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Abstract

HIV splicing involves five splice donor and eight splice acceptor sequences which, together with cryptic splice
sites, generate over 100mRNAspecies.Ninety percent of both partially spliced and fully spliced transcripts utilize
the intrinsically weak A4/A5 3′ splice site cluster. We show that DDX17, but not its close paralog DDX5,
specifically controls the usage of this splice acceptor group. In its absence, production of the viral envelope
protein and other regulatory and accessory proteins is grossly reduced, while Vif, which uses the A1 splice
acceptor, is unaffected. This is associated with a profound decrease in viral export from the cell. Loss of Vpu
expression causing upregulation of cellular Tetherin compounds the phenotype. DDX17 utilizes distinct RNA
bindingmotifs for its role in efficient HIV replication, and we identify RNA bindingmotifs essential for its role, while
theWalker A, Walker B (DEAD), Qmotif and the glycine doublet motif are all dispensable. We show that DDX17
interacts with SRSF1/SF2 and the heterodimeric auxiliary factor U2AF65/35, which are essential splicing factors
in the generation of Rev and Env/Vpu transcripts.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

HIV differs from a number of other viruses that
encode their own RNA helicases (such as the NS3
protein of hepatitisC) [1, 2], insteaddepending entirely
on cellular helicases as essential cofactors for several
stages of its replication cycle. The first of these to be
identified was DDX3, which facilitates Rev-mediated
export of unspliced and partially spliced viral tran-
scripts [3]. Subsequently, DDX1 was shown to be a
cofactor of Rev [4], while RNA helicase A (RHA)
promotes HIV-1 reverse transcription, transcription
and translation [4–8]. The possible roles of helicases
in HIV-1 replication and latency have been reviewed
extensively [9–14].
We previously published a comprehensive siRNA

knockdown screen of a library of 59 human cellular
helicases including the ubiquitous DEAD box helicase
Published by Elsevier Ltd. This
g/licenses/by-nc-nd/4.0/).
thors.
family that are involved in all stages of RNAprocessing
[15–17]. Among those identified were two closely
related DEAD box helicases, DDX5 and DDX17 [18].
DDX5 and DDX17 share 90% homology in their

core region and 60% and 30% homology in their N
and C termini, respectively [19]. DDX5 and DDX17
can exist as monomers, homodimers or heterodi-
mers [20]. Because of their functional overlap and
structural homology, they are often considered
together [21]; however, they have distinct cellular
roles [22]. DDX17 exists as two isoforms (p72 and
p82) due to an alternative upstream start codon
(AUG) [23], although there is no documented
functional difference between the two isoforms.
DDX17 has been implicated in alternative splicing
[24] and found to interact with known splicing factors
in in vitro experiments [25, 26]. In addition, DDX17
has been suggested tomodulateHIV-1RNA stability,
is an open access article under the CC BY-NC-ND license
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3112 DDX17 Controls the HIV-1 A4/5 Splice Site
associating with Rev to promote nuclear export,
genomic RNA packaging and Gag-Pol frameshifting
[27–29]. Silencing DDX17 in TZM-bl cells resulted in
a reduction in unspliced and spliced HIV transcripts
[29].
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Fig. 1. DDX17 is essential for release of infectious HIV-1. (a
HIV-1 proviral clone pLAI, and siDDX17 with or without incre
transfected into HeLa cells. (b) HIV-1 relative virus producti
transfected with siDDX17 and then a second round of siRNA to
of siDDX17 rescue construct. Supernatant was used to infect
harvested and CA-p24 quantified by ELISA. (d) Cell lysates fro
p24 quantified by ELISA. Each graph is a representative
(e) Supernatant was harvested 48 h after co-transfection of a
pCDNA4-DDX17, and virus quantitated by infection of CD4+
independent experiments done in duplicate. Data are represen
from producer cells in panel e were harvested and subjected to
0.01. See also Fig. S1.
HIV-1 gene regulation has been extensively
reviewed [30] and HIV-1 splicing has been specifi-
cally reviewed in Refs. [31–33]. From a polycistronic
transcript, HIV-1 generates more than 100 different
mRNA species by alternative splicing [34]. The
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of three independent experiments done in triplicate.

constant amount of pLAI with increasing concentrations of
TZM-bl cells. The graph shown is a representative of two
ted as mean of duplicate samples ± SEM. (f) Cell lysates
Western blotting. Statistical significance: *P b 0.05, **P b



0

0.2

0.4

0.6

0.8

1

1.2

1.4

siControl siDDX17 400 800 1200

R
el

at
iv

e 
vi

ru
s 

pr
od

uc
tio

n

siDDX17 + rescue (ng)

DDX17

GAPDH

75

37

kDa

Fig. 2. DDX17andHIV-1 replication in Jurkat cells. HIV-1
relative virus production following DDX17 knockdown and
rescue in Jurkat cells. Supernatant was harvested 96 h post-
nucleofection and used to infect TZM-bl cells. The graph is a
representative of two independent experiments done in
duplicate. Bars represent mean of duplicate samples ±
SEM. Lower panel shows the corresponding Western blot.

