/kg DDX5- or control-ASO for 5 weeks. Tumor
volume (mm3) was measured weekly using a caliper in three perpen-
dicular dimensions (X = width, Y= length, Z = depth), and calculated
following the formula X � Y � Z � 0.5236. During the period of
treatment, the mice were observed for signs of systemic toxicity,
and their body weights were recorded daily too. The mice were main-
tained in an animal facility (agreement #13.2700). P.R. owns a per-
sonal agreement (#A13-477) for the animal handling and experimen-
tation for this study. Animal experimentation was performed
following ethics laws recommendations.

Western blot analysis

WB experiments were carried our following the described proced-
ure.50 The membranes were incubated with the primary antibodies
including vinculin and GAPDH as loading controls (supplemental in-
formation, Table S6). The primary Abs were probed with the corre-
sponding HRP-conjugated secondary Abs (DAKO, Agilent, United
States) and detected using ECL Prime Western Blotting detection re-
agent (RPN2236, GE Healthcare, Vélizy-Villacoublay, France). The
images were captured using the Amersham Imager 680 blot and gel
imager (GE Healthcare, Vélizy-Villacoublay, France).

Immunofluorescence for DNA damage foci formation

The DU-145 cells were cultured on coverslips. After 3 days of
transfection with the DDX5 ASO as described above, the cells
were irradiated using RS-2000X-RayIrradiator (Rab Source Tech-
nology, USA). Subsequently, the cells were fixed in 4% (wt/vol)
paraformaldehyde for 15 min, permeabilized with 0.1% Triton
X-100 in 1X PBS for 15 min, and blocked with 5% (wt/vol) BSA
484 Molecular Therapy Vol. 31 No 2 February 2023
for 30 min, at room temperature (RT). The samples were then
incubated overnight at 4�C with primary antibody against
p-gH2AX, followed by 1-h incubation at RT with a secondary fluo-
rescein isothiocyanate anti-rabbit antibody (Alexa Fluor 488,
Thermo Fisher Scientific, Life Technologies, Villebon-sur-Yvette,
France). Nuclei were stained with DAPI (40, 6-diamidino-2-
phenylindole) and coverslips were mounted with ProLong Gold
Antifade Mountant (Thermo Fisher Scientific, Life Technologies,
Villebon-sur-Yvette, France). Images were captured using Apo-
tome (Zeiss, Le Pecq, France).

Bioinformatics analyses

The DDX5-interacting proteins found in four cell lines were function-
ally classified using PANTHER 14.1.51 Analysis of GO enrichment
used BiNGO tool run by Cytoscape52 with the statistical test “Hyper-
geometric test,” and Benjamini and Hochberg FDR correction, two
significant levels p = 0.05 and p = 0.005, and the whole annotation
as a reference set. Analysis of protein complexes enrichment was per-
formed using Gprofiler53 for CRORUM 3.0 database (https://mips.
helmholtz-muenchen.de/corum/), which collects annotation of
mammalian protein complexes obtained from manual experiments54

with threshold p = 0.05. To compare the GO enrichment analysis re-
sults among four DDX5 interactomes from four cell lines, the
ClusterProfiler R packages55 were used. DDX5 mRNA expression
was extracted form TCGA PRAD RNAseq public data (https://
portal.gdc.cancer.gov/projects/TCGA-PRAD). DDX5 in 498 tumor
samples (T) was measured as discrete values after comparison with
median expression in 52 normal prostate samples (N): upregulation,
thereafter designated “DDX5 high,” was defined by a T/N ratio R1
and no upregulation (“DDX5 low”) by a T/N ratio <1.

Statistical analysis

All pooled results are represented as mean ± SEM. Statistical analyses
were carried out using GraphPad Prism 6 software (GraphPad Soft-
ware). The independent sample t test was performed to compare
means between two groups. RFS from TCGA PRAD samples was
calculated from the date of diagnosis until the date of relapse.
Follow-up was measured from the date of diagnosis to the date of
last news for event-free patients. Results with p < 0.05 were considered
statistically significant and are indicated by *p < 0.05; **p < 0.01;
***p < 0.001, and ****p < 0.0001.
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