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ABSTRACT

The nucleocapsid (NC) is an N-terminal protein derived from the HIV-1 Gag precursor polyprotein, pr55Gag. NC possesses key
functions at several pivotal stages of viral replication. For example, an interaction between NC and the host double-stranded
RNA-binding protein Staufen1 was shown to regulate several steps in the viral replication cycle, such as Gag multimerization
and genomic RNA encapsidation. In this work, we observed that the overexpression of NC leads to the induction of stress
granule (SG) assembly. NC-mediated SG assembly was unique as it was resistant to the SG blockade imposed by the HIV-1
capsid (CA), as shown in earlier work. NC also reduced host cell mRNA translation, as judged by a puromycylation assay of de
novo synthesized proteins, and this was recapitulated in polysome profile analyses. Virus production was also found to be
significantly reduced. Finally, Staufen1 expression completely rescued the blockade to NC-mediated SG assembly, global
mRNA translation as well as virus production. NC expression also resulted in the phosphorylation of protein kinase R (PKR)
and eIF2α, and this was inhibited with Staufen1 coexpression. This work sheds light on an unexpected function of NC in host
cell translation. A comprehensive understanding of the molecular mechanisms by which a fine balance of the HIV-1 structural
proteins NC and CA act in concert with host proteins such as Staufen1 to modulate the host stress response will aid in the
development of new antiviral therapeutics.
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INTRODUCTION

The HIV-1 nucleocapsid (NC) is a highly versatile, 9 kDa
protein that is intricately associated with the HIV-1 genomic
viral RNA (vRNA), exerting an effect at both early and late
steps of the HIV-1 replication cycle from reverse transcrip-
tion (RT) and DNA integration to vRNA selection, packag-
ing, and assembly (for review, see Darlix et al. 2014). It is a
product of the proteolytic processing of the precursor Gag
polyprotein (pr55Gag, referred to as Gag herein) and contains
two CCHC zinc finger domains flanked by basic residues, all
of which contribute to both sequence and non-sequence-
specific nucleic acid binding activity. NC also possesses chap-
erone activity that facilitates the rearrangement of nucleic ac-
ids into thermodynamically more stable structures (South
et al. 1990; Levin et al. 2005; Rein 2010; Bell and Lever
2013). NC recruits numerous host proteins to facilitate its
functions and these include the double-stranded (ds) RNA-

binding protein Staufen1, a host factor that is involved in
mRNA trafficking and translation (Mouland et al. 2000;
Kanai et al. 2004; Dugre-Brisson et al. 2005; Ricci et al.
2014). In our previous work, we have shown that Staufen1
regulates several events in the HIV-1 replication cycle by as-
sembling large HIV-1-dependent ribonucleoprotein com-
plexes (SHRNPs) and via its interactions with NC, affects
various steps of virus assembly including Gag multimeriza-
tion and vRNA encapsidation (Chatel-Chaix et al. 2004,
2007, 2008; Abrahamyan et al. 2010). Staufen1 also has
been reported to play a role in modulating the cellular stress
response (Thomas et al. 2009; Hanke et al. 2013; Dixit et al.
2016; Ravel-Chapuis et al. 2016).
To counteract conditions of stress, such as that of viral in-

fection, the host mounts a cellular stress response that leads
to the assembly of translationally silent ribonucleoprotein
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(RNP) complexes known as stress granules (SGs) (Anderson
and Kedersha 2009; Thomas et al. 2011). Since viruses are ob-
ligate intracellular parasites that utilize the host cell machin-
ery to facilitate their own gene expression, their replication
can be markedly affected by an impediment to cellular
mRNA translation. Therefore, viruses have developed the ca-
pability to circumvent this innate antiviral host cell response
by numerous mechanisms (for review, see Valiente-
Echeverria et al. 2012; Poblete-Duran et al. 2016). Two types
of SGs have been described that differ in morphology, com-
position, and mechanism of assembly (Fujimura et al. 2012).
In our previous work, we have shown that HIV-1 disrupts the
canonical type I SG assembly in an eIF2α phosphorylation
(eIF2α-P) independent manner via an interaction with the
eukaryotic elongation factor eEF2 with the capsid (CA)
domain on the Gag polyprotein (Abrahamyan et al. 2010;
Valiente-Echeverria et al. 2014). We also demonstrated that
Gag is able to block the assembly of type II, noncanonical
SGs by reducing the amount of hypophosphorylated 4EBP1
associated with the 5′ cap potentially through an interaction
with its target, eIF4E (Cinti et al. 2016). Interestingly, a recent
study has reported that the expression of the HIV-1 NC alone
leads to the assembly of SGs (Yu et al. 2016).

In this study, we have characterized NC-induced SGs and
have elucidated the mechanism by which they assemble.
Here, we demonstrate that NC induces the assembly of SGs,
and although the composition resembles that of type I canon-
ical SGs, they cannot be dissociated by HIV-1 Gag expression
(Abrahamyan et al. 2010; Valiente-Echeverria et al. 2014).We
also show that Staufen1, a host protein that has roles in stabi-
lizing polysomes and SGdynamics (Thomas et al. 2009), is ca-
pable of inhibiting NC-induced SG assembly. We also
demonstrate that Staufen1’s F135 amino acid residue in its
third dsRNA binding domain (dsRBD3) is critical for this ac-
tivity. We also demonstrate that NC expression leads to the
phosphorylation of protein kinase R (PKR) and eIF2α, result-
ing in hindered host cell mRNA translation, and that this im-
pairs viral production; this can also be rescued by Staufen1
coexpression. This work sheds light on an unexpected func-
tion of NCon host cell mRNA translation and themechanism
by which it operates in concert with the host protein Staufen1
to modulate the host stress response.

RESULTS

NC induces the assembly of SGs containing TIAR1,
G3BP1, eIF3, PABP, and poly(A) mRNAs

SGs are associated with silenced transcripts and many viruses
are known to subvert the function of these RNA granules for
their replicative advantage (Lloyd 2012). As NC expression
has been recently demonstrated to lead to the assembly of
SGs (Yu et al. 2016), we set out to quantify and describe
this NC induced assembly of SGs. HeLa cells were either
mock transfected with RLuc or transfected with NC-RLuc,

fixed, and SG assembly was monitored by indirect immuno-
fluorescence of Ras-GAP SH3 domain-binding protein 1
(G3BP1) and TIA-1-related RNA-binding protein (TIAR1).
SGs were detected in 66.2 (SD ± 2.7)% of NC-expressing
cells, in striking contrast compared to the 5.1 (SD ± 4.2)%
in the RLuc-transfected cells (Fig. 1A,B).
Two distinct types of SGs have previously been character-

ized (Fujimura et al. 2012) that differ in their mechanism of
assembly and localization, as well as in composition. The ca-
nonical type I SGs, such as those induced by Arsenite and
Pateamine A, are larger and contain the eukaryotic initiation
factors eIF4G, eIF4E, and eIF3, among several other compo-
nents. In contrast, type II SGs, which are induced by
Selenium, are smaller in size and do not contain eIF3. To
determine which type of SGs are induced by NC, we per-
formed indirect immunofluorescence analyses on NC-
RLuc-transfected HeLa cells and probed them for eIF3 along
with another SG marker Poly(A) binding protein (PABP).
We observed that eIF3 is present in the NC induced SGs, in-
dicating that they are likely to be the canonical, type I stress
granules (Fig. 1C; Fujimura et al. 2012; Cinti et al. 2016).
Thus, these newly characterized NC-SGs contain G3BP1,
TIAR1, eIF3, and PABP.
Recent studies have demonstrated that some stresses such

