HIV-1 requires Staufen1 to dissociate stress granules
and to produce infectious viral particles
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ABSTRACT

The human immunodeficiency virus type 1 (HIV-1) genomic RNA (VRNA) has two major fates during viral replication: to
serve as the template for the major structural and enzymatic proteins, or to be encapsidated and packaged into assembling
virions to serve as the genomic vVRNA in budding viruses. The dynamic balance between vRNA translation and encapsida-
tion is mediated by numerous host proteins, including Staufen1. During HIV-1 infection, HIV-1 recruits Staufen1 to assem-
ble a distinct ribonucleoprotein complex promoting vVRNA encapsidation and viral assembly. Staufen1 also rescues vVRNA
translation and gene expression during conditions of cellular stress. In this work, we utilized novel Staufen1~/~ gene-edited
cells to further characterize the contribution of Staufen1 in HIV-1 replication. We observed a marked deficiency in the
ability of HIV-1 to dissociate stress granules (SGs) in Staufen1-deficient cells and remarkably, the vRNA repositioned to
SGs. These phenotypes were rescued by Staufen1 expression in trans or in cis, but not by a dsRBD-binding mutant,
Staufen1F135A. The mistrafficking of the VRNA in these Staufen1~/~ cells was also accompanied by a dramatic decrease
in viral production and infectivity. This work provides novel insight into the mechanisms by which HIV-1 uses Staufen1 to
ensure optimal vRNA translation and trafficking, supporting an integral role for Staufen1 in the HIV-1 life cycle, positioning
it as an attractive target for next-generation antiretroviral agents.
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INTRODUCTION Two types of SGs that differ in their morphology, com-
position, and mechanisms of assembly have been de-
scribed by Fujimura et al. (2012). In our previous work,
we have shown that human immunodeficiency virus
type 1 (HIV-1) disrupts canonical type | SG assembly in
an elF2o-phosphorylation (elF20-P) independent manner
via an interaction between the amino-terminal domain of
the capsid (CA) domain on the main HIV-1 structural
protein pr55°29 and the host eukaryotic elongation factor
2 (eEF2) (Abrahamyan et al. 2010; Valiente-Echeverria
et al. 2014). pr55°%9 could also mediate the disassembly
of preexisting SGs via an interaction with Ras GTPase-
activating protein-binding protein 1 (G3BP1) (Valiente-
Echeverria et al. 2014). Moreover, HIV-1 is also capable
of blocking the assembly of type Il, noncanonical SGs by

In response conditions of cellular stress, including that of
viral infection, the host cell reprograms its translational ma-
chinery to inhibit viral gene expression by assembling
translationally silent ribonucleoprotein (RNP) complexes
known as stress granules (SGs) (Anderson and Kedersha
2009; Thomas et al. 2011). Viruses are obligate intracellular
parasites that utilize the host cell machinery to facilitate the
expression of their own genes, and viral replication can be
significantly decreased by an impediment to cellular
mRNA translation. Hence, many viruses have developed
mechanisms to circumvent the cellular stress response
(for reviews, see Valiente-Echeverria et al. 2012; Poblete-
Durén et al. 2016).
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reducing the amount of hypophosphorylated 4EBP1 asso-
ciated with the 5’ cap, potentially through an interaction
with its target, elF4E (Cinti et al. 2016). We have also
demonstrated that HIV-1 blocks the assembly of Type 1
SGs induced by HIV-1 nucleocapsid (NC) expression via
the recruitment of the host dsRNA binding protein
Staufen1 (Rao et al. 2018).

Staufen plays roles in various steps of the HIV-1 replica-
tion cycle, including Gag multimerisation, vVRNA encapsi-
dation, and viral assembly (Chatel-Chaix et al. 2004,
2007, 2008; Abrahamyan et al. 2010). A role for Staufen
in viral encapsidation was first described when it was deter-
mined that Staufen is incorporated into virions in a VRNA-
dependent manner (Mouland et al. 2000). Overexpression
of Staufen1 was demonstrated to increase VRNA encapsi-
dation several-fold, resulting in a significant impairment
of viral infectivity (Mouland et al. 2000). The amino-termi-
nal moiety of Staufen1 is also required for efficient Gag
multimerisation (Chatel-Chaix et al. 2007). The third
dsRNA binding domain (dsRBD3) of Staufeni interacts
specifically with the zinc fingers of the NC domain of
Gag in an RNA-independent manner (Chatel-Chaix et al.
2008). This interaction results in the formation of high mo-
lecular weight, detergent insoluble, Staufen1-HIV-1-de-
pendent RNPs (SHRNPs), also containing Gag, Upf1, and
the VRNA, and many other viral and cellular proteins
(Mallardo et al. 2003; Chatel-Chaix et al. 2004, 2007,
2008; Abrahamyan et al. 2010; Milev et al. 2012; Tosar
etal. 2012). In the context of SHRNPs, Staufen1 likely inter-
acts with the NC domain of Gag to enhance Gag assembly
and vRNA packaging (Abrahamyan et al. 2010; Milev et al.
2010). The formation of this RNP also promotes vRNA
encapsidation. The knockdown of Staufen1 has been
shown to result in a significant reduction of viral infectivity
(Chatel-Chaix et al. 2004). It was later described that dur-
ing conditions of oxidative stress, HIV-1 can prevent the as-
sembly of SGs, but promotes the assembly of SHRNPs
(Abrahamyan et al. 2010). SHRNPs are distinct from both
SGs and processing bodies (PBs), and their formation is
also hypothesized to serve to prevent the degradation of
the VRNA (Abrahamyan et al. 2010). Therefore, the forma-
tion of the SHRNPs contributes to the ability of HIV-1 in
preventing SG assembly to ensure viral production (Abra-
hamyan et al. 2010).