3113DDX17 Controls the HIV-1 A4/5 Splice Site
major structural polyproteins, Gag and Gag/Pol, are
encoded by unspliced RNA; Env, Vpu, Vif and Vpr
are encoded by partially spliced transcripts and the
regulatory proteins, Rev, Tat and Nef derive from
fully spliced species. Early gene expression is
characterized by the production of 2-kb fully spliced
transcripts leading to accumulation of the Rev
protein which acts as a switch from early to late
gene expression by mediating nuclear export of
unspliced and partially spliced transcripts.
Selection of different 3′ splice site (ss) acceptors is

regulated by positively acting exonic splicing en-
hancers (ESEs), intronic splicing enhancers (ISEs),
negative exonic splicing silencers (ESSs) and intronic
splicing silencers (ISSs) [35]. Cellular splicing factors
facilitate or repress splicing by binding to cis-acting
elements in the RNA. Recognition and usage of
suboptimal viral splice sites depends heavily on
cellular proteins [36].
Ninety-two percent of Env/Vpu coding transcripts

derive from 3′ss A5 and 90% of fully spliced
transcripts encoding Rev and Nef are generated
from the A4/A5 3′ splice site cluster. Splice site A3 is
used for the vast majority of Tat transcripts. Vif
mRNA is expressed in low abundance (approx. 1%
of the incompletely spliced transcripts) and is formed
by splicing 5′ss D1 to 3′ss A1 [33].
Usage of the 3′ss A4/A5 cluster is potentiated by

ESE3 located in exon 5. ESE3 is a unique bidirec-
tional GA-rich enhancer, highly conserved in most
viral subtypes with three SRSF1/ASF binding sites
and one SRSF5/SRp40 binding site. ESE3 regulates
expression of env, vpu, rev and nef mRNAs [37].
SRSF1/SF2 and SRSF5/SRp40 activate ESE3 and
are essential for efficient 3′ssA4/A5 cluster usage and
binding of the U1 snRNP to the downstream D4 5′ss.
The binding of U1snRNP to D4 is required for the
efficient expression of rev and nef mRNAs and to
increase expression of the partially spliced envmRNA
[31, 37, 38]. The bidirectional enhancer interacts
upstream with the heterodimeric auxillary factor
U2AF65/35 and downstream with U1snRNP. This
not only potentiates the usage of the A4/A5 cluster but
is also thought to stabilize partially spliced transcripts
[38].
We investigated the role of DDX17 as an HIV

dependency factor. Using siRNA specific for knock-
downofDDX17and rescuewith an siDDX17-resistant
construct,we have confirmed its essential nature for
HIV replication in the physiologically relevant Jurkat
cell line, knockdown having no detectable adverse
effect on cellular viability. Knockdown of DDX17
strikingly reduces partially and fully spliced transcripts
arising from the A4/A5 splice site cluster, with a
parallel increase in unspliced viral mRNA. These
findings were confirmed at the protein level where
Env/Vpu/Rev and Nef were significantly reduced
while Gag accumulated intracellularly. Knockdown
of DDX17 profoundly reduced production of infectious
viral particles. This was due to a combination of
reduced levels of viral envelope and regulatory and
structural proteins compounded by an increase in
cellular Tetherin. By mutagenesis, we identified the
domains of DDX17 critical for this activity. We show
that, despite its ability to substitute for DDX17 for
many cellular functions, DDX5 cannot perform the
critical controlling role of DDX17 in regulating the
production of HIV spliced mRNA and that this unique
function may make this a vulnerable therapeutic
target.
Results

DDX17 is essential for release of infectious HIV-1

We knocked down DDX17 by siRNA in cells
transfected with a replication-competent proviral
clone of HIV-1 pLAI and monitored the effects of
DDX17 reduction upon viral infectivity. HeLa cells
were sequentially transfected with siDDX17 that
targets both isoforms of DDX17 and then a second
round of siRNA together with pLAI, with or without
increasing concentrations of the siDDX17 rescue
plasmid (Figs. 1a and S1a). Up to 90%of endogenous
DDX17 was depleted in siDDX17 transfected cells
(Fig. 1a). Supernatants from these transfected cells
were used to infect the TZM-bl indicator cell line,
which, in the presence of the HIV-1 Tat protein,
expresses luciferase. Knockdown of endogenous
DDX17 significantly reduced both viral supernatant
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CA-p24 and detectable infectious virus by 4- to 5-fold
(Fig. 1b and c). Both parameters were successfully
restored upon co-expression of the siDDX17-resistant
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

siC
on

tro
l

siD
DX17

U
ns

pl
ic

ed
 H

IV
-1

 m
R

N
A

0

0.2

0.4

0.6

0.8

1

1.2

siC
on

tro

P
ar

tia
lly

 s
pl

ic
ed

 H
IV

-1
 m

R
N

A

(b)(a)

DAPI Gag Merged

siControl

siDDX17

siDDX17 + 100ng
rescue plasmid

IgG

siDDX17 + 200ng
rescue plasmid

(d)

siDDX17 + DDX17

rescue (ng)

15   

37   

150   

kDasi
C

on
tr

ol

si
D

D
X

17

10
0

20
0

30
0

Vpu

GAPDH

Env/gp120

(g)

Fig. 3 (legend o
DDX17 expressor, confirming that the phenotypes
were specifically due to DDX17 depletion. There was
no detectable cellular toxicity following treatment with
0

0.2

0.4

0.6

0.8

1

1.2

siC
on

tro
l

siD
DX17

F
ul

ly
 s

pl
ic

ed
 H

IV
-1

 m
R

N
A

l

siD
DX17

(c)

20   

siDDX17 + DDX17

rescue (ng)

GAPDH

Tetherin

37  

kDasi
C

on
tr

ol

si
D

D
X

17

10
0

20
0

30
0

(e)

(h)

*

20

25

siDDX17 + DDX17

rescue (ng)

GAPDH

Vif

Nef

Rev

37

25

15

kDasi
C

on
tr

ol

si
D

D
X

17

10
0

20
0

30
0

24

siDDX17 + DDX17

rescue (ng)

GAPDH

CA-p24

37

kDasi
C

on
tr

ol

si
D

D
X

17

10
0

20
0

30
0

(f)

n next page)



3115DDX17 Controls the HIV-1 A4/5 Splice Site
siDDX17 with or without increasing concentrations of
rescue plasmid (Fig. S1b). DDX17 knockdown does
not reduce intracellular CA p24, instead it increases
(Fig. 1d). Expression of the rescue plasmid restored
virus production and supernatant CA-p24; however,
overexpression of DDX17 appeared to augment
supernatant and intracellular levels above that seen
in siControl-treated cells (Fig. 1b–d). To further
evaluate this, we performed a DDX17 dose–response
experiment using a plasmid expressing the wild-type
DDX17 sequence. HeLa cells were co-transfected
with increasing amounts of this plasmid and a
constant amount of pLAI. Overexpression of wild-
type DDX17 resulted in a detectable increase in HIV-1
virus production (Fig. 1e and f), indicating that
overexpression of DDX17 can modestly increase
production of infectious virions.