as ultraviolet irradiation and rocaglamide A (RocA) treatment
assemble SG-like foci that do not contain poly(A) mRNAs
(Aulas et al. 2017). In order to determine if the NC-induced
SGs are bona fide SGs that contain polyadenylated mRNAs
(Kedersha et al. 1999), we conducted FISH for poly(A)
mRNA with an oligo(dT) probe in mock transfected and
NC-expressing cells. It was observed that in the NC-express-
ing cells, the poly(A) mRNAs colocalized with the SG marker
TIAR, indicating that NC expression leads to the assembly of
bona fide SGs that contain mRNAs (Fig. 1D).
NC is composed of an N-terminal basic region, two CCHC

type zinc fingers (ZFs) and a basic linker region between the
ZFs. In a previous study, it was observed that a loss of the ZFs
of NC led to impaired SG assembly when compared to the
wild-type NC (Yu et al. 2016), suggesting that the NC ZFs
contribute to SG assembly. In order to test if the presence
of a ZF from another virus can also elicit a stress response,
we transfected cells with the plasmid pSV-S4 that encodes
the Reovirus σ3 protein, which is a dsRNA binding protein
that is a component of the reovirus outer capsid and contains
CCHC type zinc fingers similar to NC (Mabrouk and Lemay
1994). The expression of this protein did not lead to SG in-
duction, indicating that merely the presence of CCHC-type
zinc fingers alone does not lead to SG assembly, and that
this activity is specific to NC (Fig. 1E).

Neither Gag nor CA disassembles NC-induced SGs

In our previous work, we have shown that Gag disassembles
preformed type I SGs, irrespective of eIF2α phosphorylation,
by interacting with the eukaryotic elongation factor eEF2 via
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FIGURE 1. NC expression induces assembly of SG containing G3BP1, TIAR1, PABP, eIF3 and poly(A) mRNAs. (A) HeLa cells were transfected with
RLuc or NC-RLuc, and 24 h later were stained for RLuc (green), G3BP1 (red), and TIAR1 (cyan). Scale bars are 10 µm. (B) Quantification of HeLa cells
containing SGs transfected with RLuc or NC-RLuc from A. Error bars represent the standard deviation from three independent experiments with at
least 150 cells counted per treatment. Asterisks represent statistically significant difference between RLuc and NC-RLuc-expressing cells (Student’s t-
test; P < 0.001). (C) HeLa cells transfected as in A were stained for RLuc (red), eIF3 (green), and PABP (cyan). Scale bars are 10 µm. (D) HeLa cells
transfected as in A were stained for RLuc (green), TIAR (red), and poly(A) mRNAs (cyan). Scale bars are 10 µm. (E) Expression of CCHC-type zinc
finger on a dsRNA binding protein does not lead to SG assembly. HeLa cells were transfected with pSV-S4 to express the Reovirus σ3 protein (which
contains CCHC-zinc fingers). SG assembly was then monitored by staining the cells for TIAR1 (cyan).
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the Gag capsid (CA) domain (Valiente-Echeverria et al.
2014). Therefore, we sought to determine if full-length Gag
or CA dissociates NC-induced SGs. HeLa cells were transfect-
ed with either Gag-GFP or CA-GFP plasmids alone or with
NC-RLuc. Twenty-four hours later, cells were left untreated
or treated with arsenite and SGs were visualized by indirect
immunofluorescence. Although Gag and CA were able to ef-
ficiently inhibit arsenite-induced SGs, neither Gag nor CA
was capable of dissociating NC-induced SGs (Fig. 2A–D).
These results suggest that the NC-induced SGs are of a differ-
ent nature than the ones induced by arsenite, pateamine A, or
selenite that Gag is able to dissociate (Valiente-Echeverria
et al. 2014; Cinti et al. 2016).

NC-induced SG assembly and translation arrest
are inhibited by Staufen1

Staufen1 is a dsRNA binding protein that affects HIV-1 at
multiple stages of its life cycle coinciding with many of the

NC-associated functions in Gag multimerization and assem-
bly, as well as in vRNA encapsidation (Mouland et al. 2000;
Chatel-Chaix et al. 2007, 2008; Stopak et al. 2007; Milev
et al. 2010). It exerts many of these functions by interacting
with the zinc fingers of NC via its dsRBD3 domain, as shown
in our previous work (Mouland et al. 2000; Chatel-Chaix
et al. 2007, 2008). As a known interacting partner of NC
with previously defined roles in the modulation of the stress
response (Thomas et al. 2009), we therefore hypothesized
that Staufen1 may be able to counteract NC-induced SG as-
sembly. When HeLa cells were cotransfected with NC-RLuc
and Staufen1-YFP, SGs were present only in 11.6 (SD ±
5.6)% of cotransfected cells, when compared to the 55.6
(SD ± 6.1)% of SG containing cells observed in the cells
transfected with NC-RLuc only (Fig. 3A,B). To determine
the mechanism of Staufen1-mediated disruption of NC-in-
duced SGs, we co-transfected HeLa cells with NC-RLuc
and Staufen1-F135A-YFP, that possesses a point mutation
in the dsRBD3 domain which reduces Staufen1’s capacity

FIGURE 2. Gag and CA block Arsenite-induced SGs but cannot disrupt NC-induced SGs. (A) HeLa cells were transfected with CA-GFP and CA-GFP
+ NC-RLuc. Twenty-four hours later, cells were either untreated or treated with Arsenite and stained for RLuc (red) and TIAR1 (cyan). Scale bars are
10 µm. (B) Quantification of HeLa cells containing SGs from A. Only CA and NC expressing cells were considered for the quantification. Error bars
represent the standard deviation from three independent experiments. (C) HeLa cells were transfected with GAG-GFP and GAG-GFP +NC-RLuc.
Twenty-four hours later, cells were either untreated or treated with Arsenite and stained for RLuc (red) and TIAR1 (cyan). Scale bars are 10 µm. (D)
Quantification of HeLa cells containing SGs fromC. Only Gag and NC expressing cells were considered for the quantification. Error bars represent the
standard deviation from three independent experiments.
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to bind both NC and RNA (Ramos et al. 2000; Chatel-Chaix
et al. 2008). Under this condition, SGs were observed in 58.6
(SD ± 8.6)% of cotransfected cells, at levels comparable to the
NC expressing cells alone (Fig. 3A,B).

