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A Murine Retrovirus Co-Opts YB-1, a Translational Regulator and
Stress Granule-Associated Protein, To Facilitate Virus Assembly
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ABSTRACT

The Gag protein of the murine retrovirus mouse mammary tumor virus (MMTYV) orchestrates the assembly of immature virus
particles in the cytoplasm which are subsequently transported to the plasma membrane for release from the cell. The morphoge-
netic pathway of MMTYV assembly is similar to that of Saccharomyces cerevisiae retrotransposons Tyl and Ty3, which assemble
virus-like particles (VLPs) in intracytoplasmic ribonucleoprotein (RNP) complexes. Assembly of Tyl and Ty3 VLPs depends
upon cellular mRNA processing factors, prompting us to examine whether MMTYV utilizes a similar set of host proteins to facili-
tate viral capsid assembly. Our data revealed that MMTYV Gag colocalized with YB-1, a translational regulator found in stress
granules and P bodies, in intracytoplasmic foci. The association of MMTV Gag and YB-1 in cytoplasmic granules was not dis-
rupted by cycloheximide treatment, suggesting that these sites were not typical stress granules. However, the association of
MMTYV Gag and YB-1 was RNA dependent, and an MMTV RNA reporter construct colocalized with Gag and YB-1 in cytoplasmic
RNP complexes. Knockdown of YB-1 resulted in a significant decrease in MMTYV particle production, indicating that YB-1 plays
arolein MMTYV capsid formation. Analysis by live-cell imaging with fluorescence recovery after photobleaching (FRAP) revealed
that the population of Gag proteins localized within YB-1 complexes was relatively immobile, suggesting that Gag forms stable
complexes in association with YB-1. Together, our data imply that the formation of intracytoplasmic Gag-RNA complexes is fa-
cilitated by YB-1, which promotes MMTYV virus assembly.

IMPORTANCE

Cellular mRNA processing factors regulate the posttranscriptional fates of mRNAs, affecting localization and utilization of
mRNAs under normal conditions and in response to stress. RNA viruses such as retroviruses interact with cellular mRNA pro-
cessing factors that accumulate in ribonucleoprotein complexes known as P bodies and stress granules. This report shows for the
first time that mouse mammary tumor virus (MMTYV), a mammalian retrovirus that assembles intracytoplasmic virus particles,
commandeers the cellular factor YB-1, a key regulator of translation involved in the cellular stress response. YB-1 is essential for
the efficient production of MMTYV particles, a process directed by the viral Gag protein. We found that Gag and YB-1 localize
together in cytoplasmic granules. Functional studies of Gag/YB-1 granules suggest that they may be sites where virus particles
assemble. These studies provide significant insights into the interplay between mRNA processing factors and retroviruses.

Retroviruses are single-stranded, positive-sense RNA viruses
that encode a limited genome and therefore depend on cellu-
lar factors to facilitate virus replication. During early infection,
retroviral genomic RNA is reverse transcribed into double-
stranded DNA, which is integrated into the host chromosome.
Synthesis of viral RNA is mediated by RNA polymerase II, and
viral transcripts are processed just like cellular mRNAs, with the
addition of a 5" methyl guanosine cap and a 3’ poly(A) tail. A
subset of the nascent viral RNA is spliced, but the majority re-
mains unspliced and performs two essential roles, serving as an
mRNA for translation of the viral structural proteins Gag and
Gag-Pol and as genomic RNA for encapsidation into virus parti-
cles. Retroviruses efficiently package full-length RNAs that are not
translated, suggesting that there might be a mechanism in which
unspliced genomic RNA is sequestered from translation machin-
ery for encapsidation into virions (reviewed in reference 1).
Mouse mammary tumor virus (MMTV) is an oncogenic be-
taretrovirus that exhibits B/D-type morphogenesis, assembling
immature viral capsids in the cytoplasm of infected cells (2). Once
assembled, immature capsids are transported to the plasma mem-
brane where they are enveloped and released from the cell. The
genesis of MMTYV virions is directed by the Gag polyprotein,
which is composed of seven distinct domains that are proteolyti-
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cally cleaved: MA, or matrix, the plasma membrane-targeting do-
main (3); pp21, a phosphoprotein of unknown function; p3, p8,
and n, involved in Gag-Gag interactions required for immature
capsid assembly (4, 5); CA, or capsid, which forms the protein core
of the mature virion; and NC, or nucleocapsid, which binds to the
viral genomic RNA for encapsidation into virions (reviewed in
reference 6).

Most mammalian retroviruses, including human immunode-
ficiency virus (HIV), follow the C-type morphogenesis pathway in
which the virus core is formed at the plasma membrane late in the
assembly process (reviewed in reference 7). In C-type retroviral
morphogenesis, cytoplasmic Gag-RNA complexes are lower-or-
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der oligomers, making viral RNP complexes difficult to study us-
ing conventional microscopy (8). However, B/D-type retroviruses
such as MMTYV provide an opportunity to study the properties of
early viral RNP complexes because complete immature capsids
form within cytoplasmic granules that are readily visualized (2).
The B/D-type retrovirus assembly pathway shares common fea-
tures with the Saccharomyces cerevisiae long terminal repeat (LTR)
retrotransposons Tyl and Ty3, which assemble virus-like particles
(VLPs) composed of Gag and RNA in the cytoplasm. To identity
cellular factors that contribute to the formation of retrotrans-
poson RNP complexes, genome-wide studies of proteins affecting
Tyl and Ty3 replication were performed in yeast. In these studies,
several mRNA processing factors with roles in posttranscriptional
regulation were found that colocalized with Gag, modulated ret-
rotransposition, and were required for VLP formation (9-11).
Many of the host factors essential for Tyl and Ty3 replication are
mRNA binding proteins that accumulate in P bodies and stress
granules, cytoplasmic RNP complexes that sequester nontranslat-
ing mRNAs (12-23).

P bodies exist constitutively in cells and are proposed to be sites
where translationally repressed mRNAs are sorted for storage, re-
association with polysomes, or degradation (12, 16-18, 23-26). In
contrast, stress granules form only in response to cellular stressors,
including heat shock (HS), oxidative stress, UV irradiation, and
virus infection (27-29). Core constituents of stress granules in-
clude T-cell restricted intracellular antigen (TIA-1) and Ras-GAP
SH3 domain binding protein 1 (G3BP1), with overexpression of
either inducing stress granule formation (27, 30, 31). TIA-1 is an
mRNA binding protein that recruits nontranslating poly(A)-con-
taining RNAs to stress granules and initiates stress granule forma-
tion through a homo-oligomerization domain (30). G3BP1 con-
tains two RNA recognition motifs and possesses RNase activity;
multimerization of G3BP1 is a key step in stress granule formation
in response to cellular stress (31). Cellular mRNAs and proteins
traffic transiently in and out of stress granules, indicating that
mRNAs are not stored there; instead, mRNPs in stress granules
undergo dynamic exchange with polysomes (22). Specific stress
granule and P-body factors that play a positive role in Tyl and Ty3
assembly and retrotransposition include Dhh1/Rck/p54, Edc3,
Dcp2, Patl, Kem1/Xrnl, and Lsm1 (9-11). Ty3 interacts with P-
body and stress granule proteins in so-called “retrosomes,” cyto-
plasmic sites that are distinct from stress granules or P bodies but
nonetheless contain many of the mRNA processing factors typi-
cally found in stress granules and P bodies (11).

YB-1, a major component of cellular mRNPs, serves as a key
translational regulator in mammalian cells and accumulates in
stress granules following cellular stress (32). YB-1 is essential for
viability in mice, but because there is no ortholog in Saccharomy-
ces cerevisiae, it does not play a role in Tyl or Ty3 assembly (17,
33). YB-1 is not considered a core component of stress granules,
and accordingly, overexpression of YB-1 does not typically induce
stress granule formation. Although YB-1 moves into stress gran-
ules during cellular stress, it is also a component of P bodies (al-
ternatively called GW bodies) (17, 34); therefore small YB-1 RNPs
are constitutive and play a central role in mRNA utilization in
nonstressed cells (35). Although YB-1 does have antiviral activity
in some RNA viruses (36), the retroviruses HIV-1 and murine
leukemia virus (MLV) were recently reported to utilize YB-1 to
stabilize viral RNA and increase virus production (37, 38).

Here, we report that YB-1 interacts with MMTV Gag in an
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RNA-dependent manner within small cytoplasmic RNP com-
plexes distinct from stress granules. The biological relevance of the
Gag-YB-1 interaction was demonstrated by knockdown of YB-1,
which significantly impaired virus production without affecting
intracellular Gag protein levels. Using a fluorescence recovery af-
ter photobleaching (FRAP)-based assay to study Gag dynamics,
we identified two functionally distinct Gag-containing cytoplas-
mic complexes: (i) G3BP1-induced stress granules that contained
highly mobile Gag molecules and (ii) YB-1 foci containing com-
plexes of immobile Gag proteins, conceivably located within as-
sembled immature capsids. Finally, in contrast to HIV-1 and hu-
man T-cell leukemia virus type 1 (HTLV-1), MMTV infection did
not inhibit stress granule formation. Instead, MMTV-infected
cells appeared to be “primed” to form large RNPs more readily as
overexpression of YB-1 induced formation of cytoplasmic gran-
ules at a significantly higher frequency in infected cells than in
uninfected cells. Together, our results suggest that MMTV has
taken advantage of the mRNA regulatory pathway by co-opting
YB-1 to facilitate virus production.