In this work, we investigated the ability of HIV-1 to pre-
vent the assembly of Type 1, arsenite (Ars)-induced SGs
in novel HCT116 cells that are deficient of Staufen1, as
generated by CRISPR-Cas?-mediated gene editing. We
observed that Staufen1 knockout (SKO) resulted in im-
paired SG dissociation by HIV-1, rerouting of the viral ge-
nomic RNA to SGs, decreased viral gene expression and
marked defects in viral production. These results highlight
the importance of host protein Staufen1 in optimal vVRNA
trafficking and in the prevention of SG assembly for effi-
cient virus production.
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RESULTS

HIV-1 has impaired ability to dissociate stress
granules in Staufen1-deficient cells

Previous studies show that siRNA-mediated depletion
of Staufen1 facilitates Ars-induced SG assembly while
Staufen1 overexpression impairs SG assembly (Thomas
et al. 2009). In HIV-1 expressing cells, Staufen1 prevents
the assembly of Ars-induced SGs by promoting the assem-
bly of SHRNPs (Abrahamyan et al. 2010). HIV-1 also disas-
sembles SGs, irrespective of elF2a phosphorylation
status, by interacting with the eukaryotic elongation factor
eEF2 via the capsid (CA) domain of the precursor structural
protein, pr55Gag (referred to as Gag herein) (Valiente-
Echeverria et al. 2014). In contrast, the carboxy-terminal
NC domain of Gag, when expressed alone, induces elF2a
phosphorylation and SG assembly, but cannot be dissolved
by CA. These observations suggest that the activities of the
CA and NC domains control SG dynamics, likely to be
important at several steps of HIV-1 replication. Neverthe-
less, we have shown that Staufen1 inhibits NC-induced
SG assembly and rescues HIV-1 viral production (Rao
etal. 2018). In this study, we therefore evaluated the ability
of HIV-1 to dissociate Ars-induced SGs in novel, SKO cells,
generated as described in Materials and Methods (S Has-
sine and L DesGroseillers, in prep.). These cells grow nor-
mally with no apparent change in phenotype. Parental
HCT116 and SKO cells were either mock transfected or
transfected with pNL4.3, a plasmid that expresses the full-
length HIV-1 genome and expresses all auxiliary and regu-
latory viral genes as described in Materials and Methods.
Twenty-four hours later, cells were left untreated or were
briefly treated with Ars, and SGs were visualized by TIAR1
staining by indirectimmunofluorescence for quantification.
In wild-type (WT) HCT116 cells, Ars treatment resulted in
the assembly of SGs in 82.9 (+13.1)% of mock-transfected
cells (Fig. 1A,D). However, only 17.7 (£12.7)% of pNL4.3-
transfected cells contained SGs, demonstrating that HIV-
1 expression dissociates Ars-induced SGs in HCT116 cells
(Fig. 1A,D). SGs were not observed in mock (pcDNA3.1
transfected) untreated cells, top rows in Fig. 1A,B). Similar
to what was found in HCT116 cells, Ars treatment resulted
in the assembly of SGs in the majority of cells (89.4 [+6.6]%)
of mock-transfected SKO cells (Fig. 1B,D). SKO cells trans-
fected with pNL4-3 however, were 62.9 (+11.6)% positive
for SGs as a result of Ars treatment (Fig. 1B,C) indicating
an impaired ability of HIV-1 to dissociate and block SG as-
sembly. To determine whether reintroducing Staufen1 to
SKO cells could rescue the HIV-1-induced SG blockade,
we first transfected SKO cells with a Staufen1/YFP expres-
sion construct to rescue Staufen expression (Chatel-Chaix
et al. 2004). Cells were treated with Ars 24 h later, and SGs
were visualized by TIAR1 staining by indirect immunofluo-
rescence. Comparable to the effects of HIV-1 expression
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in WT HCT116 cells, coexpression of Staufen1/YFP and
PNL4.3 in SKO cells reverted to the HIV-1-mediated SG
blockade phenotype where only 16.7 (+5.9)% of cells ex-
hibited SGs (Fig. 1B, bottom row), indicating that Staufen
is required for the SG blockade imposed by HIV-1.