To determine if de novo synthesis of proteins was reduced
by NC expression, de novo synthesized proteins were labelled
with puromycin in tissue culture. The puromycylation tech-
nique has been shown to be a valid alternative to the use of

FIGURE 3. Staufen1 rescues NC-induced SG assembly and translation arrest. (A) HeLa cells were cotransfected with NC-RLuc and Staufen1-YFP or
Staufen1-F135A-YFP and 24 h later were stained for RLuc (red) and TIAR1 (cyan). Scale bars are 10 µm. (B) Quantification of HeLa cells containing
SGs from A. Error bars represent the standard deviation from three independent experiments with at least 150 cells counted per treatment. Asterisks
represent statistically significant difference between groups (one-way ANOVA; P < 0.001). (C) Measurements of protein synthesis by puromycylation
technique were performed by incubating mock, NC-RLuc, or NC-RLuc + Staufen1-YFP-transfected HeLa cells with medium containing puromycin
as described in Materials and Methods. As positive control mock-transfected cells were incubated with 1 µM Emetine 1 h before the puromycin treat-
ment. HeLa extracts were separated by denaturing electrophoresis and analyzed by western blot with antibody to puromycin (12D10). GAPDH im-
munoblot is shown as a loading control. (D) HeLa cells were mock-transfected or transfected with NC-RLuc, NC-RLuc + Staufen1-YFP, or NC-RLuc
+ Staufen1-F135A-YFP and 24 h later polysome fractionation and profiling was conducted. (E) Quantification of the puromycin-labeled peptides
from C, values were normalized against mock cells extracts. Error bars represent the standard deviation from three independent experiments.
Asterisks represent statistically significant difference between groups (one-way ANOVA; P < 0.05) (F) Area under the curve corresponding to 40s,
60s, and 80s peaks fromD were quantified using GraphPad Prism 6. Error bars represent the standard deviation from three independent experiments.
Asterisks represent statistically significant difference between groups (two-way ANOVA; P < 0.05).
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radioisotopes for measuring quantitative changes in protein
synthesis in cell culture (Schmidt et al. 2009; Goodman
et al. 2011). HeLa cells transfected with RLuc, NC-RLuc, or
NC-RLuc and Staufen1-YFP were incubated with puromycin
and then analyzed for the amount of de novo puromycin-
labeled proteins by western blotting (Fig. 3D,F). As a positive
control, RLuc-transfected cells were treated with emetine,
a translation inhibitor (Fig. 3C,E). The results demonstrated
that NC induced a twofold decrease in puromycin-labelled
peptides, while coexpression of Staufen1 restored the
protein synthesis to a level similar to mock transfected cells
(Fig. 3C,E).

To confirm that NC-induced SG assembly has an effect on
host cell translation and whether translation can be rescued
by Staufen1 coexpression, we performed polysome profile
analyses of cell lysates derived from cells that were either
mock-transfected (RLuc-N1), transfected with NC-RLuc,
NC-RLuc and Staufen1-YFP or Staufen1-F135A-YFP. An
increase in the levels of RNA present in the polysome-free
fractions implies an inhibition in host cell translation.
When compared to mock-transfected cells, the expression
of NC induced an increase in absorbance in polysome-free
gradient fractions corresponding to the 40S, 60S ribosomal
subunits and 80S ribosomes of the profile (Fig. 3D,F), thus
indicating that in the presence of NC, there are increased
free ribosomal subunits and monosomes. The presence of
Staufen1 partially reversed the effects of NC expression on
polysome profiles, but this ability, was lost when the
Staufen1-F135A construct was coexpressed (Fig. 3D,F).
These findings show that the proportion of free ribosomal
subunits and monosomes was increased in the presence of
NC, and this is relieved by Staufen1 coexpression, therefore
indicating that NC reduces cellular mRNA translation.

NC and Staufen1 interact in situ and in vitro

To further characterize the nature of the binding between
Staufen1 and NC in host cells, we used a proximity ligation
assay (PLA). This assay produces distinct countable spots
that represent a single-molecule protein interaction ∼40
nm apart (Soderberg et al. 2006; Jarvius et al. 2007). In cells
cotransfected with Staufen1-YFP and NC-RLuc, we con-
firmed a close localization between Staufen1 and NC
(103.3, SD ± 16 spots per cell) (Fig. 4A,B), whereas there
was little signal detected upon transfection of NC-RLuc to-
gether with Staufen1-F135A-YFP (19 ± SD 9.0 spots per
cell), at levels that were comparable to the background PLA
signal (22.1 ± SD 14.6 spots per cell) (Fig. 4A,B). These
data indicate that Staufen1 is in close proximity to NC in
situ, likely mediated via its dsRBD3.

To determine if Staufen1 and NC interact by direct associ-
ation and to precisely characterize the Staufen1 binding site
on NC, we conducted in vitro GST-pull down assays. Full-
length GST-tagged recombinant Staufen1 (D2-5), individual
dsRBDs (D3, D3-4, D4, and D5; where D = dsRBD) as well as

a dsRBD3 construct with point F135Amutation (DM3), used
as a negative control, were incubated on GST-Spintrap col-
umns (Fig. 4C). Recombinant, wild-type NC or recombinant
mutated NC in one (CCHC-SSHS) or both (SSHS-SSHS)
zinc fingers were added to the columns and eluted after
washing (Fig. 4C). These assays are only qualitative, not
quantitative as the expression levels of the recombinant
Staufen1 proteins differed due to differences in solubility.
As shown in Figure 4D, wild-type NC directly bound to the
full-length Staufen1 (D2-5) as well as to the D3, D3-4, and
D4 dSRBD truncations, but not to the D5, DM3, or GST
only constructs. Furthermore, the binding of NC to D3 was
lost when the two zinc finger mutants of NC were used
(Fig. 4D). These data confirm the previously characterized
binding of the Staufen1 dsRBD3 to the zinc fingers of NC
(Chatel-Chaix et al. 2008), but also identify a novel zinc fin-
ger–independent binding site for Staufen1 via its dsRBD4.
Taken together, these experiments indicate that Staufen1 is
able to directly bind NC, both, in situ and in vitro in an
RNA-independent manner and that this binding could lead
to the sequestration of NC and a block to NC-induced SG
assembly.

NC is found in a complex with SG components

To characterize a possible mechanism behind the NC-me-
diated SG assembly, we sought to determine the ability of
NC to interact with components of SGs, by performing coim-
munoprecipitation (co-IP) assays. HeLa cells were transfect-
ed with NC expressors that contained mutations in either the
N-terminal region (NC-R7-YFP), the first zinc finger (ZF)
(NC-C15-YFP), the second ZF (NC-C49-YFP), or both
ZFs (NC-C14-C49-YFP) or mock transfected with GFP. As
shown in Figure 5A, using anti-GFP beads, we demonstrated
that TIAR1 and Staufen1 specifically interacted with NC-
YFP, but not GFP alone, as well as with all the NC mutants
tested (Fig. 5A). Additionally, the interactions were not de-
pendent on RNA, as TIAR1 and Staufen1 still coimmunopre-
cipitated in the presence of RNAse, albeit to lower levels. This
indicates that the binding of TIAR1 and Staufen1 to NC is en-
hanced in the presence of RNA, although RNA is not neces-
sary for it (Fig. 5A). To determine if G3BP1 is a binding
partner of NC, a U2OS cell line that constitutively expresses
GFP-tagged G3BP1, was transfected with NC-RLuc. G3BP1-
GFP was pulled down using anti-GFP beads and NC was
found to specifically coimmunoprecipitate with it, even after
RNase treatment (Fig. 5B). Taken together these results indi-
cate that NC is capable of associating with a number of SG
components even after RNase treatment, and suggest that
the interaction with these factors could promote NC-induced
SG assembly.
A depletion of G3BP1 has been demonstrated to hinder the