MATERIALS AND METHODS

Cells, plasmids, and transfections. Uninfected NMuMG (normal mu-
rine mammary gland) cells (ATCC CRL-1636), MMTV strain C3H
[MMTV(C3H)]-infected NMuMG (NMuMG.C3H) cells (kindly pro-
vided by Tatyana Golovkina, University of Chicago) (39, 40), and QT6
(quail fibroblast) (41) cells were maintained in culture as previously de-
scribed (2, 42). Rous sarcoma virus (RSV)-infected QT6 cells were estab-
lished by transfection of the pRC.V8 molecular clone (42). Plasmids ex-
pressing myc—YB-1, myc-HuR, and myc-PABPcl were a gift from
Michael Malim (Kings College, London, England) (43). The yellow fluo-
rescent protein (YFP)-TIA-1 plasmid was kindly provided by Nancy Ked-
ersha (Harvard University) (43) and pGFP-G3BP1 (where GFP is green
fluorescent protein) was a gift from Jamal Tazi (Institut Génétique
Moléculaire, Montpellier, France) (31). The pSrprb-mRFP-4BoxB
(where mRFP is monomeric red fluorescent protein and 4BoxB is four
BoxB stem-loops) and \y-enhanced GFP (eGFP) constructs were a gift
from Jan Ellenberg (European Molecular Biology Laboratory, Heidelberg,
Germany). The MMTV pGag-GFP and pGag-mCherry constructs were
described previously (2).

The pGagANC-mCherry plasmid was created by PCR amplification of
the mCherry gene and replacing the GFP sequence in pMA-CA.Gag-GFP
(2) using BamHI-Notl. The CREBI1 leucine zipper domain coding se-
quence was PCR amplified from RSV pGag.Zip-GFP (44) and inserted
into pGagANC-mCherry using EcoRI-BamHI to create pGag.Zip-
mCherry. To create the pGag.pp21.imCherry construct, we first created
pGag-4XCTE (with four copies of the constitutive transport element
[CTE]) by inserting MMTV Gag in place of HIV-1 Gag in pGPV-4XCTE
(45) (a kind gift from Michael Malim, Kings College, London) using
EcoRI-BamHI. The PfIMI site within mCherry was deleted through a
silent mutation using site-directed mutagenesis, and the resultant
mCherry gene was inserted between the seventh and eighth codons of
pp21 using splicing by overlap extension (46). The resulting fragment was
then inserted into pGag-4XCTE using SacI-PfIMI sites present within
MMTYV Gag. PCR primer sequences are available upon request. NMuMG
cells were transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions, whereas QT6 cells were transfected using
the calcium phosphate method (42).

The subviral RNA (svRNA) construct was based on our previously
described MMTYV Gag-GFP construct (2). The R-U5 region of the MMTV
5" untranslated region (UTR) was PCR amplified from NMuMG.C3H
total cellular DNA using the following primers: 5'-ATC GAT AGA TCT
GCA ACA GTC CTA ACA TTC ACC and 5'-ATC GAT GAT ATC TAC
CTCTTC TCC GTA GGC G. The PCR-amplified fragment was inserted
into BglIII and EcoRYV sites in Gag-GFP to create 5" UTR Gag-GFP inter-
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mediate 1. The EcoRV cloning site between the 5 UTR and the Gag
initiation codon was eliminated by QuikChange mutagenesis using prim-
ers 5'-CCG CCT ACG GAG AAG AGG TAG GTT ACG GTG A and
5'-TCA CCG TAA CCT ACCTCT TCT CCG TAG GCG to create 5' UTR
Gag-GFP intermediate 2.

The MMTYV Rem response element (RemRE) was PCR amplified from
NMuMG.C3H total cellular DNA using primers 5'-ATC GAT GCG GCC
GCA GAT CTT AAC GTG CTT CTT TTA AAA and 5'-ATC GAT GCG
GCC GCG GAT CCA GTA CTA AAA GAT AAT GAT TCA TTT C and
inserted into the Notl site in 5" UTR Gag-GFP intermediate 2 to create
CMV-R-U5-Gag-GFP-RemRE (where CMV is cytomegalovirus). This
construct was digested with BsrGI and EcoNI, blunted, and religated to
create CMV-R-U5-Agag-RemRE. To insert BoxB loops into CMV-R-U5-
Agag-RemRE, both this construct and Srprb-mRFP-4BoxB were first
transformed into GM272 (dam-3 mutant dcm-6 mutant) E. coli (a gift
from David Spector, Penn State College of Medicine) (47). Srprb-mRFP-
4BoxB (a gift from Jan Ellenberg, EMBL) was digested with BsrGI, blunted
using a Klenow reaction, and digested with Xbal to isolate the BoxB loops.
The isolated BoxB loops were inserted into CMV-R-U5-Agag-RemRE
digested with Scal and Xbal to create MMTV svRNA.

Immunofluorescence and confocal microscopy. Following transfec-
tion, cells were washed twice with phosphate-buffered saline (PBS), fixed
in 3.7% paraformaldehyde, permeabilized in 0.25% Triton X-100, and
blocked in 10% bovine serum albumin. Samples were immunostained
using rabbit anti-myc (Ab9106; Abcam), rabbit anti-YB-1 (Ab12148; Ab-
cam), rabbit anti-TIA-1 (Ab40693; Abcam), and/or mouse monoclonal
anti-CA (a gift from Tatyana Golovkina, University of Chicago) primary
antibodies followed by appropriate anti-rabbit-Cy3 (C2306; Sigma), anti-
rabbit-Cy5 (Ab97077; Abcam), anti-mouse-Cy3 (Sigma C2818), or anti-
mouse-fluorescein isothiocyanate (FITC) (F9137; Sigma) secondary an-
tibodies. Cells were stained with 4',6-diamidino-2-phenylindole (DAPI)
(EMD Chemicals, Inc.) and mounted on glass slides using SlowFade re-
agent (Invitrogen).

Samples were imaged using a Leica TCS SP2-ABOS confocal micro-
scope (Leica Microsystems, Wetzlar, Germany). Images were obtained
using sequential scanning with laser excitations of 405 nm (DAPI), 488
nm (eGFP), 514 nm (YFP), 543 nm (Cy3), or 633 nm (Cy5). Colocaliza-
tion analysis was conducted using Colocalization Colormap (48) and/or
Just Another Colocalization Plugin (JACoP) (49) for Image] (National
Institutes of Health, Bethesda, MD; http://imagej.nih.gov/ij/). Thresholds
were set to approximately the same levels of fluorescence present in the
original confocal image. Images were prepared for publication using
CorelDrawX3 (Corel Corp., Ottawa, Canada). Any adjustments to inten-
sity were applied to all images in a series.

siRNA knockdowns. YB-1 or TIA-1 expression was knocked down in
NMuMG.C3H cells by transfection with 5 pmol of YB-1-specific small
interfering RNAs (siRNAs) (5'-CUGAGUAAAUGCCGGCUUAJTAT
and 5'-CGAUCCACCAGCUGAGAAUATAT [Sigma-Aldrich]) or TIA-
1-specific siRNA (5'-CAGCACACAGCGUUCACAAATAT [Sigma-Al-
drich]) for 16 h using Lipofectamine 2000. Control cells were transfected
with scrambled siRNA (siRNA Universal Negative Control 1) (SIC001;
Sigma-Aldrich). Transfection medium was replaced with primary growth
medium for 8 h, and cells were transfected with an additional 5 pmol of
YB-1, TIA-1, or control siRNA. To reconstitute YB-1 expression, cells
were cotransfected with 2 pg of siRNA-resistant pmyc—YB-1 during the
initial siRNA transfection.

Virus budding assays. The MMTV budding assay was described pre-
viously (50). Briefly, MMTV(C3H)-infected NMuMG (NMuMG.C3H)
cells were transfected with pYFP-TIA-1, p.EGFP.N2 (mock), YB-1-spe-
cific siRNA, TIA-1-specific siRNA, or control siRNA, as described above.
Virus particles released into the medium were collected for 3 h, pelleted
through a 20% sucrose cushion, and resuspended in SDS-PAGE sample
buffer. Proteins present in the corresponding cell lysates and supernatants
were separated by SDS-PAGE, and the Gag/CA protein was detected by
Western blotting using anti-CA antibody with quantitative imaging of

4436 jvi.asm.org

chemiluminescence using an EC3 Chemi HR 410 imaging system (UVP;
Upland, CA). Virus budding efficiency was calculated as the amount of
CA protein detected in the supernatant (virus, V) divided by the sum of
the Gag/CA protein present in the lysate (L) and supernatant [V/(V+L)]
(50, 51). Expression levels of YB-1 and TIA-1 (endogenous and epitope-
tagged proteins), as determined by Western blotting using anti-YB-1 or
anti-TIA-1 antibodies, were compared to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) loading controls using goat and-GAPDH anti-
body (A00191; GenScript). Western blots were developed using Amer-
sham ECL-Plus reagent (GE Healthcare Life Sciences) or SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific) and quanti-
tated using the UVP imaging system described above. Budding assays
were performed at least eight times in separate transfections conducted on
two different days. The mean, standard error of the mean, and P values
were calculated using two-tailed paired Student’s t tests (GraphPad Prism,
version 5; GraphPad Software, Inc.).