In the next series of experiments, we performed experi-
ments with pNL4.3 and chimeric pNL4.3 constructs in
which Staufen? is inserted within the nef open reading
frame to rescue Staufen? or the Staufen1 mutant expres-
sion in cis. We stained with elF3, which is found in type |
but not type Il SGs (Cinti et al. 2016). As shown in Figure
1C (top row), HIV-1 blocks type | SGs as shown previously.
However, in SKO cells, HIV-1 is again unable to suppress
SG assembly when cells are stressed with Ars. In a similar
manner, when Staufen? is rescued in cis using pNL4.3/
Staufen1-HA, the HIV-1 imposed blockade of SGs is re-
covered to a similar level obtained with Staufen1/YFP
expressed in trans (Fig. 1C, third row), but not when the
dsRBD3 mutant, pNL4.3/Staufen1F135A-HAis used to res-
cuein cis(Fig. 1C, bottom row; Fig. 1D). Because Staufen1’s
ability to bind both Gag and RNA is dramatically impaired
with this F135A mutant (Ramos et al. 2000; Chatel-Chaix
etal. 2008), it is likely that these interactions are largely re-
quired to rescue the HIV-1-imposed SG phenotype. These
results, compiled in Figure 1D, demonstrate that Staufen'
is recruited by HIV-1 to inhibit Ars-induced SG assembly
via Staufen1’s F135A region in its third dsRBD.

The HIV-1 viral RNA accumulates in stress granules
induced in Staufen1-deficient cells

SGs are associated with silenced transcripts, and many vi-
ruses are known to subvert the function of these RNA

FIGURE 1. HIV-1 hasimpaired ability to dissociate Ars-induced SGsin
SKO cells and is rescued by Staufen1 in trans and in cis. (A) HCT116
cells were transfected with pcDNA3.1 or proviral HIV-1 construct,
pNL4.3. Twenty-four hours later, cells were either mock-treated or
treated with 500 pM Ars for 1 h and then p24 (green) and TIAR1 (red)
were detected by indirect immunofluorescence. Nuclei were stained
with DAPI (blue). Scale bars are 10 um. (B) Staufen1 gene-edited
SKO cells were transfected with pcDNA3.1 (Mock), pNL4.3, or
pNL4.3 and a Staufen1/YFP cDNA expression construct to rescue
Staufen1 in trans. Twenty-four hours later, cells were either mock treat-
ed or treated with Ars for 1 h and p24 (green) and TIAR1 (red) were de-
tected by indirectimmunofluorescence. Nuclei were stained with DAPI
(blue). Gag is pseudocolored green; inset shows Staufen1-YFP expres-
sion in yellow. Scale bars are 10 pm. (C) HCT116 cells or SKO cells (as
indicated) were transfected either with pNL4.3, pNL4.3/Staufen1-HA,
or pNL4.3/Staufen1F135A-HA, to rescue with WT or dsRBD3 mutant
Staufen1, in cis. Twenty-four hours later, cells were either mock treated
ortreated with Ars for 1 h, and p24 (green) and elF3 (pink) were detect-
ed by indirect immunofluorescence. Nuclei were stained with DAPI
(blue). Scale bars are 10 um. (D) Quantification of cells containing
SGs from panels A-C. Error bars represent the standard deviation
from three independent experiments with at least 100 cells counted
per treatment. Asterisks represent statistically significant differences
between groups (one-way ANOVA: [**] P<0.01; [****] P<0.001).
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granules to promote viral gene expression (Lloyd 2012).
Since SGs were observed in HIV-1 expressing SKO cells
(Fig. 1), we sought to determine whether these SGs con-
tain sequestered, HIV-1 genomic RNA, vRNA. HCT116
and SKO cells were mock transfected and treated with
or without Ars, or transfected with pNL.4.3 (Fig. 2A,B).
Twenty-four hours later, the vRNA and SGs were visualized
using combined fluorescence in situ hybridization and in-
direct immunofluorescence for TIAR1, respectively. In
both cell lines, TIAR1 displayed a diffuse staining pattern
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FIGURE 2. HIV-1 genomic RNA (vVRNA) is sequestered in Ars-induced
SGs in SKO cells. (A) HCT116 cells were transfected with pcDNA3.1 or
pNL4.3. Twenty-four hours later, cells were either mock treated or
treated with Ars for 1 h, and then HIV-1 genomic RNA (vVRNA; red)
and TIAR1 (cyan) were identified by coupled fluorescence in situ hy-
bridization/immunofluorescence. Nuclei were stained with DAPI
(blue). Scale bars are 10 pm. (B) SKO cells were transfected with
pcDNA3.1, pNL4.3, or pNL4.3.-Staufen1-HA to rescue Staufen1 ex-
pression in cis. Twenty-four hours later, cells were either mock treated
or treated with Ars for 1 h and then p24 (green) and TIAR1 (cyan) were
detected by indirect immunofluorescence. Nuclei were stained with
DAPI (blue). Scale bars are 10 pm.
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and Ars-induced large, TIAR1" SGs (Fig. 2A,B, top and mid-
dle rows). The vVRNA presented as a regular, punctate stain-
ing pattern in untreated (without Ars), HIV-1-expressing
HCT and SKO cells (Supplemental Fig. S1). As shown
earlier, HIV-1 (identified herein as vRNA-expressing cells)
suppressed SG assembly in Ars-treated HCT116 cells (Fig.
2A, bottom row). However, in the Ars-treated, pNL4.3-
transfected SKO cells, the vVRNA predominantly colocalized
with the SG marker, TIAR1 (Fig. 2B, third row). Indeed, when
SKO cells were transfected with pNL4.3-Staufen1-HA to
rescue Staufenl expression in cis, the HIV-1-mediated
blockade to SG assembly was reestablished and vRNA
was observed in the cytoplasm of cells (Fig. 2B, bottom
row; Supplemental Fig. S1). Therefore, in the absence of
Staufen1, the vRNA is mistrafficked and routed aberrantly
to SGs.