DDX17 and HIV-1 replication in Jurkat cells

To ensure our findings were applicable to cell lines
physiologically relevant to HIV-1 infection, we
carried out nucleofection of Jurkat cells using the
HIV-1 proviral clone pLAI together with siDDX17 with
or without increasing concentrations of siDDX17
rescue plasmid. Up to 60% of endogenous DDX17
was depleted upon treatment with siDDX17 (Fig. 2).
The same phenotype that we observed in HeLa cells
was recapitulated. siRNA knockdown of DDX17 in
Jurkat cells reduces relative virus production by 4- to
5-fold compared to siControl-treated cells, and this
effect was successfully restored by the expression of
siDDX17-resistant DDX17 construct (Fig. 2).

Knockdown of DDX17 differentially affects viral
splice variants

Since DDX17 has been implicated in alternative
splicing in other models, we focused on the effect of
DDX17 knockdown on the different HIV splice
variants. DDX17 knockdown does not inhibit HIV-1
Fig. 3. Effect of DDX17 knockdown on HIV-1 splicing and
(c) fully spliced HIV-1 mRNA respectively. Cells were seque
second round of siRNA together with pLAI. Data shown are r
samples for each siRNA. Data have been normalized to siCon
fold-change relative to that of siControl-treated cells. Statistic
showing intracellular HIV-1 Gag distribution following siRNA tre
Gag and merged columns. Cells were sequentially transfecte
siRNA together with pLAI, with or without increasing concentr
harvested 48 h post-co-transfection and dual stained for DAP
knockdown on cellular CA-p24. Cells were sequentially transfe
siRNA together with pLAI, with or without increasing concentra
blot showing the effect of DDX17 knockdown on Rev, Nef and V
or siDDX17 and then a second round of siRNA together with p
rescue expressor construct. (g) Western blot showing the effec
(h) Western blot showing the effect of DDX17 knockdown on
transcription, indeed there is a slight increase in the
amount of full-length HIV RNA (Fig. 3a) and a
decrease in the partially spliced HIV-1 mRNAs
(Fig. 3b). There is, however, a clear reduction in fully
spliced HIV-1 mRNAs compared to siControl-treated
cells (Fig. 3c). Endogenous DDX17 depletion thus
differentially affects the different types of viral tran-
script. The rise in unspliced mRNA likely reflects a
population of transcripts that would otherwise have
been spliced. Gag production rises as quantified by
ELISA (Fig. 1d), immunofluorescence (Fig. 3d) and
cellular CA-p24 Western blot (Fig. 3e). There is an
overall accumulation of intracellular Gag correlating
with the rise in GagmRNA and a failure of virus export
(Fig. 3d). DDX17 knockdown results in an 80%–90%
reduction of Rev and Nef compared to the siControl-
treated cells, quantified by ImageJ (Fig. 3f). The
partially spliced mRNA encoding Vif originates from
the use of a different splice acceptor fromRev andNef
and although there is possibly a very minor decrease
in Vif expression in siDDX17-treated cells, this is trivial
compared to the effects on Rev, Nef and Vpu (Fig. 3f).
HIV-1 env/vpu mRNA is bicistronic, with the Vpu

start codon upstream of the Env AUG codon.
Knockdown of endogenous DDX17 resulted in 80%–
90% reduction of expression of both viral proteins, as
quantified using ImageJ (Fig. 3g).
Since Vpu downregulates Tetherin [39–42], the

reduced Vpu expression upon knockdown of DDX17
would be predicted to result in upregulation of Tetherin
and indeed we observed enhanced Tetherin expres-
sion (Fig. 3h) that was reversed on DDX17 rescue.
This increased Tetherin undoubtedly reduces virion
release contributing to the decrease in detectable
supernatant CA-p24. Hence, the intracellular Gag
accumulation noted on immunofluorescence, ELISA
and cellular CA-p24Western blot and the decrease in
extracellular p24 are a result of both reduced splicing
and reduced viral release. Tetherin downregulation,
which occurs readily on restoration of Vpu rescue,
then assists depletion of the intracellular Gag;
Gag. (a) RT-qPCR analysis of unspliced, (b) partially and
ntially transfected with siControl or siDDX17 and then a
epresentative of three independent repeats, with triplicate
trol. Error bars represent ± SEM. Values are scored as a
al significance *P b 0.05. (d) Confocal microscopy results
atment and rescue in HeLa M cells. From left to right, DAPI,
d with siControl or siDDX17 and then a second round of
ations of siDDX17 rescue expressor construct. Cells were
I and Gag. (e) Western blot showing the effect of DDX17
cted with siControl or siDDX17 and then a second round of
tions of siDDX17 rescue expressor construct. (f) Western
if levels. Cells were sequentially transfected with siControl
LAI, with or without increasing concentrations of siDDX17
t of DDX17 knockdown and rescue on Env and Vpu levels.
Tetherin levels.
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however, the modest upregulation of HIV production
with increasing DDX17 means that the intracellular
level does not return to baseline.