assembly of phospho-eIF2α dependent SGs (Kedersha et al.
2016). In order to determine if G3BP1 is required for the as-
sembly of NC-induced SGs, cells were either treated with
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FIGURE 4. NC and Staufen1 interact in situ and in vitro. (A) HeLa cells were cotransfected with NC-RLuc and GFP or Staufen1-YFP or Staufen1-
F135A-YFP and 24 h later were incubated with primary mouse and rabbit antibodies against RLuc and GFP. Coverslips were subsequently incubated
with anti-mouse and anti-rabbit PLA probes. Each red signal corresponds to a single interaction event between NC and Staufen1. Nuclei were stained
with DAPI (blue). Images shown are representative of >50 cells analyzed from two independent experiments. (B) The graph indicates the number of
dots per cell. Asterisks represent statistically significant difference between groups (one-way ANOVA; P < 0.001). (C) Representation of Staufen1 and
NCmutants used in GST pull down assays. (D) GST-Staufen1 mutants were incubated with GST SpinTrap columns in the presence of absence of NC
mutants. After washing extensively, the proteins bound to the beads were detected by western blotting using anti-GST and anti-NC antibodies. Blot
depicting GST tagged recombinant Staufen1 is a representative blot from three independent experiments using different NC constructs.
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nonsilencing siRNA (siNS) or siRNA against G3BP1
(siG3BP1). The knockdown of G3BP1 was validated by west-
ern blot of cell lysates (Fig. 5C). They were either mock trans-
fected or transfected with NC-RLuc and the assembly of SGs

was determined by indirect immunofluorescence of the SG
marker TIAR (Fig. 5D). It was observed that a knockdown
of G3BP1 resulted in a significant decrease in the percentage
of NC-induced SG assembly with only 40.42 (SD ± 10.96)%

FIGURE 5. NC coimmunoprecipitates with multiple SG markers. (A) HeLa cells were transfected with pEGFP-C1 or different NC-YFP mutants for
24 h. Cell lysates were collected, treated with RNase when indicated and subjected to anti-GFP immunoprecipitation. NC-associated proteins were
processed for western blotting and probed for GFP, Staufen1, and TIAR1. Representative blots from three independent experiments are depicted. (B)
U2OS cells stably expressing G3BP1-GFP were transfected with pcDNA3.1 or NC-RLuc for 24 h. Cell lysates were collected, treated with RNase when
indicated and subjected to anti-GFP immunoprecipitation. G3BP1-associated proteins were processed for western blotting and probed for GFP, RLuc,
and GAPDH. Representative blots from three independent experiments are depicted. (C) HeLa cells were transfected as indicated and cell lysates were
processed for western blotting and probed for G3BP1, RLuc, and GAPDH. (D) Cells transfected as depicted were stained for RLuc (green) and TIAR1
(cyan). Scale bars are 10 µm. (E) Quantification of HeLa cells containing SGs from D. Error bars represent the standard deviation from three inde-
pendent experiments with at least 100 cells counted per treatment. Asterisks represent statistically significant difference between groups (two-way
ANOVA; P < 0.01).
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of cells displaying SG assembly when compared to 70.22 (SD
± 10.35)% of SG positive cells in the siNS treated cells (Fig.
5E). Thus, NC-induced SG assembly is impaired by the
depletion of G3BP1.

NC expression leads to the phosphorylation
of eIF2α by activating PKR

The phosphorylation of eIF2α is triggered by conditions of
stress, thus blocking translation initiation and regulating SG
assembly (Kedersha et al. 1999). However, the formation of
type I SGs is either eIF2α phosphorylation-dependent or -in-
dependent (Dang et al. 2006). To determine whether NC-in-
duced SG assembly is linked to the eIF2α phosphorylation
status, cell lysates from mock transfected cells (pcDNA3.1)
or from cells expressing NC (NC-RLuc) were analyzed by
western blots using antibodies against total and phosphorylat-
ed forms of eIF2α. An eightfold increase in the amount of
phosphorylated eIF2α was observed in the NC-expressing
cells when compared to the mock-transfected cells (Fig. 6A,
B). Furthermore, the coexpression of Staufen1 with NC sig-
nificantly reduced the phosphorylation of eIF2α to levels
comparable with mock-transfected cells (Fig. 6A,B). In order
to determine the mechanism of eIF2α activation, we moni-
tored PKR activation levels in the above conditions. PKR is
an interferon-induced protein that senses dsRNA and its acti-
vation leads to the phosphorylation of eIF2α (Sadler and
Williams 2007). PKR was activated in the NC expressing cells,
but was inactive in mock and NC/Staufen1 coexpressing con-
ditions (Fig. 6C). In order to determine whether Staufen1-
F135A could also inhibit NC-mediated PKR and eIF2α phos-
phorylation, we either mock transfected cells or transfected
them with NC-RLuc, NC-RLuc, and Staufen-YFP, or NC-
RLuc and Staufen1-F135A-YFP. For each condition, indirect
immunofluorescence was used to quantify the phosphoryla-
tion of eIF2α (Fig. 6D) and PKR (Fig. 6F). A significant in-
crease in the fluorescence intensity of both the P-eIF2α (Fig.
6E) and P-PKR (Fig. 6G) was observed upon NC expression.
This phosphorylation was reduced to levels comparable to
wildtype upon NC/Staufen1 coexpression, but not in the
NC/Staufen1-F135A coexpressing condition (Fig. 6E,G).
Therefore, Staufen1, but not Staufen1-F135A, is capable of
preventing NC-induced activation of PKR and eIF2α.
The phosphorylation of eIF2α can be carried out by four

kinases: PERK (PKR-like ER kinase), GCN2 (general control
nonderepressible-2), HRI (heme-regulated inhibitor), and
PKR (Donnelly et al. 2013). In order to ascertain that NC-
mediated phosphorylation of eIF2α is via the activation of
PKR and not another kinase, we knocked down PKR using
an shRNA (shPKR) via lentiviral transduction and measured
eIF2α phosphorylation. An shRNA with a scrambled se-
quence was used as a negative control (shNS). In the shNS
condition, NC expression resulted in a significant increase
in ratio of phosphor/total eIF2α (Fig. 6H,I). However,
upon knockdown of PKR, no significant increase in eIF2α

phosphorylation was observed in the NC-expressing cells
(NC-RLuc) when compared to the mock treated cells in
the same condition (RLuc-N1) (Fig. 6H,I). Thus, the NC-in-
duced phosphorylation of eIF2α is dependent on the activa-
tion of PKR.

Staufen1 rescues the NC-mediated reduction
of viral production

In order to determine whether the inhibition of global trans-
lation by NC can affect viral production, we transfected cells
with either pNL4.3 alone, or cotransfected them with NC.
The virus contained in the supernatants of these cells was
then quantified by p24 ELISA. It was observed that an expres-
sion of NC led to a 10 (SD ± 0.3)-fold reduction of viral pro-
duction when compared to the cells expressing pNL4.3 alone
(Fig. 7A). To determine whether Staufen1 could rescue NC-
induced inhibition of viral production, expression vectors
encoding either Staufen1 or Staufen1-F135A were cotrans-
fected with NC and pNL4.3. Staufen1 expression rescued vi-
ral production to levels comparable to pNL4.3 alone, whereas
Staufen1-F135A was unable to do so (Fig. 7A). Cell lysates
from the above conditions were analyzed by western blotting
and decreased levels of Gag were observed in the NC-trans-
fected cells when compared to pNL4.3 alone. Gag expression
was rescued by Staufen1 coexpression, but not by F135A-
Staufen1 coexpression (Fig. 7B). These results indicate that
the decreased viral release is likely a result of the inhibition
of mRNA translation thus resulting in reduced synthesis of
Gag (Fig. 7B).