Staufen1 deficiency promotes elF2a.
phosphorylation and a reduction in Gag

The phosphorylation of elF2a. is triggered by conditions of
stress, including that induced by viral infection, resulting in
a block to mRNA translation initiation and the assembly of
SGs (Kedersha et al. 1999; Balachandran et al. 2000). Since
SKO cells have an impaired ability to dissociate Ars-in-
duced SGs, we evaluated the phosphorylation status of
elF20 in HIV-1-expressing cells, and its subsequent effect
on viral gene expression. HCT116 and SKO cells were
transfected with either pNL4.3 or pNL4.3-Staufen1-HA.
Whole cell lysates were collected and the levels of phos-
phorylated elF20. and Gag were quantified by western
blotting at 24 h posttransfection. elF2a was not phosphor-
ylated in HCT116 cells transfected with expressing either
of the proviral constructs, pNL4.3 or pNL4.3/Staufen1-
HA (Fig. 3A,B), and no statistically significant differences
in Gag expression levels were found either (Fig. 3A,C).
However, robust phosphorylation of elF2a was observed
in the HIV-1-expressing SKO cells, and this was accompa-
nied by a 51.0 (x11.2)% decrease in Gag expression (Fig.
3A-C). The coexpression of Staufen1 in cis and HIV-1 in
the SKO background led to decreased elF20. phosphoryla-
tion (Fig. 3A,B), but was however, unable to rescue Gag ex-
pression in these cells (Fig. 3A,C). To determine whether
these effects on Gag expression were due to impaired
translation of the vVRNA or due to reduced vRNA levels,
RT-gPCR was used to quantify vRNA isolated from cell ly-
sates. No significant differences in the levels of intracellular
vRNA were observed between HCT116 or SKO cells trans-
fected with either pNL4.3 or pNL4.3/Staufen1-HA (Fig.
3D). While we did not determine cellular translation levels,
Staufen1 was likely affecting HIV-1 gene expression at a
posttranscriptional level since we found no significant dif-
ferences in intracellular vRNA (Fig. 3D). Therefore, these
results imply that the effects of Staufen1 deficiency on
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FIGURE 3. SKO cells exhibit impaired intracellular vRNA expression. (A) HCT116 and SKO
cells were transfected with either pNL4.3 or pNL4.3-Staufen1-HA, to rescue Staufen? in cis.
Twenty-four hours later, cell lysates were subjected to SDS-PAGE, immunoblotted, and
probed to investigate elF20 phosphorylation and Gag expression. (B) Densitometric quantifi-
cation of phosphor(P)-elF20. was determined by ImageJ analysis. Values presented in the
graph are normalized against the total amount of elF2a. in the cell lysate and represent fold
change with the HCT116 pNL4.3-transfected cells being arbitrarily set to one. Error bars rep-
resent the standard error of the mean from three independent experiments. Asterisks repre-
sent statistically significant differences between groups (one-way ANOVA: [**] P<0.01; [***]
P<0.005). (C) Densitometry quantifications of Gag levels were determined by ImageJ analy-
sis. Values presented in the graph are normalized against the total amount of Gag in the cell
lysate and represent fold change with the HCT116 pNL4.3-transfected cells being arbitrarily
set to one. Error bars represent the standard error of the mean from three independent exper-
iments. Asterisks represent statistically significant difference between groups (one-way
ANOVA: [**] P<0.01). (D) HIV-1 genomic RNA, vRNA, and levels from cells transfected as de-
scribed above were measured by RT-PCR and normalized to the HCT116 pNL4.3-transfected
condition that was arbitrarily set to one. Error bars represent the standard deviation from three
independent experiments. ns, no statistical differences between the means.