Co-IPs. Coimmunoprecipitations (co-IPs) were performed essen-
tially as described previously (50), with the following changes. Cells were
lysed in 50 mM Tris, pH 7.05, 1% Triton X-100, 0.5% deoxycholic acid,
and 150 mM NaCl on ice for 15 min; cellular debris was removed by
centrifugation, and half of each lysate was treated with 25 pg of RNase A
(Invitrogen) for 15 min. Five micrograms of rabbit anti-YB-1, rabbit anti-
G3BP1 (Bethyl Laboratories), or rabbit anti-lamin A/C (Santa Cruz Bio-
technology) antibody was added to cleared lysates for 1 h at room tem-
perature. Protein A-Sepharose beads (Invitrogen) were washed twice in
coimmunoprecipitation buffer (50 mM Tris, pH 8.0, 1% Triton X-100,
0.1% SDS, 1% deoxycholic acid, and 150 mM NaCl), added to each lysate
sample, and incubated overnight at 4°C with gentle end-over-end mixing.
After being pelleted by centrifugation, beads were washed twice with co-IP
buffer and twice with TE buffer (10 mM Tris-HCI, pH 7.5, 1 mM EDTA,
pH 8.0), resuspended in SDS-PAGE sample buffer (125 mM Tris-HCI, pH
6.8, 20% glycerol, 0.5% bromophenol blue, 4% SDS, and 10% (-mercap-
toethanol), and boiled. Eluted proteins were separated by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad).
Western blotting was performed using anti-CA antibody at a 1:4,000 di-
lution, followed by goat anti-mouse-horseradish peroxidase conjugate
antibody diluted 1:10,000. Chemiluminescent signals were developed us-
ing SuperSignal West Pico Substrate (Thermo Scientific).

Fluorescence recovery after photobleaching (FRAP). Cells were
seeded onto 35-mm glass bottom dishes (MatTek Corp.), transfected as
above, and imaged 15 to 18 h after transfection using a Leica TCS SP8-
ABOS confocal microscope fitted with a 37°C, 5% CO, live-cell chamber.
Samples were imaged using a white light laser tuned to 489 nm for GFP or
580 nm for mCherry. Cells were imaged for approximately 20 s (pre-
bleach); then two circular, 5-pwm-diameter regions of interest (ROIs) per
cell were subjected to photobleaching for approximately 10 s using a
580-nm white light laser at 100% power. Cells were imaged at 1.91 frames
per second for 15 min after bleaching.

Individual foci were selected for analysis in ImageJ by drawing 1.5-
pm-diameter ROIs around foci and monitoring the integrated signal in-
tensity over the course of the experiment. To ensure that foci were
bleached to atleast 30% of the initial fluorescence intensity, data were first
normalized by the method of Phair et al. (52) using the following formula
in Microsoft Excel:

ACpre Lore

X
AC,— BG, " I,— BG,

IPhairt (AU) =

where Iphair, i the normalized relative intensity (in arbitrary units [AU]) at

time t, AC,,,. is the average total cell prebleach intensity, AC, is the total cell
fluorescence intensity at time #, BG, is the background fluorescence inten-

sity at time f, I,,,. is the average experimental ROI prebleach intensity, and
I, is the experimental ROT fluorescence intensity at time . Foci that were
not bleached to =30% of the normalized initial intensity were discarded
from the analysis. To facilitate fitting of the data by GraphPad Prism, the
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FIG 1 MMTV Gag colocalizes with endogenous YB-1 in cycloheximide-resistant cytoplasmic complexes. (A) Uninfected NMuMG cells were unstressed,
subjected to heat shock at 44°C for 45 min (HS) or heat shocked for 30 min at 44°C and treated with cycloheximide (HS + CHX) or vehicle control (HS + DMSO)
for 15 min at 44°C, and then fixed and stained for YB-1. (B) Uninfected NMuMG cells were treated as in described for panel A and immunostained for TIA-1.
(C) MMTV(C3H)-infected NMuMG cells were treated as described above and immunostained for YB-1 and Gag. White boxes indicate the areas of enlargement.
M, and M, coefficients are shown in the upper right-hand corner and were calculated for =6 cells using Just Another Colocalization Plugin (JACoP) (49) for
Image]J (http://imagej.nih.gov/ij/). Values are shown as the means * standard errors of the means. (D) MMTV(C3H)-infected cells treated as described above
were immunostained for TIA-1 and Gag. M, and M, values were calculated for 10 cells under each condition. «, anti.

data were subjected to additional full-scale normalization (53) using the
following formula:

IPh;lirr - IPhair@

Iys, (AU) = T
Phairg,

where I is the full-scale normalized value at time ¢, and Tonair,, is the first

postbleach value. Average signal intensity and standard error of the mean

for each time point from at least four foci were calculated using Microsoft

Excel and fit using single or double exponential association curves using

GraphPad Prism.

RESULTS
Constitutive colocalization of MMTV Gag with YB-1. Previous
studies of HIV-1 and HTLV-1 demonstrated that stress granule
formation was inhibited in infected cells (54, 55). In contrast,
yeast LTR retrotransposons Tyl and Ty3 assemble RNP com-
plexes in the cytoplasm in conjunction with mRNA processing
factors that include orthologs of mammalian stress granule and
P-body proteins (10, 11). Therefore, we reasoned that MMTV
might utilize a similar set of host factors as Tyl and Ty3 because,
like the yeast retrotransposons, MMTV assembles viral RNPs and
complete immature capsids at intracytoplasmic sites. To test this
possibility, we began our studies with two constituents of stress
granules, YB-1 and TIA-1, using antibodies that could reliably
detect these endogenous proteins in normal mouse cells derived
from mammary glands (NMuMG cells).

NMuMG cells were immunostained with YB-1 or TIA-1 anti-
bodies and examined using confocal microscopy. In uninfected
cells, YB-1 had a speckled cytoplasmic distribution characteristic
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of its localization within cellular mRNPs (Fig. 1A, unstressed) (17,
33), whereas TIA-1 was predominantly nuclear (Fig. 1B, un-
stressed) with a slightly punctate cytoplasmic appearance. When
cells were subjected to heat shock at 44°C for 45 min to induce
stress granules, YB-1 and TIA-1 accumulated in large cytoplasmic
aggregates, as previously reported in other cell types (Fig. 1A and
B, HS). Stress granule formation depends on the presence of
mRNAs that cycle dynamically between stress granules and poly-
somes (22). Therefore, treating stressed cells with the translational
inhibitor cycloheximide (CHX) causes stress granules to disas-
semble even with continued stress (17). As shown in Fig. 1, when
NMuMGQG cells were heat shocked for 30 min at 44°C and subse-
quently treated with CHX for 15 min at 44°C, YB-1 and TIA-1 no
longer accumulated in cytosolic granules, consistent with CHX-
induced disassembly of stress granules (Fig. 1A and B, HS +
CHX). In contrast, in cells subjected to the same conditions but
treated with vehicle control (dimethyl sulfoxide [DMSO]), YB-1
and TIA-1 remained in cytoplasmic aggregates characteristic of
stress granules (Fig. 1A and B, HS + DMSO).

We next examined the distribution of endogenous YB-1 and
TIA-1 in NMuMG cells chronically infected with the MMTV
strain C3H (NMuMG.C3H cells) (39, 40). MMTYV capsids were
stained using anti-CA antibody. In NMuMG.C3H cells, a popula-
tion of YB-1 colocalized with a portion of MMTV Gag in small
cytoplasmic foci (Fig. 1C, unstressed). Overlap between Gag and
YB-1 immunofluorescence was quantitatively assessed using
Mander’s colocalization analysis, which measures the overall frac-
tion of colocalized pixels in each channel (M, and M,) of a two-
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color confocal image (56, 57). Mander’s analysis revealed that
15% of the total YB-1 signal overlapped that of Gag (M, = 0.15 =
0.03, n = 10 cells) and that 36% of the total Gag fluorescence
overlapped that of YB-1 (M, = 0.36 = 0.04). These data indicate
that Gag colocalizes in small granules with a sizeable portion of the
cytosolic YB-1 population. In contrast, TIA-1 and Gag colocaliza-
tion was markedly lower under identical conditions (Fig. 1D, un-
stressed) (M, = 0.02; M, = 0.09 = 0.02; n = 10 cells).