DISCUSSION

In this study, we have used NC as a tool to understand how
HIV-1 modulates gene expression and have demonstrated a
detrimental effect of NC expression on mRNA translation.
Based on our results, we hypothesize that NC induces SG
assembly by one of two ways. The first is linked to NC’s mo-
lecular chaperone activity whereby it catalyzes the rearrange-
ment of nucleic acids to more thermodynamically stable
structures (Darlix et al. 1995; Cristofari and Darlix 2002;
Levin et al. 2005). The interferon (IFN)-inducible PKR is a
dsRNA sensor and is a key player in the innate antiviral im-
mune response (Meurs et al. 1990; Garcia et al. 2006). Its ac-
tivation leads to the phosphorylation of the eIF2α, thereby
preventing translational initiation and inducing SG assembly
(Sadler and Williams 2007). When NC is overexpressed it
could aggregate cellular mRNAs (Stoylov et al. 1997; Le
Cam et al. 1998; Mirambeau et al. 2006), thereby activating
PKR (Fig. 6A,C). HIV-1 proteins like Tat have evolved coun-
termeasures to block PKR activation by recruiting PKR
Activator (PACT), adenosine deaminase acting on RNA
(ADAR) 1 and TAR RNA binding protein (TRBP)
(McMillan et al. 1995; Cai et al. 2000; Clerzius et al. 2013).
However, in our experimental conditions NC was present
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in isolation, and therefore PKR activation could not be sub-
verted. NC could then associate to SG components G3BP1
and TIAR1 (Fig. 5A,B), leading to SG assembly and the sup-
pression of global host cell mRNA translation. The second

mechanism of NC-induced SG assembly might also be a re-
sult of its nucleic acid binding property (Cruceanu et al.
2006). We observed an increase in the abundance of poly-
some-free mRNAs in NC-expressing cells (Fig. 3D,F). This

FIGURE 6. NC induces PKR activation and eIF2α phosphorylation. (A) HeLa cells were transfected as indicated and 24 h later cell lysates were sub-
jected to SDS-PAGE, immunoblotted, and probed to investigate eIF2α and PKR phosphorylation. (B) Densitometry quantification of P-eIF2α was
determined by ImageJ analysis. Values presented in the graph are normalized against the total amount of eIF2α in the cell lysate and represent
fold change with the RLuc-transfected cells being arbitrarily set to 1. Error bars represent the standard error of the mean from three independent
experiments. Asterisks represent statistically significant difference between groups (one-way ANOVA; P < 0.01). (C) Densitometry quantification
of P-PKR was determined by ImageJ analysis. Values presented in the graph are normalized against the total amount of PKR in the cell lysate and
represent fold change with the RLuc-transfected cells being arbitrarily set to 1. Error bars represent the standard error of the mean from three inde-
pendent experiments. Asterisks represent statistically significant difference between groups (one-way ANOVA; P < 0.05) (D) Cells were transfected as
indicated and stained for RLuc (cyan) and P-eIF2α (red). Images shown are representative of >150 cells analyzed from three independent experiments.
Scale bars represent 10 µm. (E) Quantification of the integrated density of p-eIF2α signal in cells from E from by ImageJ analysis. Each dot represents
fluorescence intensity of a cell normalized to the mean fluorescence intensity of the mock transfected condition (arbitrarily set to 1). Error bars rep-
resent the standard error of the mean of cells from three independent experiments. Asterisks represent statistically significant difference between
groups (one-way ANOVA; P < 0.0001).
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suggests that NC is either preventing the attachment of the
ribosomal subunits to the mRNA, probably due to steric hin-
drance as a result of its own binding to the mRNA; or NC is
stalling the ribosomes due to NC’s binding and aggregation
of mRNA (Stoylov et al. 1997; Le Cam et al. 1998).
Furthermore, the presence of the low complexity (LC) and
intrinsically disordered (ID) regions in a protein can also
promote SG assembly (Kedersha et al. 2013; Molliex et al.
2015). NC has been revealed to be a highly disordered protein
(Xue et al. 2012) and this could contribute to its ability to in-
duce SG assembly.

HIV-1 has developed strategies to subvert the host cellular
stress response. In our previous work, we have shown that the
capsid (CA) domain of Gag blocks SG assembly in an eIF2α
phosphorylation-independent manner via an interaction
with the eukaryotic elongation factor eEF2. This interaction
is stabilized by a Gag–Cyclophilin A association and inhibits
a later stage of SG assembly (Valiente-Echeverria et al. 2014).
However, the NC-induced SGs are formed in part due to a
dissociation or disruption of the attachment of the ribosomal
subunits themselves, or an impediment to their translational
initiation, steps upstream of eEF2 function. It is likely that for

FIGURE 6. Continued. (F) Cells were transfected as indicated and stained for RLuc (cyan) and P-PKR (red). Images shown are representative of >150
cells analyzed from three independent experiments. Scale bars represent 10 µm. (G) Quantification of the integrated density of p-PKR signal in cells
from F from by ImageJ analysis. Each dot represents fluorescence intensity of a cell normalized to the mean fluorescence intensity of the mock trans-
fected condition (arbitrarily set to 1). Error bars represent the standard error of the mean of cells from three independent experiments. Asterisks rep-
resent statistically significant difference between groups (one-way ANOVA; P < 0.0001). (H) Cells were transfected as indicated and cell lysates were
subjected to SDS-PAGE, immunoblotted, and probed to investigate eIF2α and PKR phosphorylation. (I) Densitometry quantification of P-eIF2α was
determined by ImageJ analysis. Values presented in the graph are normalized against the total amount of eIF2α in the cell lysate and represent fold
change with the RLuc-transfected cells being arbitrarily set to 1. 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 < 0.05, [∗∗∗] P < 0.001).
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this reason, a coexpression of either CA or Gag with NC was
unable to inhibit SG assembly (Fig. 2A,B).