Gag levels are likely due to a posttranscriptional defect,
and not a transcriptional one.

Staufen1 deficiency results in impaired
viral infectivity

Since reduced Gag was observed in the SKO cells (Fig. 3A,
C), we aimed to determine whether this reduction was
correlated with reduced virus production. HCT116 or
SKO cells were either transfected with proviral constructs,

pNL4.3 or pNL4.3/Staufen1-HA. The
infectivity of viruses produced from
these cells was measured using HIV-
1 infectivity indicator TZM-bl cells. In
agreement with our previous work
(Mouland et al. 2000), Staufen1 over-
expression in WT HCT116 cells
caused a 2.1 (=0.3) fold increase in
the VRNA/p24 ratio, a measure of viral
encapsidation, relative to the HIV-1
expressing HCT116 cells, indicating
that Staufen1 expression enhanced
vRNA encapsidation (Fig. 4B). As
compared to the WT HCT116 HIV-1
expressing cells, SKO cells exhibited
a 3.8 (x0.7)-fold and 5.7 (=2.1)-fold in-
crease in VRNA/p24 ratio in the HIV-1
expressing and HIV-1 and Staufen1-
HA coexpressing cells (using pNL4.3/Staufen1-HA), re-
spectively (Fig. 4B). These latter data are also in agreement
with our previous observations of impaired infectivity of
progeny virions upon Staufen1 knockdown (Chatel-Chaix
et al. 2004). This correlated with a 62.5 (x0.1)%, 56.2
(£24.6)%, and 88.58 (+8.9)% decrease in virus infectivity
from the supernatants from Staufen1-HIV-1 coexpressing
HCT116 cells, of SKO cells either expressing HIV-1, and
coexpressing Staufen-1 and HIV-1 (using pNL4.3/Stau-
fen1-HA), respectively (Fig. 4C). Therefore, virus derived
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FIGURE 4. The viruses generated from SKO cells have impaired infectivity. HCT116 and SKO
cells were transfected with either pNL4.3 or pNL4.3.-Staufen1-HA to rescue Staufen1 in cis.
The amount of p24 in the supernatant of transfected cells was measured by p24 ELISA.
Error bars represent the standard deviation from three independent experiments. Asterisks
represent statistically significant difference between groups (one-way ANOVA: [****] P<
0.001). (B) vRNA levels from cells transfected as described above were measured by RT-PCR
and normalized to the amount of virus in the supernatant as measured by p24 ELISA. Error
bars represent the standard deviation from three independent experiments. Asterisks repre-
sent statistically significant differences between groups (one-way ANOVA: [**] P<0.01).
(C) The infectivity of the virus in the supernatants of cells transfected as described above
was quantified by X-Gal staining assay and normalized to the amount of virus in the superna-
tant as measured by p24 ELISA. Error bars represent the standard deviation from three inde-
pendent experiments. Asterisks represent statistically significant difference between groups

(one-way ANOVA: [**] P<0.01).

from SKO cells contain enhanced vRNA but exhibit
largely decreased infectivity.

DISCUSSION

This work demonstrates an integral requirement for Stau-
fen1 in the process of HIV-1-mediated SG disassembly
and for efficient viral gene expression. We show that HIV-
1 has an impaired ability to dissociate Ars-induced SGs in
SKO cells. We also demonstrate by mutational analysis
that this effect is mediated by the RNA- and Gag- binding
activity of the third dsRBD of Staufen1 (Fig. 1). We provide