Because Gag was associated with YB-1 in small foci in infected
cells, we examined whether Gag and YB-1 would traffic into stress
granules when cells were stressed with HS. In HS-treated
NMuMG.C3H cells, YB-1 and Gag accumulated in stress granules
that were much larger than the Gag—YB-1 granules present con-
stitutively in unstressed cells (Fig. 1C, HS 45 min). However, the
overall fraction of Gag molecules associated with YB-1 in HS-
treated cells was the same as in unstressed cells (M, 0.16 = 0.03;
M,, 0.40 £ 0.05; n = 10 cells). From this experiment, it was not
possible to determine whether preexisting cytoplasmic Gag-YB-1
complexes or free Gag and YB-1 moved into HS-induced stress
granules. Treatment of cells with HS also did not change the over-
all degree of colocalization between Gag and TIA-1 (Fig. 1D, HS
45min) (M, = 0.03 + 0.01; M, = 0.11 = 0.01; 1 = 10 cells), which
was again lower than the amount of Gag-YB-1 colocalization.
However, Gag did accumulate to a small degree in TTA-1-contain-
ing HS-induced stress granules (Fig. 1D, HS 45 min, enlarge-
ment). Additionally, we noted an increase in the Gag signal in the
nucleus during HS (Fig. 1C, HS 45 min). We previously reported
that a subpopulation of MMTV(C3H) Gaglocalizes to the nucleus
and nucleolus under steady-state conditions (2) although the
function of MMTYV Gag in the nucleus, if any, remains unknown.

Treatment of heat-shocked NMuMG.C3H cells with CHX re-
sulted in dissolution of stress granules, as expected, because CHX
treatment traps mRNAs on polysomes and prevents them from
cycling into stress granules (17, 22). Similarly, large stress granules
that contained Gag and YB-1 dissolved in CHX-treated cells; un-
expectedly, however, small cytoplasmic Gag—YB-1 granules re-
mained intact, and the degree of colocalization was nearly identi-
cal to that in untreated cells (Fig. 1C, HS + CHX) (M, = 0.14 =
0.03 and M, = 0.39 £ 0.08; n = 10 cells). CHX treatment did not
alter the low degree of colocalization between Gag and TIA-1 (Fig.
1D, HS + CHX) (M; = 0.02 = 0.00and M, = 0.11 = 0.01; n = 10
cells), which remained unchanged under all conditions tested.
The results of the experiments shown in Fig. 1 demonstrate that
MMTYV Gag associated specifically with YB-1 under steady-state
conditions in small cytoplasmic granules that were distinct from
HS-induced stress granules, based on the failure of the constitu-
tive Gag-YB-1 granules to disassemble with CHX treatment.
These findings raise the possibility that constitutive Gag—YB-1
cytoplasmic granules contain translationally repressed mRNAs
that do not cycle through polysomes. Alternatively, it is possible
that these Gag—YB-1 granules form through protein-protein in-
teractions independently of RNA.

Overexpression of stress granule-associated proteins re-
cruits Gag into stress granules in MMTV-infected cells. Cells
tolerate HS only for relatively short periods of time (17). There-
fore, to determine whether more MM TV Gag protein would move
into stress granules over a longer period of time, we induced stress
granule formation by transient overexpression of several epitope-
tagged core stress granule proteins (17). TIA-1, G3BP1, and tris-
tetraprolin (TTP) serve a scaffolding role in stress granules, and
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overexpression of these proteins reliably causes the nucleation of
large cytoplasmic complexes that disassemble with CHX treat-
ment, similarly to authentic stress granules (30, 31, 58). As ex-
pected, expression of GFP-G3BP1 and YFP-TIA-1 resulted in for-
mation of numerous large stress granules, whereas stress granules
formed by TTP-myc overexpression tended to be smaller and less
numerous (Fig. 2A). MMTV Gag accumulated to a high degree in
stress granules induced by GFP-G3BP1 expression, with Mander’s
analysis demonstrating that 95% of the intracellular GFP-G3BP1
signal overlapped that of Gag (M, = 0.95 * 0.02), whereas ap-
proximately 69% of the overall Gag fluorescence colocalized with
GFP-G3BP1 (Fig. 2A, top row) (M, = 0.69 = 0.06; n = 10 cells).
In YFP-TIA-1-expressing cells, 38% of total YFP-TIA-1 fluores-
cence overlapped that of Gag (Fig. 2A, middle row) (M, = 0.38 =
0.07), while 64% of the total Gag signal overlapped that of YFP—
TIA-1 (M; = 0.64 = 0.05, n = 10 cells). The overall overlap of
TTP-myc and Gag was 51%, and that of the converse was 37%
(Fig. 2A, bottom row) (M, = 0.51 = 0.07; M, = 0.37 £ 0.04,n =
10 cells). Whereas Mander’s colocalization analysis quantifies the
fraction of colocalization of each fluorescently tagged protein
throughout an image, we also examined whether the fluorescence
intensities of each tagged protein were similar to one another
within the regions of colocalization. To this end, we analyzed the
images using Image] colocalization color mapping, in which the
normalized mean deviation product (nMDP) is represented as a
thermal map of the original image, with “hot” colors (red-orange)
indicating areas of high signal correlation between the intensities
of each channel and “cool” colors (blue-green) representing low
correlation (48; http://imagej.nih.gov/ij/). This analysis revealed a
high correlation (red-orange) between Gag and the core stress
granule proteins G3BP1, TIA-1, and TTP within large stress gran-
ules (Fig. 2A, colocalization color mapping, red arrows), indicat-
ing that the local concentrations of both Gag and these core stress
granule proteins were very high.

We next examined whether MMTV Gag would accumulate in
cytoplasmic granules resulting from overexpression of YB-1,
HuR, and PABPcI (14, 19, 27) (Fig. 2B). MMTYV Gag colocalized
with YB-1 in cytosolic foci, with an M, 0f0.26 = 0.02 and an M, of
0.44 = 0.03 (n = 10 cells) (Fig. 2B, top row). Similarly, Gag and
myc-HuR colocalized in cytoplasmic aggregates, with an M, of
0.25 % 0.05 and an M, of 0.55 = 0.06 (n = 10 cells) (Fig. 2B,
middle row). With expression of myc-PABPc1, 25% of the total
cellular Gag colocalized with PABP (Fig. 2B, bottom row) (M, =
0.25 = 0.03) and 53% of myc-PABPcl overlapped Gag (M, =
0.53 = 0.04; n = 10 cells). For myc—YB-1, myc-HuR, and myc-
PABPcl, colocalization color mapping revealed that Gag accumu-
lated within prominent cytoplasmic granules at locally high con-
centrations (Fig. 2C, colocalization color mapping, red arrows).
In these experiments, the portion of Gag that did not accumulate
in large granules remained primarily within small intracytoplas-
mic foci.

To discern whether the accumulation of Gag within granules
was specifically due to overexpression of stress granule-associated
proteins, we transfected NMuMG.C3H cells with YFP-tagged
trans-Golgi network 38 (TGN38), an integral membrane protein
that cycles between the Golgi complex and the plasma membrane
(59). Although Gag overlapped with TGN38-YFP as indicated by
Mander’s analysis (Fig. 2C) (M; = 0.08 = 0.1; M, = 0.30 £ 0.05;
n = 10), Gag did not accumulate in large foci typical of stress
granules, as shown by colocalization color mapping (Fig. 2C).
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FIG 2 Expression of stress granule-associated proteins relocalizes MMTV Gag to stress granules. Confocal microscopy images show MMTV Gag localization
with core stress granule proteins that nucleate assembly (A), proteins that localize to stress granules but have not been reported to nucleate stress granule assembly
(B), and a control protein that localizes to the trans-Golgi network and does not induce stress granule formation (C). White boxes indicate the areas shown in the
enlargements. To the right, colocalization color maps were generated of the cells outlined by white dashed lines using the colocalization color map plugin (48)
for Image]J (http://imagej.nih.gov/ij/). Red arrows point to discrete regions of high colocalization on the color-mapping images. SG, stress granule.

Together, these data indicate that expression of stress granule-
related proteins specifically induced Gag to accumulate in large
cytoplasmic granules. Finding that Gag accumulates in stress
granules induced overexpression of stress granule-associated pro-
teins raised three testable hypotheses: (i) sequestration of Gag in
stress granules interferes with virus assembly, and therefore re-
ducing expression of stress granule proteins would increase virion
production; (ii) MMTYV takes advantage of stress granule proteins
to promote virus assembly, and thus knocking down stress gran-
ule-associated proteins would decrease capsid production; or (iii)
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accumulation of Gag in stress granules is irrelevant with respect to
the capsid assembly process.