DDX17 interacts with splicing factors associated
with the 3′ss A4/A5 cluster

A schematic diagram of the HIV-1 genome with
relevant splice site positions is shown in Fig. 4a.
DDX17 has been implicated in alternative splicing
[24]. Given the observation that depletion of DDX17
reduces levels of spliced RNA, we sought evidence of
functional links with splicing factors. We found that
DDX17 co-immunoprecipitates with the upstream
heterodimer (U2AF65/35) and the ESE binding factor
SRSF1/SF2 raising the possibility that it acts as a
bridge between the two. DDX17 also interacts with
U1C (Fig. 4b). The interaction with SRSF1/SF2 and
U1C is RNA dependent as there were no detectable
bands on subjecting the co-immunoprecipitated sam-
ples to RNase (Fig. 4b). The interaction between
DDX17 and U2AF65 was unaffected by RNase, but
this interaction might be mediated via double-strand-
ed RNA since the RNase we use digests only single-
stranded RNA (Fig. 4b). DDX17 knockdown does not
affect the level of U2AF65 or that of the trans-acting
ESEs, SR protein SRSF1/SF2 (Fig. 4c). Similarly,
knockdown of DDX17 does not alter the expression of
U1C, an essential component of the U1snRNP
complex required for the selection and stabilization
of the downstream 5′ss donor (Fig. 4c).

DDX17 acts independently of DDX5

DDX5 and DDX17 have many functions in
common and are often treated as functional analogs.
Previous studies have established that the two
helicases exist as monomers, homodimers or
heterodimers [20]. Thus, we next queried whether
the splicing role of DDX17 in HIV-1 was dependent
or independent of DDX5. We attempted to rescue
DDX17 knockdown by overexpression of DDX5, but
despite successful overexpression (Fig. 4d), this
failed to restore virus production (Fig. 4e). These
findings underscore that the role of DDX17 is critical
for HIV-1 replication and that it cannot be substituted
by DDX5.

DDX17 utilizes distinct RNA binding motifs for
efficient HIV replication

DDX17 has many functional domains common to
DEAD box proteins (Fig. 5a). We introduced
individual point mutations into known RNA and
ATPase binding motifs and cloned each mutant
into the siDDX17 rescue backbone. There was no
detectable cellular toxicity following treatment with
siDDX17 with or without increasing concentrations of
any of the various rescue plasmids (Fig. S1c).
We mapped the motifs required for control of HIV
replication by DDX17. Motif 1a (PTRELA) and 1b
(TPGR) are known to be necessary for RNA binding
in conjunction with motifs IV and V [43]. Individual
point mutations were introduced into motif 1a
(PTRELA to PRRVAA) or motif 1b (TPGR to
DPGR) to abrogate ATP/helicase and RNA binding
activities, respectively [44]. The latter mutant also
has a detrimental effect on ATPase, RNA cross-
linking and helicase activity [44]. In the context of
rescue experiments, despite successful expression,
the motif 1a mutation failed to restore relative virus
production (Fig. 5b and c) indicating its importance
for splicing control. By contrast, the point mutation in
motif 1b (DDX17–T301D) successfully restored
relative virus production (Fig. 5d and e) confirming
that it is dispensable. DDX17 RNA binding was also
disrupted by introducing individual point mutations in
known RNA binding motifs, DDX17–S356L and
DDX17–R508Q, respectively (Fig. 5a). Both mutants
failed to restore virus production in DDX17-depleted
cells (Fig. 5f and g), despite successful expression
(Fig. 5h and i), indicating that both are required for
function. Between these two motifs is a highly
conserved glycine doublet that facilitates the forma-
tion of a sharp turn within the loop between them. It is
important for protein–protein interactions [45] and it
is needed for motifs 1a and 1b to retain RNA binding
activity. Substituting the second glycine residue with
aspartic acid disrupts the formation of the turn. This
mutant has also been shown to lack ATPase and
RNA helicase activity but retains ATP binding activity
[44]. We generated DDX17–G280D (Fig. 5a) to
interrogate the functionality of the glycine doublet in
HIV rescue experiment. DDX17–G280D successful-
ly restored virus production (Fig. 5j and k). These
findings show that neither the conformational effect
of the GG doublet sharp turn between motif 1a and
1b nor its protein–protein interaction function is
required in HIV-1 replication. This confirms the
finding that the two motifs act independently in
affecting HIV (Fig. 5b and d).
At its N terminus, DDX17 has three RGG boxes,

which feature in other well-characterized cellular
splicing factors [46]. RGG boxes facilitate protein–
protein interactions and are involved in RNA binding
activities. Substitution of arginine for glutamine
(DDX17–R100Q) in the second RGG box (Fig.
S2a) prevented rescue (Fig. S2b) despite successful
expression (Fig. S2c). Thus, the second RGG box is
essential for HIV replication.

DDX17 Q motif, Walker A and DEAD box
signature motifs (Walker B) are dispensable
for HIV-1 replication

The Q motif is necessary for binding of ssRNA,
and through its interaction with motif 1a, it is
important for ATP binding, acting as a regulator of
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Western blotting, using their respective antibodies. GAPDH was detected to monitor sample loading. (d) Effect of
overexpression of DDX5 as attempted rescue of HIV-1 virus production following endogenous DDX17 depletion. Cells
were sequentially transfected with siControl or siDDX17 and then a second round of siRNA together with pLAI, with or
without increasing concentrations of DDX5 expressor construct. (e) Western blot for DDX17 and DDX5 expression. The
graph is a representative of three independent experiments done in triplicate. Bars represent mean of triplicate samples ±
SEM. Statistical significance: **P b 0.01.
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ATPase activity. Substituting the highly conserved
glutamine residue (aa198) by alanine abrogates
ATP/RNA binding [47, 48]. The siDDX17-resistant
DDX17–Q198A construct successfully restored
virus production (Fig. 6a–c).
Both ATP and helicase unwinding activities are

required for most of the known functions of DEAD
box helicases. We introduced siRNA-resistant
DDX17 constructs with either abrogated Walker A
or Walker B activity to DDX17-depleted cells
(Fig. 6a). Mutating the conserved lysine to an alanine
residue in Walker A abolishes its ATPase activity by
reducing the affinity for and the rate of hydrolysis of
ATP [49]. However, DDX17–K221A successfully
restores virus production (Fig. 6d and e).
TheWalker B motif (DEAD) is well characterized for

its role in helicase activity [45]. A point mutation
(DEAD to DQAD) that abolishes helicase activity
(siDDX17-resistant DDX17–E326Q) (Fig. 6a) suc-
cessfully restored virus production (Fig. 6f and g).
Thus, noneof the threemotifs—Q,Walker A orWalker
B—are required for facilitating HIV replication.