732 RNA, Vol. 25, No. 6

important role for Staufen1 in HIV-1-
mediated SG disassembly and the im-
plication of multiple host factors in
countering this stress response.
Therefore, in HCT116 cells Staufen1
plays crucial roles in preventing SG as-
sembly, likely by promoting the as-
sembly of SHRNPs or a particular
type of RNA granule (Abrahamyan
etal. 2010), resulting in the propertraf-
ficking of the VRNA, its encapsidation,
and the generation of infectious virus
particles. It will be of value to further
characterize the effects of Staufent
deficiency in HIV-1-tropic cell types.
In HIV-1-expressing cells, the VRNA has two main fates:
to serve as a template for mRNA translation and synthesis
of the major HIV-1 structural and enzymatic proteins Gag
and GagPol, and to be packaged into progeny, budding
viruses. The majority of the VRNA is not captured for
encapsidation, but rather serves other roles toward gener-
ating viral proteins, or acts as a cofactor for viral assembly
(Kaye and Lever 1999; Butsch and Boris-Lawrie 2000,
2002; Poon et al. 2002). The regulation of the fate of the
vRNA, that is, whether it is translated or encapsidated, is
reported to be determined by conformational switches in
secondary structure of the vVRNA (Abbink and Berkhout
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2003). The vRNA long-distance interaction (LDI) secondary
structure is used for translation, while the branched multi-
ple hairpin (BMH) secondary structure is used for genome
encapsidation (Abbink and Berkhout 2003). Binding of the
NC protein to the VRNA is believed to cause a rearrange-
ment from the LDI to the BMH conformation (Huthoff
and Berkhout 2001). Staufen1 interacts with the NC
domain of Gag to promote VRNA encapsidation via the as-
sembly of SHRNPS that putatively serve as a scaffold for
vRNA packaging. During Staufen1 overexpression in WT
HCT116 cells, the virus generated from HIV-1 expressing
cells contained increased levels of vRNA (Fig. 4B), yet
had decreased viral infectivity (Fig. 4C), in agreement
with previous studies showing that an overexpression of
Staufen1 also results in enhanced VRNA encapsidation
and decreased infectivity of progeny virions (Mouland
et al. 2000). This further supports a role for Staufen1 in
VRNA encapsidation via the assembly of SHRNPs.

SHRNPs are unable to assemble in cells lacking
Staufen1. Enhanced vRNA encapsidation was observed
in the SKO cells, and was accompanied by a phosphoryla-
tion of elF2a (Figs. 3A, 4B). These data are similar to
previous reports in which siRNA-mediated depletion of
Staufen1 also resulted in enhanced vRNA encapsidation
and defects in viral infectivity (Abrahamyan et al. 2010).
Therefore, since SHNRPs are unable to assemble in SKO
cells, the vRNA is mistrafficked and assembles in distinct
RNPs that promote excessive vVRNA encapsidation, result-
ing in the generation of defective progeny virus. The
association of RNP assembly to packaging has been inti-
mated to be the case for the Ty particle of retroelements
(Beliakova-Bethell et al. 2006; Beckham and Parker
2008). More recently, it was demonstrated that VRNA pack-
aging is initiated by the targeting of Gag to a subset of host
RNA granules containing unspliced HIV-1 RNA (Barajas
et al. 2018). During HIV-2 infection, the HIV-2 genomic
RNA accumulates in SGs in the absence of active transla-
tion prior to being selected for packaging by the HIV-2
Gag polyprotein (Soto-Rifo et al. 2014). This report dem-
onstrates that HIV-1 requires Staufen1, both to suppress
SG assembly and to avert vVRNA trafficking to visible,
type | SGs. Itis likely that the vRNA routes to poorly char-
acterized but HIV-1-specific RNP granules (e.g., SHRNPs)
for optimal vRNA packaging.

A deficiency of Staufen1 also has marked effects on
vRNA translation. The decrease in Gag expression and re-
duced viral release observed in the SKO cells could be the
result of the mistrafficking of the intracellular vRNA, with
more of the total vVRNA becoming encapsidated instead
of being translated. Moreover, the impaired cellular trans-
lation as a result of elF20 phosphorylation, along with the
impaired ability of HIV-1 to inhibit the cellular stress re-
sponse in the SKO cells, could also contribute to reduced
viral gene expression and viral release. Recent work dem-
onstrates that the recruitment of RNAs to SGs is depen-

dent on the disengagement of ribosomes from the
mRNA (Khong and Parker 2018). The amino-terminal re-
gion of Staufen1 binds to ribosomal subunits to stabilize
polysomes on translating mRNAs, including the HIV-1
VRNA (Thomas et al. 2009; Rao et al. 2018). Therefore, in
the absence of Staufen1, the stability of the ribosomes
on the vRNA might be compromised, resulting in the mis-
trafficking of the VRNA into SGs rather than their transla-
tion. This further highlights the role of Staufen1 in vVRNA
translation (Dugre-Brisson et al. 2005; Abrahamyan et al.
2010; Rao et al. 2018).

Rescue of Staufen1 expression in SKO cells resulted in
the reestablishment of the ability of HIV-1 to dissociate
Ars-induced SGs and a reduction in elF20. phosphorylation
(Figs. 1, 3A), supporting a role for Staufen1 in translational
derepression (Abrahamyan et al. 2010; Rao et al. 2018).
Staufen1 also competes with the interferon (IFN)-inducible
host protein PKR and prevents PKR-mediated elF20-phos-
phorylation and subsequent translational shutdown,
highlighting another role for Staufen1 in translational der-
epression (Elbarbary et al. 2013; Dixit et al. 2016).
However, Staufen1 rescue was unable to restore intracellu-
lar Gag expression and the amount of virus released into
the supernatant (Figs. 3A, 4A). Rescue of Staufen1 led to
increased VRNA encapsidation and a decrease in viral in-
fectivity, further demonstrating that the balance of vRNA
translation and encapsidation is a tightly regulated process
that requires conserved levels of constitutively expressed
Staufen1 in host cells (Huthoff and Berkhout 2001).