Functional role of stress granule-associated proteins in
MMTYV particle assembly. To differentiate between these possi-
bilities, we tested the effect of altering the expression levels of two
stress granule-related proteins, YB-1 and TIA-1. YB-1 expression
was knocked down using an siRNA targeted against the 3" un-
translated region of YB-1, and the effect on MMTYV virus produc-
tion was assessed. Although YB-1 knockout is embryonic lethal in
mice (60), the expression level of YB-1 was reduced by 77% * 7%
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FIG 3 Functional role of YB-1 in MMTYV assembly. All graphs show the mean * standard error of the mean calculated over at least four repetitions. Statistical
significance (¥, P < 0.05; **, P < 0.005) was determined by a two-tailed Student’s ¢ test (GraphPad Prism). (A) Graph showing mean relative YB-1 expression in
NMuMG.C3H cells transfected with scrambled siRNA control, YB-1 siRNA (YB1 knockdown [KD]), or YB-1 siRNA and siRNA-resistant myc—-YB-1 (YB1
Rescue). YB-1 expression was determined by Western blotting and standardized to the amount of GAPDH within each lane. YB-1 expression in cells treated with
scrambled control siRNA was set to 100%. A representative Western blot is shown at right. YB-1 (FL) denotes full-length YB-1, while YB-1 (CP) is a previously
described YB-1 cleavage product (61). Bands corresponding to YB-1 (FL) and myc-YB-1, but not YB-1 (CP), were quantitated, and results are shown in the
graph. (B) Graph depicting virus production from cells used in the experiments described in panel A. Virus production was measured by quantitating the amount
of Gag protein present in the medium (pelleted through a sucrose cushion) divided by the sum of the Gag protein present in the medium and lysates (amount
in medium/amount in medium + amount in lysates) (2). A representative Western blot is shown to the right of the graph. Relative TIA-1 expression (C) and virus
production (D) from NMuMG.C3H cells treated with TIA-1 siRNA or a control siRNA are shown. Western blots from representative experiments are shown to
the right of the graphs. Overexpression of TIA-1 (E) and the effect on virus production (F) relative to cells transfected with a GFP control plasmid are shown.
Representative Western blots are shown to the right of each graph.

in MMTV-infected cells transfected with a YB-1 siRNA (Fig. 3A,
YB-1KD) (P = 0.04) without any apparent toxicity. The amount
of YB-1 protein in cells expressing the YB-1 siRNA was compared
to thatin cells transfected with a scrambled siRNA, and YB-1 levels
in each case were internally controlled for GAPDH expression.

Expression of the YB-1 siRNA reduced the amount of both full-
length YB-1 [YB-1 (FL)] and a YB-1 cleavage product[YB-1 (CP)]
(Fig. 3A) (61). The decrease in YB-1 expression was associated
with a reduction in MMTYV particle production by 58% = 7%
compared to that of the scrambled siRNA control (P = 0.02)
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FIG 4 Gagis sufficient to traffic to stress granules in uninfected cells. MMTV Gag
containing a C-terminal GFP tag (2) (A) was coexpressed with myc—YB-1, GFP-
G3BP1, or YFP-TIA-1 (B) in uninfected NMuMG cells. Colocalization color
maps were generated as described above and are shown in the far right column. A
dashed white line drawn around the perimeter indicates the outline of the cell
shown in the colocalization color-mapping image. (C) Uninfected or MMTV-
infected NMuMG cells were transfected with myc—YB-1 and fixed for immuno-
fluorescence 18 h after transfection. MMTV Gag was detected using anti-CA an-
tibody (green), and YB-1 was detected using anti-YB-1 antiserum (red). Cells were
scored for the presence or absence of YB-1-containing cytoplasmic granules. (D)
Uninfected or RSV-infected QT6 cells were transfected with plasmids expressing
myc—YB-1 (uninfected) or myc-YB-1 and Gag-GFP (RSV infected). Cells were
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(Fig. 3B). Virus particle production (measured as the amount of
Gag protein released into the culture supernatant after pelleting
through a sucrose cushion) was normalized to intracellular Gag
expression levels in each replicate of the experiment, as described
in Materials and Methods. Although there was a significant de-
crease in MMTV particle production, it is possible that the inhib-
itory effect of YB-1 on virus assembly was underestimated, con-
sidering that every cell was producing virus particles whereas only
asubset of cells was transfected with YB-1 siRNA (estimated trans-
fection efficiency of NMuMG cells, 15 to 20%).

To examine whether the decrease in MMTV virus production
was directly related to YB-1 protein levels, we restored YB-1 ex-
pression by cotransfecting an siRNA-resistant myc—YB-1 plasmid
lacking the native 3’ untranslated region of YB-1 (YB-1 rescue). In
cells cotransfected with YB-1 siRNA and myc—YB-1, we detected
myc-tagged YB-1and YB-1 (CP), but not full-length, endogenous
YB-1 (Fig. 3A). In YB-1 siRNA-treated cells, expression of myc—
YB-1 restored YB-1 (FL) expression to 66% = 5% of pretreatment
levels, using GAPDH levels as an internal standard (Fig. 3A), and
MMTYV budding increased to 84% = 16% of control levels (P =
0.02) (Fig. 3B, YB-1 siRNA+myc—YB-1), indicating a clear corre-
lation between intracellular YB-1 levels and virus particle produc-
tion. We examined the effect of YB-1 overexpression on virus
production, but there was no effect (data not shown). One prob-
lem in interpreting the YB-1 overexpression experiment was our
observation that ectopic expression of myc—YB-1 did not consis-
tently increase intracellular YB-1 levels as measured by Western
blotting, ostensibly due to the tight autoregulation of YB-1 expres-
sion (62, 63).

To determine whether the decrease in virus production with
YB-1 knockdown was a common feature of inhibiting stress gran-
ule-associated proteins, we examined the effects of targeting the
core stress granule protein TIA-1 on MMTV assembly. Depletion
of TIA-1 by approximately 80% relative to cells treated with a
scrambled siRNA (Fig. 3C, TIA-1 KD) had no significant effect on
virus production (Fig. 3D) (P = 0.46). Furthermore, overexpres-
sion of TIA-1 to a level 200-fold higher than that of mock-trans-
fected cells induced stress granule formation but did not alter
MMTYV virus particle production (Fig. 3E and F). Similarly, nu-
cleation of stress granules by ectopic expression of G3BP1 had no
effect on virus production (data not show). Together, these data
suggest that induction of stress granule formation per se does not
interfere with MMTYV virus production, nor does the recruitment
of Gag to stress granules enhance virus assembly. Instead, our data
demonstrate that that the stress granule-associated protein YB-1
specifically facilitates MMTYV particle assembly, possibly due the
interaction of Gag and YB-1 in cytoplasmic granules.

MMTYV Gag colocalizes with stress granule-associated pro-
teins in the absence of virus infection. Next, we examined
whether MMTV Gag would accumulate in stress granules when
expressed in the absence of additional viral constituents. Expres-
sion of a Gag-GFP or Gag-mCherry fusion protein (Fig. 4A) (2) in
uninfected NMuMG cells revealed that fluorophore-tagged Gag
colocalized with YB-1 in cytoplasmic granules, as demonstrated

evaluated for YB-1 staining in cytoplasmic granules. Statistical analysis of the data
shown in panels C and D was determined using Fisher’s exact test (GraphPad
Prism). NS, nonsignificant (P > 0.05); ***, P < 0.0001. Data were derived from
>30 cells from at least two experiments conducted on separate days.
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by the punctate yellow signal in the overlay images and the red-
orange foci in the colocalization color-mapping image analysis
(Fig. 4B). However, large YB-1-induced stress granules were not
observed even though they had been present in MMTV-infected
cells overexpressing myc—YB-1 (compare top rows of Fig. 2B and
4B). Instead, YB-1 remained dispersed in smaller granules in the
cytoplasm, and colocalization with Gag-GFP was less robust than
in MMTV-infected cells. In contrast, expression of GFP-G3BP1 or
YFP-TIA-1 induced the formation of large stress granules that
strongly colocalized with Gag (Fig. 4B, middle and bottom rows).

Because YB-1 expression did not induce the formation of large
stress granules in uninfected cells (Fig. 4B) but did induce stress
granules in MMTV-infected cells (Fig. 2B), we quantitated the
effect of MMTV infection on the formation of YB-1-induced
stress granules. Expression of myc—YB-1 induced the formation of
cytoplasmic granules in 31.6% of MMTV-infected cells (n = 98
cells) but in only 6.3% of uninfected cells (Fig. 4C) (P < 0.0001;
n = 190 cells). These results suggest that MMTYV infection creates
an environment favoring YB-1-induced stress granule formation
that requires a viral component in addition to the Gag protein,
possibly the viral RNA. The predilection of YB-1 expression to
induce stress granules was not observed in cells infected with an-
other retrovirus, Rous sarcoma virus (RSV). In fact, there was a
complete absence of stress granules observed in RSV-infected,
myc—YB-1 transfected quail cells (n = 34 cells), and only 11% of
uninfected, transfected quail cells contained stress granules (n =
44 cells) (Fig. 4D). Accordingly, we conclude that retrovirus infec-
tion does not generally promote the formation of large YB-1-in-
duced cytoplasmic granules.

Theinteraction between Gagand YB-1 is RNase sensitive and
dependent on the Gag NC domain. Because YB-1 binds mRNA,
regulates translation, and is present in mRNP-containing stress
granules, we reasoned that RNA might bridge the association of
Gagwith YB-1. To test this idea, we performed coimmunoprecipi-
tation (co-IP) experiments in the absence or presence of RNase A
in MMTV-infected cells. Using an antibody to endogenous YB-1
for the pulldown and anti-CA antibody to detect Gag by immu-
noblotting, we found that YB-1 and the full-length Gag polypro-
tein were coimmunoprecipitated (Fig. 5A) and that this interac-
tion was disrupted by RNase treatment. In contrast, MMTV Gag
was very inefficiently coimmunoprecipitated with endogenous
G3BP1 under similar conditions (data not shown).