The C terminus of DDX17 is essential for HIV-1
replication

The DDX17 C terminus has a serine–glycine motif
[19] characteristically found in RNA binding proteins
[50, 51] where it facilitates homo- and heterodimeric
interactions that lead to higher order RNP complex
formation and allow co-operativeRNAbinding [52, 53].
Co-operative RNA binding increases the efficiency of
RNA splicing. The DDX17 C terminus also contains a
poly-proline tract and a transactivation domain be-
lieved to be involved in protein–protein interactions
[51, 54, 55]. Having shown interactions between
DDX17 and certain splicing factors, we constructed a
series of DDX17C terminal truncationmutants to seek
interaction regions responsible for this.
Expressing C-terminal truncations of DDX17 did not

cause cytotoxicity (Fig. S3a). DDX17–T516, an
siDDX17-resistant expressor with a stop codon at
amino acid 516, failed to restore virus production
despite successful rescue of DDX17 protein produc-
Fig. 5. DDX17 utilizes distinct RNA binding motifs. (a) Schem
point mutations that are defective for the glycine doublet functi
sequentially transfected with siControl or siRNA targeting DDX
siDDX17-resistant DDX17–T253R + E255V + L256A; siDDX
R508Q or siDDX17-resistant G280D). (b) Effect on HIV-1 relativ
and rescue with DDX17–T253R + E255V + L256A. (c) Western
T253R + E255V + L256A. (d) Effect on HIV-1 relative virus
DDX17–T301D. (e) Western blot showing DDX17 knockdown
virus production following DDX17 knockdown and rescue with D
following DDX17 knockdown and rescue with DDX17–R508Q
with DDX17–S356L. (i) Western blot showing DDX17 knockd
relative virus production following DDX17 knockdown and resc
knockdown and rescue with DDX17–G280D. Each graph is
triplicate. Bars represent mean of triplicate samples ± SEM. S
tion (Fig. 7a and b), indicating that the DDX17 C
terminus is essential for facilitating efficient HIV-1
splicing. DDX17–T690 failed to restore virus produc-
tion (Fig. 7c and d). However, DDX17–T710 success-
fully did (Fig. 7e and f). These data suggest that the
20-amino-acid region between position 690 and 710
in the C terminus region is critical for DDX17 to exert
its role in rescuing HIV.
We investigated whether a mutant just proximal to

DDX17–T690 or distal to DDX17–T710 would exhibit
the same phenotype. siDDX17-resistant expressor
DDX17–T680 failed to restore virus production
(Fig. S3b), despite being sufficiently expressed
(Fig. S3c). However, siDDX17 rescue expressor
DDX17–T717 successfully restored virus production
(Fig. S3d and e). It is likely that the failure of DDX17–
T690 to restore virus production is a result of loss of
interaction with U2AF65 and SRSF1/SF2 (Fig. S3f).
Therefore, the region between 690 and 710 at the
C terminus of DDX17 is also essential.
Discussion

Splicing is the major post-transcriptional mecha-
nism used by HIV to control its lifecycle and splicing
control is a potentially vulnerable therapeutic target.
DDX17 has been suggested to be involved in several
aspects of HIV replication including interaction with
HIV Rev [29] and modulation of Gag processing [27];
however, detailed functional information about its
targets of activity and mechanism of action has been
absent until now. Previous studies have sought
evidence for the role of DDX17 in HIV and there is
consensus that it has a significant effect on viral
replication. Naji et al. investigated DDX17 as a Rev
interacting protein. Their study involved prior knock-
down of DDX17 followed by HIV infection of knocked
down cells, and like us, they detected reduced HIV
production. Their studies demonstrated reduction in
Env protein but also Gag levels unlike ours. This may
reflect a more profound generalized effect of DDX17
depletion on processes other than splicing caused by
the prior knockdown, and unlike us, they did not
atic representation of DDX17 and the annotated individual
on and RNA/ATPase binding activities. HeLa M cells were
17 (siDDX17 with or without increasing concentrations of
17-resistant DDX17–S356L; siDDX17-resistant DDX17–
e virus production following endogenous DDX17 depletion
blot showing DDX17 knockdown and rescue with DDX17–
production following DDX17 knockdown and rescue with
and rescue with DDX17–T301D. (f) Effect on HIV-1 relative
DX17–S356L. (g) Effect on HIV-1 relative virus production