Overall, this work highlights the integral role of Staufen
in the generation of infectious HIV-1 particles, in routing
the genomic RNA in the cell and sheds light on the dynam-
ic intracellular interplay between Staufen1, the vRNA and
Gag toward the regulation of viral gene expression.

MATERIALS AND METHODS

Cell culture and transfection conditions

Staufen1 knockout (SKO) cells were generated by transfecting
HCT116 cells with a plasmid encoding GFP, Cas?, and sgRNA tar-
geting exon 5 of the Staufen1 gene (Horizon Discovery) and using
Lipofectamine 3000 (Life Technologies/Thermo Fisher). Forty-
eight hours posttransfection, GFP positive cells were sorted by
FACS, and single cells were expanded into colonies in 96-well
plates. Loss of Staufen1 expression in cells was monitored by
western blotting using anti-Staufen antibody and by Polymerase
chain reaction (PCR). Cells were maintained in McCoy's Media
(Life Technologies/Thermo Fisher) supplemented with 1% peni-
cillin/streptomycin and 10% fetal bovine serum (Hyclone). SKO
cells grew normally with no apparent phenotype (S Hassine and
L DesGroseillers, in prep.). Cells were transfected with 1 g of to-
tal DNA per 4 x 10° cells using JetPrime (PolyPlus transfections)
according to the manufacturer’s instructions. Twenty-four hours
after transfection, cells were fixed or lysed. Cells were treated
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with 500 uM arsenite (NaAs0,; Sigma-Aldrich) for 1 h (Cinti et al.
2017).

Plasmids

pNL4.3, a proviral HIV-1 clone that encodes the full-length RNA
genome, the structural and enzyme proteins Gag, Gag/Pol, enve-
lope, the complete set of auxiliary (Vpr, Vpu, Vif) and regulatory
genes (tat, rev, nef), was obtained from the NIH AIDS reagent pro-
gram. The Staufen1 cDNA expression construct pCMV-Staufen1-
YFP used to rescue Staufen1 in trans was previously described
(Chatel-Chaix et al. 2004). pNL4.3/Staufen1-HA and pNL4.3/
Staufen1F135A-HA were previously described (Chatel-Chaix
etal. 2004) and contain either the WT Staufen1 or dsRBD3 mutant
cDNA fused to the HA epitope tag in place of the Nef coding se-
quence. pcDNA3.1 used in mock conditions was purchased from
Invitrogen.

Antibodies

Rabbit anti-Staufen1 antiserum generated to the full-length re-
combinant protein was produced and purified at the McGill
University Cell Imaging and Analysis Network, and was used at
1:1000 for western blotting; mouse anti-p24 (clone 183-H12-5C)
(NIH AIDS Reference and Reagent Program) was used to identify
Gag at 1:400 for indirectimmunofluorescence and at 1:10,000 for
western blotting; and goat anti-TIAR1 (Santa-Cruz Biotechnology)
was used for indirect immunofluorescence microscopy at
1:500; rabbit anti-phospho-elF2o. (Ser51) (Cinti et al. 2016) (Cell
Signaling Technology) was used for indirect immunofluorescence
microscopy at 1:200 and for western blotting at 1:1000; goat
anti-elF3b (Santa-Cruz Biotechnology) 1:250, as described by
Valiente-Echeverria et al. (2014); mouse anti-elF20. (Cell
Signaling Technology) and mouse anti-actin (Abcam) were used
for western blotting at 1:1000 and at 1:10,000, respectively.
Horseradish peroxidase-conjugated secondary antibodies were
purchased from Rockland Immunochemicals, AlexaFluor second-
ary antibodies were purchased from Life Technologies, and were
used as recommended by the manufacturers.