The NC domain of Gag is required for both Gag-RNA and
Gag-Gag interactions. We previously reported that deletion of NC
abrogates the formation of distinct cytoplasmic foci of Gag (50).
Therefore, we examined whether NC was required for association
of Gag and YB-1 in cells. Gag. ANC-mCherry did not colocalize
with myc-YB-1 and YFP-TIA-1 in uninfected NMuMG cells;
however, there was a low level of colocalization observed between
GFP-G3BP1 and Gag. ANC despite the deletion of the nucleic acid
binding region of Gag (Fig. 5B). To determine whether the de-
crease in Gag association with YB-1, TIA-1, and G3BP1 was due to
a defect in Gag multimerization or a loss of RNA binding activity,
we replaced NC with the CREBI1 leucine zipper domain, which is a
nucleic acid-independent protein-protein interaction motif (Fig.
5E) (MMTV Gag.Zip-mCherry). For other retroviral Gag pro-
teins, substitution of the CREBI leucine zipper for NC promotes
Gag-Gag interactions that are sufficient to drive the assembly of
virus-like particles (44, 64). In our experiments, MMTV Gag.Zip-
mCherry formed small cytoplasmic aggregates in uninfected

4442 jviasm.org

NMuMG cells (Fig. 5C). However, these Gag.Zip-mCherry foci
did not colocalize with YB-1, and they were distinct from the stress
granules formed by GFP-G3BP1 and YFP-TIA-1 (Fig. 5C). There-
fore, either the NC sequence itself or the RNA binding activity of
the Gag NC domain is required for MMTV Gag to colocalize with
YB-1,G3BP1, and TIA-1. Itis possible that MM TV RNA facilitates
the interaction of Gag and YB-1, given that (i) MMTV infection
promotes YB-1-induced granule formation (Fig. 2B and 4C) and
(ii) the association of Gag, when expressed alone, has reduced
colocalization with YB-1 in cytoplasmic granules compared to
Gag expressed in the context of an authentic viral infection (Fig.
1B, 2B, and 4C, compare YB-1 panels). However, based on these
experiments, we cannot rule out the possibility thata cellular RNA
or another factor promotes Gag—YB-1 association in cytoplasmic
granules.

Colocalization of an MMTYV RNA reporter with Gag, YB-1,
and G3BPI1. To examine whether viral RNA is present within
Gag-YB-1 granules, we used a previously described subviral RNA
(svRNA) construct (65) as a surrogate marker for the localization
of MMTYV genomic RNA in infected cells (Fig. 6A). We used this
approach because of the concern that endogenous retrovirus se-
quences (e.g., MtvI) highly homologous to the variant
MMTV(C3H) could make it difficult to reliably distinguish be-
tween endogenous and exogenous viral sequences using probes
designed for fluorescence in situ hybridization, especially if Mtv1
and MMTV(C3H) viral RNAS were colocalized in the cell (66—
68). The svRNA construct contains the MMTV ¥ packaging sig-
nal encompassed within R, U5, and the first 746 nucleotides of the
gag coding region (69, 70), the Rem response element (RemRE)
(71, 72), and four tandem repeats of the \ bacteriophage BoxB
stem-loop, which are bound with high affinity by the A protein
(73, 74). The Ny-eGFP reporter protein contains three copies of
eGFP (enhanced GFP), four copies of Ay, and a nuclear localiza-
tion signal (NLS) (Fig. 6A and B). The MMTYV svRNA contains the
splice donor site but not the splice acceptor; therefore nucleocy-
toplasmic transport of the svRNA is dependent on coexpression of
the MMTV Rem protein, which mediates nuclear export of un-
spliced MMTV RNAs through its interaction with the RemRE
(65). As we reported previously, when the A -eGFP reporter binds
to svVRNA, the complex is exported into the cytoplasm in a Rem-
dependent manner (65).

To visualize the localization of svRNA in MMTV-infected
NMuMG cells, we transfected plasmids expressing svRNA and the
An-eGEFP reporter. Because these cells are chronically infected
with MMTYV, Rem is expressed from the integrated provirus. The
Rem-dependent svRNA was exported into the cytoplasm, where it
colocalized with Gag in cytoplasmic granules of various sizes (Fig.
6C, white boxes). Of note, not all of the cytoplasmic Gag foci
(detected by anti-CA antibody and Cy3 secondary antibody) con-
tained detectable svRNA (eGFP signal). There are several possible
explanations for this finding: Gag-svRNA binding obscures the
eGFP signal, the presence of unlabeled full-length MMTV RNA in
infected cells outcompetes the svRNA for binding to Gag, or not
all Gag foci contain viral RNA. The large granules of Gag seen in
the top panel of Fig. 6C were observed only in MMTV-infected
cells coexpressing the svRNA, suggesting that overexpression of
the svRNA caused Gag to accumulate in these aggregates. As a
control, we expressed a nonviral control RNA (Srprb-mRFP-
4BoxB), which binds the Ay-eGFP reporter and expresses the
Srprb-mRFP protein (74). We found that Srprb-mRFP-4BoxB
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FIG 5 RNA-dependent interaction of Gag with stress granule proteins. (A) Endogenous YB-1 was immunoprecipitated from MMTV(C3H)-infected NMuMG
whole-cell lysates using 5 pg of YB-1 antibody or an irrelevant IgG antibody as a control. Prior to the immunoprecipitation, samples were treated with (+) or
without (—) RNase A. Gag (indicated by the arrow) was detected by Western blotting (WB) using anti-CA monoclonal antibody (Ab). (B) Schematic diagram
showing the NC deletion mutant Gag. ANC-mCherry with images of cells expressing the protein (false colored green in the images) expressed alone or
coexpressed with myc—YB-1, GFP-G3BP1, or YFP-TIA-1 in uninfected NMuMG cells. Colocalization color maps were generated as described in the legend of
Fig. 4 and are shown to the right. (C) Schematic representation of the Gag.Zip-mCherry construct, in which the NC domain of Gag was replaced with the CREB1
leucine zipper domain, with images of cells expressing the construct (false colored green) alone or with myc—YB-1, GFP-G3BP1, or YFP-TIA-1 in NMuMG cells.

Colocalization color maps are shown to the right. mCH, mCherry.

did not accumulate in granules with Gag in NMuMG.C3H cells,
and its expression did not alter Gag localization (Fig. 6D).

To assess whether stress granule-associated proteins were as-
sociated with viral RNP complexes, MMTV-infected cells express-
ing the svRNA and the N -eGFP reporter were immunostained for
Gag and endogenous YB-1, G3BP1, or TIA-1. YB-1 and G3BP1
colocalized with Gag and svRNA in cytoplasmic granules (Fig. 6E,
overlay, top and middle rows). In contrast, the svRNA and Gag
were localized together in cytoplasmic aggregates but were sepa-
rate from TIA-1 (Fig. 6E, overlay, bottom row). Finding that Gag-
svRNA complexes do not contain the core stress granule compo-
nent TIA-1 indicates that the viral RNP complexes are distinct
from stress granules.

Kinetic analysis of cytoplasmic granules formed by MMTV
Gagwith YB-1 or G3BP1. Up to this point, our data suggested that
cytoplasmic viral RNP complexes containing Gag, YB-1, and
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svRNA could be sites of immature capsid assembly based on the
finding that virus production was dependent on YB-1 (Fig. 3A and
B). To test this possibility, we developed a fluorescence recovery
after photobleaching (FRAP) assay to study the biophysical prop-
erties of Gag in living MMTV-infected cells. MMTV Gag was fluo-
rescently labeled by inserting mCherry between the seventh and
eighth codons of the pp2l domain (Fig. 7A). The resulting
Gag.pp21.imCh protein was expressed in NMuMG.C3H cells,
where it was processed by the MMTYV protease and incorpo-
rated into virus particles (data not shown). Live-cell imaging of
NMuMG.C3H cells revealed that Gag.pp21.imCh localized within
small cytoplasmic foci, as previously observed for the wild-type
Gag protein (compare Fig. 7A to 1C and D, unstressed cells).

We reasoned that if Gag proteins in cytoplasmic foci were
highly mobile, cycling rapidly between the foci and the cytoplasm,
then Gag was unlikely to be tightly bound within a higher-order
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FIG 6 Localization of MMTYV subviral RNA in infected cells. (A) Schematic
diagram depicting the MMTV subviral RNA (svRNA) construct, which is
driven by the CMV promoter and contains R, U5, the first 746 nucleotides of
gag (¥), the Rem response element (RemRE), and four BoxB stem-loops,
which are bound by the \-eGFP reporter. The A-eGFP reporter contains an
M9 nuclear localization signal (NLS) (74). (B) Expression of the \y-eGFP
reporter alone in MMTV(C3H)-infected NMuMG (NMuMG.C3H) cells. (C)
Two planes through the same NMuMG.C3H cell transfected with svRNA and
Ay-eGFP and immunostained for Gag. The svRNA and Gag colocalize in cy-
toplasmic complexes. White boxes indicate the areas shown in enlargements.
(D) MMTV-infected NMuMG cells were transfected with A\ -eGFP and im-
munostained for Gag and YB-1, G3BP1, or TIA-1.
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complex. In contrast, if Gag proteins were relatively immobile
within the foci, with little to no exchange with Gag proteins in the
surrounding cytoplasm, that behavior would be consistent with
the formation of a stable multimeric complex, possibly in an imma-
ture virus particle. Similar kinetic properties have been described for
Gag proteins within assembled particles for retroviruses that form
virus particles at the plasma membrane (e.g., HIV-1, equine infec-
tious anemia virus [EIAV], and MLV) (75-78).