. (h) Western blot showing DDX17 knockdown and rescue
own and rescue with DDX17–R508Q. (j) Effect on HIV-1
ue with DDX17–G280D. (k) Western blot showing DDX17
a representative of two independent experiments done in
tatistical significance *P b 0.05, **P b 0.01.
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investigate the effects of subsequent rescue. We
showed that DDX17 depletion was accompanied by a
slight increase in unspliced HIV transcripts unlike
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sequential siRNA knockdown conditions, achieving
high-efficiency reduction in levels of the helicase, and
in our studies, the timing of assays differed. Lorgeoux
et al. used shRNA knockdown and harvested their
cells at 48 h, whereas our studies were done at 72 h
post-knockdown when possibly further reduction of
residual DDX17 had been achieved [27]. Both
Lorgeoux and ourselves agree that DDX17 affects
HIV splicing. In our hands, the selective effects on
splicing are highly reproducible and confirm our
previous siRNA knockdown screen, indicating that
DDX17 is essential for HIV replication. We agree that
our studies do not exclude additional functional roles
for this helicase in HIV replication as suggested by
Naji et al. especially given its versatility in many
aspects of RNA processing and work to define
whether aspects such as viral RNA stability are
influenced by DDX17 knockdown, among other
possibilities, would be of value. From our data,
however, the clear conclusion is that DDX17 is a
pivotal component of splicing regulation in HIV. We
detected no evidence that DDX17 had a significant
effect on transcription since knockdown resulted in
reduced viral export without reducing unspliced viral
RNA or total Gag protein production, consistent with a
lackof effect on production of Tatwhich predominantly
utilizes theA3 splice site. In the context of HIV,DDX17
interacts with U2AF65, SRSF1/SF2 and U1C splicing
factors likely acting as an essential co-factor or
stabilizing the RNP complex (see graphical abstract).
We suggest that DDX17may act as a bridge between
U2AF65 and SRSF1/SF2; however, this does not
exclude that these proteins may interact directly
without DDX17. Hence, the graphical abstract provid-
ed is only one of several possible models of how
DDX17 could be working. Alternatives include the
alteration by DDX17 of RNA folding to expose binding
sites for host factors that modulate splicing. Such
effects may only require the RNA binding capacity of
DDX17 and not its helicase function as determined by
the mutational analysis. Our findings suggest that the
helicase RNA function of the Walker B motif (Fig. 6a
and f) is dispensable for the role of DDX17 in
potentiating HIV replication. Interestingly, Lorgeoux
et al. [27] observed that Walker B motif maybe
required for Gag processing. In this case, the
differences are likely due to experimental design as
Fig. 6. DDX17 Q, Walker A and Walker B motifs are dispen
DDX17 and the annotated individual point mutations in the Q m
Walker A andWalker B (DEAD) motifs that are defective for AT
sequentially transfected with siControl or siRNA targeting DDX
siDDX17-resistant DDX17–Q198A or siDDX17-resistant DDX1
on HIV-1 relative virus production following endogenous DDX1
blot showing DDX17 knockdown and rescue with DDX17–Q1
endogenous DDX17 knockdown and rescue with silent Walk
knockdown and rescue with DDX17–K221A. (f) Effect on HIV
knockdown and rescue with silent Walker B (DDX17–E326Q)
with DDX17–E326Q. Each graph is a representative of three in
significance: *P b 0.05, **P b 0.01.
Lorgeoux et al. used the Walker B motif (DQAD)
mutant in overexpression experiments, whereas we
used these mutants in the context of knockdown and
rescue. The DQAD mutant has a dominant negative
effect when overexpressed, possibly due to recruit-
ment of different interacting factors.
Other differences between our findings and those of

previous studies may be attributable to the complex
interplay between DDX5 and DDX17 as they are
capable of forming heterodimers, DDX5 also exerts
non-reciprocal control over DDX17 production, and
DDX5 and DDX17 do have some interchangeable
cellular roles [21, 22]. Our study used siRNA
knockdown that was proven to specifically affect
either DDX17 or DDX5 without reciprocal effects, and
our work is the first to demonstrate a comprehensive
analysis by specific rescue of expression using wild-
type and mutated DDX17 expressors. We clearly
showed that we could not rescue DDX17 knockdown-
mediated inhibition of HIV production by overexpres-
sion of DDX5. We did attempt to construct rescue
mutants with mutations in regions involved in DDX5/
DDX17 heterodimer formation, but these were not
successful as the interacting regions are also required
in HIV replication.
By selectively inhibiting usage of the A4/A5 ss

DDX17 knockdown results in an 80%–90% reduc-
tion in Rev, Nef and Env/Vpu protein expression.
Despite significant depletion of Rev, there was still
enough of this regulatory protein to affect export of
unspliced and partially spliced transcripts, indicating
that a low abundance of Rev molecules is sufficient
for export of HIV-1 transcripts presumably since Rev
can shuttle and it is known to have a long half-life of
16 h [56]. Reduction in Env expression is likely a
major component of the impaired infectivity of virions
that are produced under DDX17 knockdown partic-
ularly given the paucity (~10 copies) of gp120/gp41
heterotrimeric spikes on normal virions [57]. This is
compounded by the raised Tetherin levels second-
ary to Vpu depletion.
Our analysis of DDX17 functional regions revealed

a surprising selectivity in the domains necessary for
carrying out splicing control, with distinct RNA binding
and ATPase motifs, namely, Ia, III and VI motifs and
the C terminus being essential for efficient HIV
replication. The Q motif and the Walker A, Walker B
sable in HIV-1 replication. (a) Schematic representation of
otif that abrogates ATP binding and hydrolysis, and in the
Pase and helicase activity, respectively. HeLa M cells were
17 (siDDX17 with or without increasing concentrations of
7–K221A or siDDX17-resistant DDX17–E326Q). (b) Effect
7 knockdown and rescue with DDX17–Q198A. (c) Western
98A. (d) Effect on HIV-1 relative virus production following
er A (DDX17–K221A). (e) Western blot showing DDX17
-1 relative virus production following endogenous DDX17
. (g) Western blot showing DDX17 knockdown and rescue
dependent experiments done in triplicate ± SEM. Statistical
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Fig. 7. DDX17 C terminus is critical for HIV-1 replication. HeLa M cells were sequentially transfected with siControl or
siRNA targeting DDX17 (siDDX17 with increasing concentrations of siDDX17-resistant DDX17–T516 or siDDX17-
resistant DDX17–T690 or siDDX17-resistant DDX17–T710). Supernatant was used to infect CD4+ TZM-bl indicator cells
for infectivity assay, 48 h after second dose transfection. (a) Effect on HIV-1 relative virus production following endogenous
DDX17 depletion and rescue with DDX17–T516. (b) Western blot showing DDX17 knockdown and rescue with DDX17–
T516. (c) Effect on HIV-1 relative virus production following endogenous DDX17 depletion and rescue with DDX17–T690.
(d) Western blot showing DDX17 knockdown and rescue with DDX17–T690. (e) Effect on HIV-1 relative virus production
following endogenous DDX17 depletion and rescue with DDX17–T710. (f) Western blot showing DDX17 knockdown and
rescue with DDX17–T710. Each graph is a representative of at least two independent experiments done in triplicate. Bars
represent mean of triplicate samples ± SEM. Statistical significance *P b 0.05.
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(DEAD), glycine doublet and Ib regions were all
dispensable in contrast to their known functions in
other DEAD box proteins and in keeping with the
multifunctional nature of the helicase family. Perhaps
the most unexpected was the independence of motifs
1a (necessary) and motif 1b (dispensable) as these
regions are suggested to act cooperatively as was
shown for eIF4A [43]. However, this was consistent
with finding that the glycine doublet was dispensable
since itsmajor role is as a structural link between them
facilitating their combined activity.
HIV replication does not require the Walker B