Immunofluorescence, fluorescence in situ
hybridization, and imaging analyses

Following transfection, cells were washed once in Dulbecco’s
phosphate-buffered saline (DPBS) (Thermo Fisher Scientific) and
fixed with 4% paraformaldehyde for 20 min. Cells were then
washed with DPBS, incubated in 0.1 M glycine for 10 min, washed
with DPBS, incubatedin 0.2% Triton X-100for5 min, and washed in
DPBS. A digoxigenin-labeled RNA probe targeting the vVRNA was
synthesized in vitro in the presence of digoxigenin-labeled UTP
(Roche) as described by Vyboh etal. (2012). To stain the vRNA, cells
were DNase (Invitrogen) treated for 15 min (25 U per coverslip),
then incubated in hybridization solution for 16-18 h at 42°C
(50% formamide, 1 mg/mL tRNA, 2x SSPE, 5x Denharts, 5 U
RNaseOut [Invitrogen], 50 ng probe). Cells were then incubated
in 50% formamide for 15 min at 42°C and incubated twice in 2x
SSPE for 5 min each at 42°C. Cells were briefly washed in PBS be-
fore being blocked in 1x blocking solution (Roche). Primary anti-
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bodies were applied for 1 h at 37°C and then washed for 10 min
in DPBS followed by secondary antibodies for 1 h. Cells were
washed for 20 min in DPBS before being mounted on glass slides
using ProLong Gold Antifade Reagent with DAPI (Life
Technologies). Negative isotype-matched antibodies were used
to control staining specificity. Confocal laser scanning microscopy
was performed using a Leica DM16000B microscope equipped
with a WaveFX spinning disk confocal head (Quorum Technolo-
gies), and images were acquired with a Hamamatsu ImageEM
EM-charge coupled device camera. Scanning was performed
and digitized at a resolution of 1024 x 1024 pixels. Filter sets
and laser wavelengths were described earlier (Monette et al.
2011; Valiente-Echeverria etal. 2014). Image processing and anal-
yses were performed by Imaris software (version 8.4.1 Bitplane/
Andor) or by MetaXpress software (Molecular Devices). All imag-
ing experiments were performed at least three times. The ob-
served phenotypes were representative of n>50 cells per
condition from each experiment. SGs were defined as large
G3BP1 or T-cell-restricted intracellular antigen-related protein
(TIAR1) foci measuring >0.5 um, and a cell was deemed as SG pos-
itive when it exhibited at least three or more SGs (Gilks et al. 2004).

Western blotting

Cells were collected following transfection, washed with DPBS
(Corning), and lysed in ice-cold lysis buffer (100 mM NaCl,
10 mM Tris, pH 7.5, 1 mM EDTA, 0.5% Nonidet P-40, protease
and phosphatase inhibitor cocktail [Roche]). Cell lysates were
quantified by the Bradford assay (Bio-Rad), and 20 g of lysates
were denatured in Laemmli sample buffer and incubated for
5 min at 95°C. The proteins were separated by SDS-PAGE
and transferred onto nitrocellulose membranes (Bio-Rad).
Membranes were blocked with 5% nonfat milk in Tris-buffered sa-
line pH 7.4 and 0.5% Tween 20 (TBST) and then incubated with
primary antibodies. Following washes using TBST, the mem-
branes were incubated with horseradish peroxidase conjugated
secondary antibodies (Rockland Immunochemicals) and detected
using Western Lightning Plus-ECL reagent (Perkin-Elmer). Signal
intensity and densitometry analyses were performed using
Imaged (NIH).

Nucleic acid extraction, reverse transcription,
and PCR analysis

Intracellular and supermnatant RNA extraction were performed us-
ing TRIzol and TRIzol LS Reagent, respectively (Thermo Fisher
Scientific) following manufacturer’s instructions. cDNA was ob-
tained using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). cDNA and primers were then added to
GoTaq Green Master Mix (Promega). GAPDH was amplified using
the primers GAPDH_1 forward 5'-TGACCACAGTCCATGCCATC-3
and GAPDH_1 reverse 5'-ATGATGTTCTGGAGAGCCCC-3/, and
HIV-1 vRNA using the primers pNL4-3_1 forward 5-GGGAGC
TAGAACGATTCGCA-3" and pNL4-3_1 reverse 5-GGATGGTT
GTAGCTGTCCCA-3'. The PCR products were visualized on a 1%
agarose gel by staining the DNA with RedSafe Nucleic Acid
Staining Solution (iINtRON). Signals were captured using a Gel
Doc System and intensities were normalized to the GAPDH signal.
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Quantification of virus in supernatants

Forty-eight hours posttransfection, cell culture supernatants were
harvested and passed through a 0.2 pm filter (VWR) to remove cel-
lular debris and centrifuged at 20,000 rpm for 1 h. The pellet con-
taining the virus was resuspended in 200 pL RPMI and the levels of
p24 were determined by ELISA (Perkin-Elmer).

Infectivity assay

Viral titers of cell supernatants were quantified using the X-gal
staining assay in TZM-bl cells as described in Xing et al. (2016).
Briefly, dilutions of supernatants of each condition were added
to TZM-bl cells seeded onto 96-well plates (Corning). After
48 h, cells were fixed with 1% paraformaldehyde, washed, and
treated with X-Gal for the detection of B-galactosidase by count-
ing blue TZM-bl cells.

Statistical analysis

All data presented are representative of at least three indepen-
dent experiments and are presented as the mean * standard devi-
ation (SD). A P-value <0.05 in one-way ANOVA test was
considered statistically significant, as indicated in the figure leg-
ends. GraphPad Prism 6 (GraphPad Software Inc.) was used for
statistical analyses and graph creation.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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