Staufen1 is a host protein that has been reported to sup-
press SG assembly by binding the ribosomal subunits and
stabilizing polysomes (Marion et al. 1999; Luo et al. 2002;
Thomas et al. 2005, 2009). It also has been implicated in
preventing the activation of PKR and the subsequent phos-
phorylation of eIF2α during hepatitis C virus infection
(Dixit et al. 2016). As a known interacting partner of NC
with previously characterized roles in the modulation of
the stress response, we hypothesized that Staufen1 could
block NC-induced PKR activation. Indeed, the coexpression
of Staufen1 can prevent NC-induced activation of PKR and
downstream phosphorylation of eIF2α (Fig. 6A–C). Staufen1
alone, unlike TRBP for instance, is not able to subvert
PKR activity during HIV-1 infection (Ong et al. 2005;
Abrahamyan et al. 2010; Clerzius et al. 2013). However,
when in isolation or when bound to NC, the resulting sup-
pression of PKR activation by Staufen1 is remarkable. The
Staufen1-F135A can neither bind NC nor RNA. In this con-
dition, NC is free to interact with cellular mRNAs and allows
assembly of NC-induced SGs. Interestingly, the coexpression
of the dsRBD3 binding mutant, F135A-Staufen1, with NC
had little suppressive activity on PKR. This indicates that
the efficient binding of NC to Staufen1 may be required to
prevent PKR activation, or that the dsRBD3 and the ability
to bind RNA is responsible for PKR down-regulation by
Staufen1. Staufen1’s ability to interact with RNA and stabi-
lize polysomes by binding to ribosomes via its N-terminal
domain (Thomas et al. 2009) may augment its ability to
block NC-induced SG assembly. Staufen1 can prevent the
dissociation of attached ribosomal subunits and facilitate
mRNA translation, acting at a stage downstream from
eIF2α phosphorylation. However, if this were the only meth-
od of Staufen1-mediated disruption of NC-SGs, then an in-
crease in P-eIF2α would be observed in the NC/Staufen1

coexpressing cells. But our results show that Staufen1 can
prevent eIF2α phosphorylation (Fig. 6A,B,D,E) and is there-
fore also acting upstream of polysome stabilization, probably
by binding and sequestering NC. The F135A mutation in
Staufen1 impairs RNA binding capability and this may hin-
der Staufen1’s ability to stabilize polysomes, thereby exacer-
bating its inability to inhibit NC-induced SG-assembly.
Staufen1 coexpression relieves the NC-induced global trans-
lation block as shown by polysome profile and puromycyla-
tion assays, resulting in enhanced virus production (Figs. 3E
and 7A,B). Overall, NC induces the assembly of SGs by acti-
vating PKR and destabilizing polysomes. Staufen1 disrupts
NC induced SG assembly by binding and sequestering NC
and by binding to RNA and stabilizing polysomes. The mod-
el for Staufen1’s blockade of NC-induced SG assembly is de-
picted in Figure 8.
In our earlier work, we demonstrated that Staufen1 inter-

acted with HIV-1 Gag precursor via the NC domain using a
variety of in vitro and biophysical analyses. In this paper, we
now show a direct association between NC and Staufen1 (Fig.
4D), a type of study that has largely been hampered by the
solubility of recombinant Staufen1 proteins. Indeed, the
full-length Staufen1 remains poorly soluble, but the data pre-
sented herein (Fig. 4D) indicate a rather selective association
to the third dsRNA binding domain, as we have shown earlier
(Chatel-Chaix et al. 2008). The results (Fig. 4D) also pro-
nounce on an additional binding interaction between the
dsRNA binding domain 4 and NC. The association of Gag
to Staufen1 via the NC domain was shown to impact virus
assembly (Chatel-Chaix et al. 2007, 2008), Gag and
vRNA trafficking (Milev et al. 2010), vRNA encapsidation
(Abrahamyan et al. 2010), and an antiviral stress response
(Abrahamyan et al. 2010). These roles are likely to be cou-
pled, such that the dsRNA binding protein Staufen1 likely
functions by contacting the vRNA directly or as a component
of a larger ribonucleoprotein as we and others have shown

FIGURE 7. NC-mediated reduction of viral production is rescued by Staufen1. (A) HIV-1 p24 in the supernatant of transfected HeLa cells was quan-
tified via ELISA 48 h after transfection. Asterisks represent statistically significant difference between groups (one-way ANOVA; P < 0.001). (B) Cell
lysates were subjected to SDS-PAGE, immunoblotted, and probed to investigate Gag production.
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(Ajamian et al. 2008; Abrahamyan et al. 2010; Kula et al.
2011; Milev et al. 2012). A direct role has yet to be substan-
tiated for Staufen1 in encapsidation (Mouland et al. 2000),
but recent work in other viruses supports a role in this late
step of virus assembly (Dixit et al. 2016).
During the late stages of the viral replication cycle, the det-

rimental effects of NC on host cell translation highlight the
importance of timely Gag polyprotein processing. There is
significant evidence that Gag polyprotein processing, and
hence the generation of mature NC protein, takes place con-

comitantly or only shortly after budding (for review, see
Sundquist and Krausslich 2012; Konvalinka et al. 2015).
That is, under normal conditions of the viral life cycle during
viral assembly, free NC is largely absent from the producer
host cell. The premature precursor processing and the ap-
pearance of NC in the cytoplasm correlates with defects in vi-
rus assembly and production (Park and Morrow 1991), but
also contributing to these parameters would be the marked
decrease in mRNA translation, marked by the assembly of
SGs. These observations are consistent with our previous
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work, where the presence of SGs in HIV-1 expressing cells
decreased virus production and infectivity (Fig. 7A,B;
Valiente-Echeverria et al. 2014), while more recently it was
shown that G3BP1 can bind the HIV-1 vRNA in the cyto-
plasm of macrophages to inhibit viral replication (Cobos
Jimenez et al. 2015). Furthermore, it has been demonstrated
that the binding of the NC protein to the vRNA causes a re-
arrangement in vRNA secondary structure from the long dis-
tance interaction (LDI) to the branched structure with
multiple hairpins (BMH) conformation, thus promoting
dimer formation during virion assembly and reducing
vRNA translation (Huthoff and Berkhout 2001).

Staufen1was shown to suppress SG assembly during oxida-
tive stress (Thomas et al. 2009), but it also assembles with Gag
and vRNA to favor the assembly of another type of RNP, the
Staufen1 HIV-1-dependent RNP (SHRNP) (Abrahamyan
et al. 2010). SHRNPs are highmolecular weight, detergent in-
soluble complexes containing Staufen1, among many other
viral and cellular components (Mallardo et al. 2003; Chatel-
Chaix et al. 2004; Milev et al. 2012; Tosar et al. 2012).
Staufen1, likely in the context of SHRNPs, enhances Gag as-
sembly and vRNA packaging (Abrahamyan et al. 2010;
Milev et al. 2010), roles ascribed to the interaction of
Staufen1 with theNC domain of Gag. Therefore, we speculate
that the effects of Staufen1 on the rescue of NC-mediated
translational arrest, viral assembly, and vRNA packaging are
linked. This is supported by the recovery of viral production
and Gag mRNA translation upon coexpression of Staufen1
following NC’s inhibitory effects on host cell gene expression
(Fig. 7A,B). Indeed, the link between translation and packag-
ing has been explored in earlier work (Cimarelli and Luban
1999; Chamanian et al. 2013) and by studying whether trans-
latable pools of vRNA were packageable or not (Butsch and
Boris-Lawrie 2002; Poon et al. 2002).

This work sheds light on a novel function of NC on cellular
mRNA translation and highlights how a tightly regulated bal-
ance of the HIV-1 proteins, NC and CA, act in concert with
host proteins such as Staufen1 to modulate the host stress re-
sponse to ensure viral gene expression. An elucidation of the
molecular mechanisms of viral pathogenesis can identify
novel targets for antiviral therapeutic interventions.

MATERIALS AND METHODS

Plasmids

The construction of pCMV-NC-RLuc, pCMV-NC-YFP, pCMV-
NC-R7-YFP, pCMV-NC-C15S-YFP, pCMV-NC-C49S-YFP, pCMV-
NC-C15S-C49S-YFP, CA-GFP pCMV-Staufen1-YFP, pCMV-
Staufen1-F135A-YFP was described previously (Chatel-Chaix et
al. 2004; 2007, 2008; Valiente-Echeverria et al. 2014). pcDNA3.1
was purchased from Invitrogen and pEGFP-C1 from Clontech.
pGag-GFP was obtained from NIH AIDS Reference and Reagent
Program. pSV-S4 was provided by Dr. Guy Lemay (Université de
Montréal, Montréal, Québec) (Mabrouk and Lemay 1994).