To assess the mobility of Gag.pp21.imCh, individual foci (Fig.
7A, green and orange circles) were subjected to FRAP (fluores-
cence recovery after photobleaching) analysis. Gag-containing
foci were imaged for approximately 20 s to measure baseline
fluorescence, and then 5-pm-diameter regions of interest
(ROIs) (Fig. 7A, white dashed circles) containing Gag foci were
photobleached. Foci within each ROI were monitored for flu-
orescence recovery at 1.91 frames per second for 15 min, based
on the time required for assembly of HIV-1, EIAV, and MLV
particles (75-78). The fluorescence intensity for each Gag focus
was measured every 15 s for 15 min, normalized for loss of
fluorescence due to imaging, and analyzed as described in Ma-
terials and Methods.

Analysis of 19 individual Gag.pp21.imCh foci revealed the
presence of three categories of Gag foci that had distinct kinetics
(Fig. 7B, C, and D). The first group of foci (n = 4) (Fig. 7B)
exhibited rapid, two-phase recovery with a fast-phase recovery
half-life (t,,,) of 7.8 s (95% confidence interval [CI], 6.7 to 9.3 s)
and a slow-phase recovery f,,, 0of 84.2 s (95% CI, 72.4 to 100.6 s).
Examples of two foci in this category are shown in the images in
Fig. 7B outlined by orange and green boxes, with relative fluores-
cence for each (orange and green lines, respectively) shown in the
graph below and the average fluorescence * standard error of the
mean (SEM) shown in gray. The average mobile fraction for these
foci was 0.691 (95% CI, 0.688 to 0.694), indicating that the ma-
jority of Gag proteins (~70%) within these complexes underwent
rapid exchange with Gag proteins outside the bleached region
(Fig. 7B). Accordingly, we concluded that foci with rapid and
complete fluorescence recovery after photobleaching represented
high local concentrations of free (monomers or small oligomers)
Gag proteins that had not assembled into virus particles.

In contrast, the second population of foci (n = 5) (Fig. 7C)
exhibited two-phase recovery following bleaching, with a fast-
phase recovery t,,, 0f9.15 (95% CI, 7.4 to 11.7 s), a slow-phase ,,
0f346.55(95% CI, 285.7 to 440.3 s), and a mobile fraction of 0.662
(95% CI, 0.657 to 0.668) (Fig. 7C). These kinetics indicated that
early after bleaching, Gag proteins within these foci are rapidly
exchanged with cytoplasmic Gag proteins outside the region of
interest, but at later time points there was a slower addition of Gag
molecules. Therefore, complexes characterized by rapid, partial
fluorescence recovery followed by a prolonged phase of additional
fluorescence recovery indicate the transition of Gag proteins from
higher to lower mobility, which may occur in an assembling virus
particle that continues to grow slowly over time. Indeed, the grad-
ual increase in Gag fluorescence over the 15-min period was con-
sistent with previous reports describing the kinetics of HIV-1,
EIAV, and MLV virus particles assembling at the plasma mem-
brane (75-78).

The third population of foci (n = 11) (Fig. 7D) exhibited lim-
ited, single-phase recovery after photobleaching with a t;,, of 13.4
s (95% CI, 12.5 to 14.5) and a mobile fraction of 0.25 (95% CI,
0.249 to 0.252). The limited fluorescence recovery within these
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FIG 7 FRAP analysis of MMTV Gag in living MMTV(C3H)-infected cells. (A) Parameters used to define different populations of MMTV Gag complexes in
living MMTV(C3H)-infected NMuMG cells. MMTV Gag was internally labeled with mCherry by inserting the fluorophore into the pp21 domain. The
Gag.pp21.imCherry construct was expressed in NMuMG.C3H cells, and live cells were imaged by confocal microscopy. Individual foci were chosen for analysis,
and the relative fluorescence of each focus was measured. Foci were monitored for 20 s (prebleach), subjected to photobleaching, and then monitored for
fluorescence recovery for 15 min. The graphs show the relative fluorescence intensities of the foci indicated by the red and green circles. Analysis of 19 foci revealed
discrete populations of foci with rapid (B), gradual (C), and limited (D) fluorescence recovery after photobleaching. Individual foci are shown in the orange and
green boxes, with the relative fluorescence of each focus shown as the orange or green curve on the graph. The gray curves on each graph represent the mean
fluorescence intensity from at least four foci = standard errors of the means. The red line is the curve fit to the mean fluorescence intensity using GraphPad Prism
using either a double (B and C) or single (D) exponential association curve. (E) FRAP analysis of Gag.pp21.imCherry within stress granules induced by expression
of GFP-G3BP1 or GFP-YB-1 (F) in NMuMG.C3H cells. For each condition, a representative cell is shown at the initial prebleach time point, and a single
cytoplasmic granule chosen for analysis is indicated by the white box. Enlarged images of the white boxed granule before (prebleach), during (bleach), and at
various time points after photobleaching are shown for both the Gag.pp21.imCherry channel (grayscale, outlined by an orange line) and the GFP channel (green).
Graphs show the mean fluorescence intensity for at least five granules (black line), with standard errors of the means (gray bars). The fluorescence intensity of the
representative focus is show as an orange line. Red lines are curves fit to the averaged data with double (E) or single (F) exponential association equations using
GraphPad Prism. Time is indicated in seconds (s). Pre, prebleach image. AU, arbitrary units.
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foci suggests that they represent assembled MMTYV particles with
very limited addition of new Gag molecules after photobleaching.
Although we grouped these populations of MMTV Gag foci into
three separate categories, it is likely these populations represent
points along a continuum of immature capsid assembly, during
which Gag monomers accumulate in distinct cytoplasmic loca-
tions, interact with the viral RNA, multimerize, and assemble into
virus particles that are transported through the cytoplasm to the
plasma membrane.

We next performed FRAP analysis to determine whether Gag
proteins located with stress granules induced by GFP-G3BP1
overexpression exhibited kinetic properties characteristic of one
of the populations we had defined (Fig. 7E). We found that
Gag.pp21.imCh present in association with GFP-G3BP1 in stress
granules exhibited rapid and complete two-phase recovery after
photobleaching with a fast phase t,,, of 6.6 s (95% CI, 3.6 to 39.9
s), aslow phase t,,, 0f 35.1 s (95% CI, 20.0 to 142.6 s), and a mobile
fraction of 1.10 (95% CI, 1.08 to 1.13; n = 5 foci). The kinetics of
Gag recovery within G3BP1 granules is similar to that of the un-
assembled Gag complexes described in Fig. 7B, indicating that Gag
diffused rapidly in and out of G3BP1 granules. These findings
imply that the majority of Gag proteins within G3BP1 granules
have not assembled into a stable complex. In support of this con-
clusion, the slow phase of Gag recovery within G3BP1 granules
was markedly faster than that of the “assembling” complexes
shown in Fig. 7C, suggesting that Gag recovery in G3BP1 granules
is more rapid than would be expected for the ordered addition of
Gag molecules to virus particles. However, we cannot rule out the
possibility that a small population of Gag may be in the process of
assembling into a higher-order complex within G3BP1 granules.
The mobile fraction of >1.00 suggests that the rate of Gag traf-
ficking into G3BP1 granules exceeds the rate of Gag movement
out of these complexes, consistent with our observations that Gag
accumulates in G3BP1 granules over time (data not shown). In
interpreting these data, it is important to remember that the flu-
orescence intensities used to calculate fluorescence recovery are
corrected for fluorescence loss incurred during photobleaching
and imaging using the Leica SP8 imaging software. However, the
raw images showing Gag.pp21.imCh fluorescence in Fig. 7E (and
subsequently in Fig. 7F) were not corrected for fluorescence loss,
and therefore these images cannot be used to accurately estimate
fluorescence recovery “by eye.”