helicase in DDX17. Mutations in motif III, which is
essential for splicing at A4/A5 ss, have been shown to
cause minor effects on ATP binding, hydrolysis and
Motif 1aMotif 3
Di-glycine
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Q Motif
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RNA binding but cause a significant loss of helicase
activity [24, 58].Motif III is situated in a region essential
for conformational changes that facilitate efficient
RNA binding. Hence, it is likely that it is the RNA
binding activity of motif III that is important and
plausible that HIV splicing is independent of any
specific helicase-mediated unwinding activity.
Superimposing the mutagenic data on a recon-

structed core domain of DDX17 shows that regions
dispensable for splicing control are clustered around
the AMP binding site, suggesting that either AMP is
not functionally required or there are no dynamic
processes dependent on the structural effects of
bound AMP (Fig. 8b). Motif 3 is critical for helicase
activity, and its enzymatic function is necessary for the
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role of DDX17 (Fig. 8b). Motif 1a is surface exposed
and its ssRNA binding function appears crucial,
whereas the second ssRNA binding domain in motif
1b does not appear to be necessary (Fig. 8b).
In addition to the previously published roles of

DDX17 in modulating Gag processing [27] and
interactions with Rev and Gag [29, 59], we now
propose that DDX17 is essential for modulating HIV
splicing. We postulate based on our findings that
DDX17 modulates HIV splicing by interacting with
splicing factors that are critical for the selection of the
A4/5 splice site cluster. DDX17 may exert its effect
by acting as a bridge or co-factor between the
U2AF65/35 heterodimeric factor and the downstream
U1C in complex with the U1C snRNP. The resultant
complex likely adds to the stability and potentiation of
the otherwise intrinsically weak A4/5 cluster. Our
identification of a critical and unique role for DDX17
and the functional mapping of motifs required in
potentiating HIV-1 splicing has revealed a specific
and potentially vulnerable therapeutic target to control
HIV replication. In none of our studies did manipulation
of DDX17 levels or expression of mutants lead to
detectable adverse effects on the cells, suggesting that
the level of functional redundancy for cellular processes
would leave the cell unharmed by antiviral strategies
targeting this protein.

Materials and Methods

Cell lines and plasmid DNA

HeLa M, a derivative of HeLa cells [60], was
obtained from ATCC. TZM-bl, carrying two HIV-1 LTR-
driven reporter genes, firefly luciferase andEscherichia
coli β-galactosidase [61, 62], is a HeLa cell clone that
stably expresses high levels of CD4, CXCR4 and
CCR5 receptors, and was obtained from NIH AIDS
Research and Reference Reagent Program. HeLa M
and TZM-bl cells were grown in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine
serum. Jurkat cells were grown in RPMI supplemented
with 10% fetal bovine serum. Generation of the
siDDX17-resistant constructs was performed using a
site-directed mutagenesis kit (Agilent). See Table S1
for primer sequences.MycDX17wasakindgift fromDr
Frances-Fuller Pace (Dundee). An empty cloning
vector pBluescript (Stratagene) was used to maintain
a constant amount of DNA in transfection experiments.
pLAI is a full-length molecular clone of HIV-1 strain LAI
for the expression of wild-type virus [63].
Cell viability

CellTiter-Glo Luminescent Cell Viability Assay
(Promega) was adapted for 96-well half-area plates
and assay performed as previously described [64].
siRNA and plasmid DNA transfections

siDDX17, siDDX3 and siControl were purchased
from Life Technologies. See Table S2 for siRNA
sequences. Sequential transfections were per-
formed at 24 h (1 μl of 20 pmol siRNA alone) and
48 h (siRNA+DNAplasmids) post-seeding in 24-well
plates. A constant amount, 200 ng, of pLAI was used.
In the rescue experiments, in addition to siDDX17
and pLAI, HeLa cells were co-transfected with
increasing amounts of various siDDX17-resistant
constructs. All transfections were carried out using
jetPRIME(Polyplus) transfection reagent per the
manufacturer’s protocol. Cells and supernatant
were harvested 48 h post-co-transfection and the
supernatant was used to infect CD4+ TZM-bl cells to
assay for viral infectivity. To assess siRNA-mediated
knockdown and rescue, cell lysates were subjected
to Western blotting.

Nucleofection

Amaxa Nucleofector II Device and Amaxa cell line
Nucleofector Kit V from Lonza were used for
nucleofection of Jurkat cells per the manufacturer’s
protocol. Cells were sub-cultured in 12-well plates for
48 h and 1 × 106 cells per condition were used for
nucleofection with 2 μg DNA plasmid of either test
sample or control plasmid (pmaxGFPVector) together
with 30 pmol/sample siRNA (either siControl or
siDDX17). Forty-eight hours post-nucleofection, the
medium was replaced with fresh RPMI 1640. Cell
culture supernatant and cell lysates were harvested
96 h post-nucleofection.

Virus production assay

Virus infectivity in culture supernatants was deter-
mined by infecting TZM-bl indicator cells, based on
Tat-dependent upregulation of LTR-driven luciferase
expression. Cell lysates were harvested 48 h post-
infection. Fivemicroliters of cell lysate was transferred
to a 96-well half-area plate, to which 25 μl of
Luciferase Assay Reagent was added. Firefly lucifer-
ase activity was quantified using the Luciferase Assay
System with the Glomax 96 Microplate Luminometer
(Promega).