Antibodies

A 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 (Montréal,
Québec, Canada). Hybridoma cell lines producing mouse anti-σ3
(4F2) have been described before (Virgin et al. 1991) and were a
kind gift from Dr. Guy Lemay (Université de Montréal, Montréal,
Québec). Anti-Staufen1 was used for western blotting at a dilution
of 1:1000; rabbit or mouse anti-G3BP1 (Santa Cruz Biotechnology)
was used for indirect immunofluorescence microscopy at a dilution
of 1:1000 and for western blotting at a dilution of 1:10,000; goat
anti-eIF3 (Abcam) was used for indirect immunofluorescence
microscopy at a dilution of 1:500; goat anti-TIAR1 (Santa Cruz Bio-
technology) was used for indirect immunofluorescence microscopy
at a dilution of 1:500 and for western blotting at a dilution of 1:2000;
mouse anti-PABP (Sigma-Aldrich) was used for indirect immuno-
fluorescence microscopy at a dilution of 1:200; rabbit anti-RLuc
(MBL) was used for indirect immunofluorescence microscopy at a
dilution of 1:500 and for western blotting at a dilution of 1:1000;
mouse anti RLuc (Abcam) was used for indirect immunofluores-
cence microscopy at a dilution of 1:500; mouse anti-σ3 (4F2) was
used for indirect immunofluorescence microscopy at a dilution of
1:2; rabbit anti-phospho-eIF2α (Ser51) (Cinti et al. 2016) (Cell Sig-
naling Technology) was used for indirect immunofluorescence mi-
croscopy at a dilution of 1:200 and for western blotting at a dilution
of 1:1000; mouse anti-eIF2α (Cell Signaling Technology) was used
for western blotting at a dilution of 1:1000; rabbit anti-P-PKR
(Abcam) was used for indirect immunofluorescence at a concentra-
tion of 1:300 and for western blotting at a dilution of 1:1000; mouse
anti-PKR 71-10 (Laurent et al. 1985) was used for western blotting
at a concentration of 1:1000 and was provided by Dr. Anne Gatignol
(McGill University); rabbit anti-GST (Sigma-Aldrich) was used for
western blotting at a concentration of 1:2000; goat anti-NC, a kind
gift from Dr. Robert Gorelick (National Cancer Institute, Frederick,
MD, USA; ACVP #77, lot R196099), was used for western blotting at
a dilution of 1:1000 (Wu et al. 2013); mouse anti-GFP (Sigma) was
used for western blotting at a dilution of 1:10,000; mouse anti-actin
(Abcam) was used for western blotting at a dilution of 1:10,000; and
mouse anti-GAPDH (Abcam) was used for western blotting at a
dilution of 1:5000. Horseradish peroxidase-conjugated secondary
antibodies were purchased fromRockland Immunochemicals, while
AlexaFluor secondary antibodies were from Life Technologies.

Cell culture and transfection conditions

HeLa cells, HEK293T cells and U2OS cells were maintained in
DMEM (Life Technologies) supplemented with 1% penicillin/strep-
tomycin and 10% fetal bovine serum (Hyclone). Cells were trans-
fected with 1 µg of total DNA per 4 × 105 cells, unless indicated
otherwise, using JetPrime (PolyPlus transfections) according to
the manufacturer’s instructions. If more than one plasmid was
used to transfect cells, the amount of each plasmid used per trans-
fection reaction was constant. Twenty-four hours after transfection,
cells were fixed or lysed. For siRNA transfection, 20 nM of siRNA
was used to transfect 150,000 cells using Lipofectamine 2000
(Invitrogen) reagent according to manufacturer’s instructions. Cells
were treated with 500 mM arsenite (Sigma-Aldrich) for 1 h and
with 1 µM Emetine (Sigma-Aldrich) for 50 min (Cinti et al. 2017).
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siRNAs

siRNA duplexes were purchased fromQIAGEN-Xeragon. siNS is com-
mercially available nonsilencing control duplex (QIAGENXeragon)
and siG3BP1 is an siRNA targeting G3BP1 (SI00300265).

Viral transduction

psPAX2, pMD2.G, pLKO-shPKR#2 (TRCN0000196400) expression
vector containing shRNA to PKR (target sequence GCTGAACTT
CTTCATGTATGT) and a lentiviral control vector containing
scrambled non-target shRNA used as a negative control were kind
gifts from Dr. Marc Fabian (McGill University). A total of
2,000,000 HEK293T cells were plated in six-well plates 1 d prior
to transfection. HEK293 were cotransfected with either scrambled
shRNA (shNS) or shPKR expressing lentivirus, psPAX2, and
pMD2.G. Supernatants were collected 48 h post-transfection, passed
through a 0.45-µM nitrocellulose filter, supplemented with 5 µg/mL
polybrene, and applied to HeLa cells at∼40% confluency. Cells were
selected with puromycin (10 µg/mL, Sigma-Aldrich) for 2 d, follow-
ing which they were transfected with plasmids of interest.

Western blotting

Cells were collected after 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 µg of lysates were denatured
in Laemmli sample buffer and incubated for 5min at 95°C. The pro-
teins were separated by SDS-PAGE and transferred onto nitrocellu-
lose membranes (Bio-Rad). Membranes were blocked with 5%
nonfat milk in Tris-buffered saline pH 7.4 and 0.5% Tween 20
(TBST) and then incubated with primary antibodies. After washes
with TBST, the membranes were incubated with horseradish perox-
idase-conjugated secondary antibodies (Rockland Immunochemi-
cals) and detected using Western Lightning Plus-ECL reagent
(Perkin-Elmer). Signal intensity and densitometry analyses were
conducted using ImageJ (NIH).

Immunofluorescence and imaging analyses

After transfection, cells were washed once in Dulbecco’s phos-
phate-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, incubated in 0.2% Triton X-100 for 5 min, and washed in
DPBS. Primary antibodies 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 antibody was used
to control staining specificity. Poly(A) mRNAs were detected by
in situ hybridization assay. Briefly, cells were fixed with 4% PFA,
treated with 0.1 M glycine and permeabilized with 0.5% Triton-
X, washed 2× with DPBS and hybridized with Cy5-conjugated
oligo(dT)(40) probe (0.2 µM) overnight at 37°C. Subsequently,
cells were further processed for immunofluorescence for other pro-
teins of interest. Confocal laser scanning microscopy was per-

formed using a Leica DM16000B microscope equipped with a
WaveFX spinning disk confocal head (Quorum Technologies),
and images were acquired with a Hamamatsu ImageEM EM-charge
coupled device camera. Scanning was performed and digitized at a
resolution of 1024× 1024 pixels. Filter sets and laser wavelengths were
described earlier (Monette et al. 2011; Valiente-Echeverria et al.
2014). Image processing and analyses were performed by Imaris soft-
ware (version 8.4.1 Bitplane/Andor) or by MetaXpress software
(Molecular Devices). All imaging experiments were performed at least
three times. The observed phenotypes were representative of n> 100
cells per condition in each experiment. SGs were defined as large
G3BP1 or TIAR1 foci measuring >0.5 µm and a cell was deemed
as SG positive if it exhibited at least three or more SGs (Gilks et al.
2004). For fluorescence intensity quantitation, the fluorescence inten-
sity of each cell was determined using the ImageJ program (NIH) and
then normalized to the mock transfected control.