Interestingly, recovery of Gag.pp21.imCh fluorescence within
YB-1-induced granules exhibited markedly slower kinetics (Fig.
7F) than Gagin G3BP1 complexes. The curve showing the average
recovery of Gag fluorescence within YB-1 granules (n = 5 foci)
was best fit by a single exponential equation, with a #;,, of 3.3 s
(95% CI, 2.7 to 4.5 s) and a mobile fraction of 0.32 (95% CI, 0.31
t0 0.33). Accordingly, these data indicate that Gag mobility within
YB-1-induced granules was dictated by a single binding event.
Furthermore, the small mobile fraction signifies that Gag proteins
within YB-1-induced granules underwent very limited exchange
with free Gag in the cytoplasm, indicating that Gag forms a stable
complex within YB-1-induced granules. Together with data
showing the RNase sensitivity of Gag-YB-1 association, these data
raise the possibility that Gag may bind viral or cellular RNA in
association with YB-1 in cytoplasmic granules to nucleate imma-
ture capsid assembly.
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DISCUSSION

Stress granules form in response to unfavorable cellular condi-
tions, including viral infection. Although this stress response can
create a hostile environment for pathogens, some viruses have
evolved mechanisms to commandeer proteins involved in stress
granule formation to promote virus replication (28). Here, we
report that the betaretrovirus MMTV, unlike human retroviral
pathogens HIV-1 and HTLV-I, does not disable the stress re-
sponse by preventing stress granule formation. Instead, our data
support the conclusion that MMTV Gag co-opts YB-1, a stress
granule-associated protein and master regulator of translation, to
facilitate virus assembly.

YB-1, a major component of cellular messenger ribonucleo-
protein complexes (mRNPs), is present in both translating and
nontranslating mRNPs (79, 80; for a review, see reference 81). In
the cytosol, YB-1 is present in small cytoplasmic granules that
coalesce into larger stress granules during unfavorable cellular
conditions (18, 82). The mechanism by which YB-1 exerts post-
transcriptional control is regulated by the amount of YB-1 that
binds to an mRNA. At low YB-1:RNA mass ratios, the cold shock
domain and C-terminal domain of YB-1 bind RNA, promoting an
extended conformation of the mRNA, which favors translation
(83, 84). Conversely, at high concentrations YB-1 multimerizes,
compacting the mRNA and repressing translation (80, 84). In
stress granules, YB-1 is thought to package translationally re-
pressed cellular mRNAs to prevent their degradation, allowing the
mRNAs to return to polysomes for translation when conditions
improve. In addition to regulating cellular translation, YB-1 mod-
ulates expression of some viral RN As. For example, YB-1 represses
dengue virus replication by suppressing translation of viral RNA
(36). YB-1 plays a different role in hepatitis C virus, where its
recruitment to sites of virus assembly influences the balance be-
tween viral RNA replication and encapsidation (85). Recently, it
was reported that YB-1 stabilizes intracellular levels of HIV-1 and
murine leukemia virus RNAs, resulting in an increase in virus
particle production (37, 38).

As reported here, we found that YB-1 colocalized with MMTV
Gagin small cytoplasmic foci in unstressed cells. We speculate that
YB-1 may associate with Gag and viral RNA in these granules and
repress MMTV RNA translation, based on the failure of these
granules to disassociate in the presence of cycloheximide. Our
reasoning is based on the assumption that MMTV Gag and YB-1
granules would disassemble with cycloheximide treatment like
“traditional” stress granules and P bodies if these granules con-
tained RNAs that were recycling through polysomes. Further ex-
periments will need to be done to directly test this idea. Alterna-
tively, it is possible that MMTV Gag-YB-1 granules do not
contain RNA. This explanation seems less likely given that MMTV
Gag initiates immature capsid assembly in the cytoplasm in asso-
ciation with its RNA genome, and the data in Fig. 6 demonstrate
that MMTV svRNA is present in Gag—YB-1 cytoplasmic granules.

The observation that MMTV Gag-YB-1 granules are constitu-
tively present in infected cells is characteristic of GW or P bodies,
which are present in unstressed cells and are involved in silencing,
decay, transport, and stabilization of mRNAs (17, 23, 24, 26, 86—
89). However, Gag does accumulate in stress granules induced by
heat shock and with overexpression of stress granule-associated
proteins, including YB-1, TIA-1, G3BP1, TTP, HuR, and PABPcl.
Nonetheless, it does not appear that the accumulation of Gag in
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stress granules plays an important role in particle assembly be-
cause knocking down or overexpressing TIA-1, a core stress gran-
ule component, did not have any effect on virus production. Fur-
thermore, functional analysis of stress granules induced by G3BP1
overexpression revealed that Gag was highly mobile in these com-
plexes, arguing against stress granules as a site for Gag-driven
immature capsid assembly. There is a close, dynamic interrela-
tionship between stress granules and P bodies, and many proteins,
including YB-1, are constituents of both types of mRNA regula-
tory granules (12, 14, 17-20, 89, 90). It is possible that the consti-
tutive Gag—YB-1 granules contain components of P bodies, and
this question is currently under study in our laboratory. The asso-
ciation of MMTV Gag with mRNA processing bodies (stress gran-
ules and P bodies) is complex and will require more detailed anal-
ysis to determine if there is a functional relationship between
MMTYV assembly and cellular factors in addition to the central
role of YB-1 that was demonstrated in the manuscript. Based on
our data, we propose that MMTV particles do not assemble in
stress granules, nor is virus assembly inhibited by stress granule
formation. Instead, our results favor the interpretation that
MMTYV co-opts YB-1, and possibly other stress granule- and P
body-associated proteins, during the process of immature capsid
formation.

Knockdown of YB-1 expression interfered with MMTV assem-
bly, suggesting that YB-1 exerts a positive effect on virus particle
formation, transport, or release. However, we did not observe a
difference in Gag localization in cells expressing reduced levels of
YB-1 (data not shown), implying that the defect did not alter the
cytoplasmic localization of Gag but, rather, disrupted immature
particle formation. The precise mechanism by which YB-1 facili-
tates MMTYV particle formation is unclear, but our results have
provided some clues. The interaction between Gag and YB-1 in
MMTV-infected cells was RNase sensitive, suggesting that an
RNA bridges the interaction. The NC domain, which specifically
binds to the viral genome, was required for localization of Gag to
YB-1 granules, and dimerization of Gag through a nucleic acid-
independent mechanism was not sufficient to mediate the Gag—
YB-1 association. The MMTV subviral RNA colocalized with Gag
and YB-1, suggesting that MMTV RNA is an integral part of Gag—
YB-1 granules; however, one caveat to this interpretation is that
the subviral RNA may not follow the same subcellular trafficking
pathway taken by the full-length MMTV genomic RNA. Func-
tional analysis of Gag—YB-1 granules using FRAP revealed that
these granules contained stable complexes of Gag that underwent
very limited exchange with free Gag in the cytoplasm. The best
model fitting the kinetic data was a single exponential equation,
indicating that Gag mobility was governed by a single binding
event. Thus, the FRAP data define two functionally distinct pop-
ulations cytoplasmic granules: (i) stress granules induced by
G3BP1, which contain highly mobile Gag proteins and therefore
do not likely represent sites of particle assembly, and (ii) Gag—
YB-1 granules in which Gag proteins are relatively immobile, con-
sistent with sites of immature capsid assembly.

Taken together, these data have led us to construct a working
model in which YB-1 and possibly other cellular proteins associate
with MMTV RNPs in cytoplasmic granules. We hypothesize that
binding of YB-1 to viral RNA sequesters it away from translation
machinery, essentially “marking” the viral RNA as a genome. The
YB-1-viral RNP complex may serve as a landmark for Gag to
identify sites to initiate capsid assembly. It is possible that Gag is
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recruited to YB-1 granules (through an unknown mechanism),
displacing YB-1 from the viral RNA due to high-affinity binding
between Gag and the genomic RNA W packaging signal. YB-1 also
binds cellular mRNAs in small cytoplasmic granules, so in the
absence of viral RNA, MMTYV, like other retroviruses, may encap-
sidate cellular RNAs. Alternatively, it is possible that Gagand YB-1
associate first and that the viral genomic RNA is recruited inde-
pendently to Gag—YB-1 granules. Further experimentation is
needed to refine our understanding of the mechanism by which
YB-1 promotes Gag-mediated assembly of MMTV.

The recruitment of Gag to YB-1 granules where genomic viral
RNA may be sequestered would represent a mechanism to cir-
cumvent cellular antiviral defenses. This strategy may be common
among other retroviruses and retrovirus-like elements. For exam-
ple, the mammalian long interspersed nuclear element 1 (LINE-1)
retrotransposon forms large cytoplasmic ribonucleoprotein com-
plexes (RNPs) thought to be replication intermediates (91). These
LINE-1 RNPs contain LINE-1 RNA and the retrotransposon pro-
teins Orflp and Orf2p, as well as YB-1 and other stress granule-
associated proteins (91, 92). Additionally, YB-1 has a stabilizing
effect on the genomic RNA of HIV-1 and W-containing RNAs of
MLV-based vectors, and YB-1 promotes HIV and MLV particle
production (38, 93). Considering these data together, we propose
that targeting mammalian retroviral and retrotransposon struc-
tural proteins to YB-1-containing cytoplasmic granules where vi-
ral RNAs are sequestered may be a mechanism to counteract cel-
lular defenses and promote replication of retroelements and
retroviruses. Importantly, these findings are similar to data from
HIV-1 and Ty3 indicating that assembly of retrovirus or retro-
transposon particles occurs in conjunction with stress granule- or
P body-associated proteins but not in stress granules or P bodies
themselves (11, 54, 94).
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