Nuclear extracts preparation and
co-immunoprecipitation

HeLa cells were co-transfected with the appropriate
Myc-tagged constructs and pLAI. Cells were harvest-
ed 48 h post-transfection and nuclear extracts
prepared as previously described [65, 66] with the
following buffers and modifications: Lysis buffer
containing 10 mM Hepes (pH 7.9), 1.5 mM MgCl2,
10 mM KCl and 0.5 mM DTT supplemented with
protease inhibitors (Roche). This was followed by 5 μl
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per 500-μl reactionmixRNaseA (Sigma) treatment for
10min at 4 °C.Sampleswere incubatedovernightwith
2 μg of either Myc or isotype control antibody in CO-IP
buffer [20 mMHepes (pH 7.9), 150 mMNaCl, 0.5 mM
DTT, 20% (v/v) glycerol, 10 mM NaF and protease
inhibitors]. Samples were then incubated with A/G
ultralink Sepharose beads (Thermoscientific) for 3 h at
4 °C. After washing with CO-IP buffer, samples were
eluted in 2× Laemmli sample buffer. Proteins were
separated by SDS-PAGE followed by Western
blotting using standard protocol.

Western blotting

Proteins were separated by SDS-PAGE before
being subjected to Western blot. The following
antibodies were from Santa Cruz: p24 IF antibody
(sc69728), Myc (9E10), DDX17 N Terminus (sc-
398168) and DDX17 (sc-271112); Abcam: SRSF1/
SF2 (ab129108), Tetherin/BST2 (ab14694), Vpu
(ab134061), U2AF65 (ab37530), rabbit isotype-
matched control IgG (ab27478), rabbit c-Myc
(ab39688), Nef (ab42355), Rev (ab855299) and
GAPDH (ab9485). Vif antibody was from GeneTex
(GTX80393). U1C antibody was obtained from Bethyl
Laboratories (A303-947A). DDX5 antibody PAb-204
was a kind gift fromDr. Frances Fuller-Pace (Dundee).
HIV-1 p55/p24 (ARP, NIBSC) [67]. Envelope/gp120
Mouse Monoclonal was obtained from CFAR. Mouse
IgG isotype control (401402) was obtained from
Biolegend. The following secondary antibodies were
from Cell Signalling: horseradish peroxidase-conju-
gated anti-mouse (#7076, 1:2000), and from Santa
Cruz: horseradish peroxidase-conjugated anti-rabbit
(#2123, 1:2000). Detection was carried out using ECL
prime (Amersham) per themanufacturer’s instructions.

Immunofluorescence assay

HeLa cells were seeded in 8-well chamber slides
(Millipore). Cells were sequentially transfected with
siControl or siDDX17 and then a second round of
siRNA together with pLAI, with or without increasing
concentrations of siDDX17 rescue expressor con-
struct. Cells were harvested 48 h post-co-transfection
and fixed with 4% paraformaldehyde followed by
washing with PBS and permeabilizing with 0.1%
Triton X-100 for 10 min at room temperature. Cells
were then treated with 5% BSA blocking solution for
45 min, followed by incubation with the relevant
primary antibodies (Gag, Isotype matched control or
DDX17) for 1 h. Cells were washed with PBST prior to
incubation with the relevant secondary antibodies.
Secondary antibodies used were as follows: Alexa-
Fluor 647 donkey anti-mouse conjugated secondary
antibody, Alexa Fluor 555 goat anti-rabbit, or isotype-
matched control antibodies (Santa Cruz). Vectashield
with 4′,6-diamidino-2-phenlindole (DAPI) (Vector)was
applied before coverslip was mounted. Cells were
visualized using LeicaSp5 confocal lasermicroscope.
All images were digitally recorded and merged using
the Leica software.

Enzyme-linked immunosorbent assay

Extracellular and intracellular/supernatant CA-p24
levels were quantified by ELISA (Alto) with slight
modification [68].

RT-qPCR

HeLa cells were sequentially transfected with
siRNA and DNA plasmids as previously described
in 24-well plates. Total RNA was extracted using
RNeasy kit (Qiagen) per the manufacturer’s instruc-
tions. Five micrograms of total RNA was used for
complementary DNA synthesis with random hexam-
ers, using reverse-transcription kit (Applied Biosys-
tems). Applied Biosystems 7500 HT Fast Real Time
PCR System (Life Technologies) and SYBR green
qPCR reagent (Applied Biosystems) were used for
qPCR. Primer sequences and thermo-cycling con-
ditions have been previously described [69, 70] and
are shown in Tables S1 and S3, respectively. The
specificity of qPCR products was examined by a
dissociation curve and relative abundance of tran-
scripts was calculated using the 2−ΔΔCT method [71].
Results were normalized to actin, and mean results
of triplicates were converted to ratios relative to
siControl samples.

Statistical analyses

Statistical analyses were performed in Excel and
GraphPad Prism version 4. The data for viral
infectivity and CA-p24 production were analyzed by
unpaired two-tailed Student’s t-test, with Welch’s
correction.

Modeling methods

The sequence of the N-terminal and C-terminal
domains was submitted individually to the PHYRE
modeling server [72]. PDB helicase structure 3fe2
was the template for the N-terminal domain subse-
quently extended using 4a4d. PDB helicase struc-
ture 4pxa was used for the C-terminal domain.
Finally, PDB helicase structure 2i4i was used to
guide the relative positions of the two domains and
add the AMP at the active site. The overall domain
arrangements and geometry of the model were
manually improved by rebuilding in COOT [73]. The
model was renumbered to the DD17_HUMAN
Isoform 2 UniProt residue numbering and covered
UniProt residues 49-473. Molecular graphic display
used ICM browser (http://www.molsoft.com/).
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.jmb.2018.06.052.

http://www.molsoft.com
https://doi.org/
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