Immunoprecipitation (IP) assays

HeLa cells were transfected with pCMVNC-YFP, wild-type and NC
zinc fingers mutants or pCMV-GFP, U2OS cells stably expressing
G3BP1-GFP were transfected with pCMV NC-RLuc and 24 h later
cells were solubilized with NP-40 lysis buffer (50 mM Tris HCl pH
8.0, 150 mM NaCL, 0.5 mM EDTA, and 0.5% NP-40). For immu-
noprecipitation, 500 µg of protein lysates were incubated with 25 µL
of GFP-beads (Life Technologies) for 1 h at room temperature.
Beads were washed with NP40 lysis buffer three times before being
eluted with 1× Laemmli sample buffer. Samples were resolved by
SDS-PAGE and probed using antibodies against GFP, Staufen1,
and TIAR1 by western blot analysis.

In situ protein–protein interaction assay (DuoLink)

HeLa cells were transfected with NC-RLuc + pEGFP-E1, pCMV
NC-RLuc + pCMV Staufen1, or pCMV NC-RLuc + pCMV
Staufen1-F135A-YFP and, 24 h later, processed for in situ proximity
ligation assay (PLA) using the DUOLINK II In Situ kit (Duolink)
following the manufacturer’s instructions as previously described
(Valiente-Echeverria et al. 2014; Le Sage et al. 2017). Primary anti-
bodies were mouse anti-RLuc and rabbit anti-GFP, which were de-
tected using the DuoLink II Detection Reagent Red, Duolink II PLA
Probe Anti-Mouse MINUS, and DuoLink II PLA Probe Anti-Rabbit
PLUS. The NC-RLuc + pEGFP-C1 condition was used to measure
background PLA signals for the above antibody combination.
Imaging was performed as described above. The Spots Tool on
Imaris software was used to quantify the number of spots per cell
(Valiente-Echeverria et al. 2014; Le Sage et al. 2017).

In vitro binding assay

To generate Staufen1–glutathione S-transferases (GSTs) recombi-
nant proteins, the hemagglutinin (HA)-tagged Staufen1 cDNA
was PCR amplified from pcDNA3-RSV-Staufen1-HA (Wickham
et al. 1999) with the primers described in Table 1. The resulting
PCR products were digested with EcoRI and XhoI (New England
Biolabs) and cloned in the pGEX-4t-2 vector and transformed
into E. coli BL21 cells. The colonies that contained the plasmid + in-
sert were grown in LB broth, 0.1 mM isopropyl β-D-1-
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thiogalactopyranoside (IPTG) was added to the bacterial culture to
induce the expression of the GST fusion protein, and cells were sol-
ubilized with NP-40 lysis buffer (50 mM Tris–HCl pH 8.0, 150 mM
NaCl, 0.5 mM EDTA, and 0.5% NP-40) 6 h after the addition of
IPTG. These cell lysates were incubated in GST SpinTrap columns
(GE Healthcare) for 30 min at room temperature. Columns were
washed six times with TEN100 buffer (20 mM Tris pH 7.4, 0.1
mM EDTA, and 100 mM NaCl) to remove unbound proteins and
subsequently incubated with 2 µg of recombinant NC protein for
2 h at 4°C. Captured complexes were washed three times with
TEN100 buffer and elution was performed using elution buffer
(50 mM Tris–HCl, pH8 and 10 mM glutathione). Samples were re-
solved by SDS-PAGE and probed using rabbit polyclonal antibodies
against Staufen1 and NC by western blot analysis.

Measurement of protein synthesis

Protein synthesis during NC expression was measured by the incor-
poration of puromycin into peptide chains (Schmidt et al. 2009;
Goodman et al. 2011; Cinti et al. 2017). Briefly, pCMV NC-RLuc,
pCMV NC-RLuc + pCMV Staufen1-YFP, and pCMV-RLuc trans-
fected HeLa cells were incubated with 10 µg/mL puromycin
(MilliporeSigma) for 10 min before cell lysis. Cell extracts were blot-
ted with anti-Puromycin antibody (12D10, MilliporeSigma) and
puromycin incorporation was assessed by summating the immuno-
blot intensity of all protein bands and subtracting background (Cinti
et al. 2017).

Polysome profile analysis

Polysome profile analysis experiments were performed as described
previously (Gandin et al. 2014; Valiente-Echeverria et al. 2014;
Ajamian et al. 2015). Continuous sucrose density gradients (5%–

50% w/v) were prepared in buffer containing 100 mM KCl, 5 mM
MgCl2, 20 mMHEPES (pH 7.6), 100 µg/mL cycloheximide, 1× pro-
tease inhibitor, and 100 units/mL RNase Out (Invitrogen).
Gradients were prepared in 5 mL polyallomer tubes by gently layer-
ing 2.2 mL of 5% sucrose in buffer over 2.2 mL of 50% sucrose in
buffer. Tubes were then sealed and turned on their sides to generate
a continuous gradient overnight at 4°C. HeLa cells were mock trans-
fected or transfected with NC-RLuc, NC-RLuc + Staufen1 YFP, or
NC-RLuc + Staufen1 F135A-YFP. Twenty-four hours post-transfec-
tion, cells were incubated with 100 µg/mL cycloheximide in growth
media for 5 min and then washed twice with ice-cold PBS contain-
ing 100 µg/mL cycloheximide. Cells were scraped and collected by
centrifugation al 200g for 5 min at 4°C. Supernatant was removed
and the cells were resuspended and lysed in hypotonic Buffer (5
mM Tris–HCl [pH 7.5], 1.5 mM KCl, 2.5 mM MgCl2, 1× protease

inhibitor, 200 units/mL RNase Out, 2 mM DTT, 150 µg/mL cyclo-
heximide, 0.5% Triton X-100, and 0.5% SDS). Cell lysates were
spun at 16,000g for 5 min at 4°C, and supernatants were transferred
to new prechilled tubes. Five hundred microliters of sample lysate
(containing equal quantities of material as normalized by spectro-
photometry, λ = 260 nm) was layered gently on to the gradients
and ultracentrifuged in a Beckman Ti55 swing rotor at 222,000g
for 2 h at 4°C. Continuous OD254 readings for gradients were read
from the bottom and fractions were collected using an ISCO frac-
tionator (Teledyne, ISCO), as described in Gordon et al. (2013),
Valiente-Echeverria et al. (2014), and Ajamian et al. (2015).

Quantification of virus in supernatants

Cells were transfected as described above and 48 h after transfection
using 12 µg total DNA per 10 cm dish with each plasmid present in
equal amounts. Culture supernatants were harvested and passed
through a 0.2 µm filter (VWR) to remove cellular debris and centri-
fuged at 20,000 rpm for 1 h. The pellet containing the virus was re-
suspended in 200 µL RPMI and the levels of p24 were determined
by enzyme-linked immunosorbent assay (ELISA) (PerkinElmer).
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