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The mouse mammary tumor virus (MMTV) Gag protein directs the assembly in the cytoplasm of immature viral capsids, which
subsequently bud from the plasma membranes of infected cells. MMTV Gag localizes to discrete cytoplasmic foci in mouse
mammary epithelial cells, consistent with the formation of cytosolic capsids. Unexpectedly, we also observed an accumulation of
Gag in the nucleoli of infected cells derived from mammary gland tumors. To detect Gag-interacting proteins that might influ-
ence its subcellular localization, a yeast two-hybrid screen was performed. Ribosomal protein L9 (RPL9 or L9), an essential com-
ponent of the large ribosomal subunit and a putative tumor suppressor, was identified as a Gag binding partner. Overexpression
of L9 in cells expressing the MMTV(C3H) provirus resulted in specific, robust accumulation of Gag in nucleoli. Förster reso-
nance energy transfer (FRET) and coimmunoprecipitation analyses demonstrated that Gag and L9 interact within the nucleolus,
and the CA domain was the major site of interaction. In addition, the isolated NC domain of Gag localized to the nucleolus, sug-
gesting that it contains a nucleolar localization signal (NoLS). To determine whether L9 plays a role in virus assembly, small in-
terfering RNA (siRNA)-mediated knockdown was performed. Although Gag expression was not reduced with L9 knockdown,
virus production was significantly impaired. Thus, our data support the hypothesis that efficient MMTV particle assembly is
dependent upon the interaction of Gag and L9 in the nucleoli of infected cells.

Since its discovery as a milk-transmitted agent in the 1930s, the
oncogenic retrovirus mouse mammary tumor virus (MMTV)

has served as an important model in breast cancer research and
immunology (1). However, little is known about the molecular
mechanisms that govern MMTV assembly. The 9-kb MMTV
RNA genome consists of the common retroviral elements gag, pro,
pol, and env, as well as dut (dUTPase) (2), sag (superantigen) (3),
and rem (regulator of export of MMTV mRNA) (4, 5). Like all
retroviruses, MMTV uses full-length viral RNA to transcribe the
viral structural proteins Gag, Gag-Pro, and Gag-Pro-Pol. The Gag
protein directs assembly of complete, immature viral capsids in
the cytoplasm, which are subsequently transported to the plasma
membrane for release by budding.

Unlike acutely transforming retroviruses like Rous sarcoma
virus (RSV), MMTV does not carry an oncogene and instead in-
duces tumors primarily by integrating near cellular oncogenes and
disrupting their regulation. In addition, the MMTV Gag and Env
proteins also promote tumorigenesis independently of the provi-
ral integration site (6, 7). Moreover, differences in pathogenesis
between the highly tumorigenic MMTV(C3H) strain and the tu-
mor-attenuated MMTV hybrid provirus (HP) strain map to the
CA and NC regions of the Gag protein (6), which led us to hypoth-
esize that the Gag proteins from the C3H and HP strains might
differentially interact with cellular proteins to promote malignant
transformation.

The eukaryotic ribosome serves as the catalytic and regulatory
center of cellular protein synthesis and is a key player in many
aspects of cell and structural biology. It consists of two subunits,
the 60S large subunit and the 40S small subunit, which interact
noncovalently to mediate the translation of mRNA into polypep-
tide products. The large subunit contains the 25S, 5.8S, and 5S

rRNAs, in addition to more than 45 proteins (8), including RPL9
(L9), a 192-amino-acid protein (9) present in a single copy within
the ribosome (10). L9 plays an important role in proper ribosome
formation and in normal growth and development. Drosophila
melanogaster mutants carrying one defective rpL9 allele are char-
acterized by stunted growth, reduced viability, and diminished
fertility; homozygosity of the mutated gene is lethal (11). Ho-
mozygous mutations of rpL9 are also embryonic lethal in zebrafish
(12), emphasizing the necessity of L9 for viability and early devel-
opment. The crystal structure of L6, the prokaryotic equivalent of
eukaryotic L9, provides the basis for structural information on the
protein, which consists of two domains with nearly identical folds
that may have arisen from an ancient gene duplication event (13).
The structure suggests that the N terminus participates in protein-
protein interactions at the interface between the large and small
ribosomal subunits, while the C-terminal hydrophobic residues
bind the 28S rRNA within the interior of the ribosome (13). In the
canine ribosome, a small portion of L9 is visible on the large-
subunit surface (8), which is presumably the N terminus at the
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subunit boundary. Use of trypsin digestion to remove ribosomal
proteins located on the surface of the large ribosome subunit
failed to remove L9, indicating that it is positioned more internally
on the 60S subunit than other ribosomal proteins (14).

Here, we report the unexpected finding that L9 interacts with
the MMTV Gag protein in cells infected with MMTV(C3H) virus,
a highly tumorigenic strain. Our data indicate that MMTV Gag
and L9 interact in the nucleolus, a subnuclear body involved in
ribosome biogenesis, cell cycle control, DNA damage responses,
and the p53 regulatory feedback loop (reviewed in references 15
and16). Interestingly, small interfering RNA (siRNA)-mediated
knockdown of L9 reduced L9 expression in the nucleolus, and the
MMTV yield was also reduced without affecting steady-state levels
of the Gag protein. Together, these data suggest that MMTV Gag
interacts with extraribosomal L9 during the process of virus as-
sembly.

MATERIALS AND METHODS
Plasmids. pRPL4-GFP and pRPS6-GFP (17) (kind gifts from Tim Krüger,
University of Würzburg, Würzburg, Germany), pRSV Gag-GFP (18), and
pGFP-Rem (5) were previously described. pFibrillarin-GFP (19), a kind
gift of Mark Olson (University of Mississippi Medical Center), was mod-
ified using PCR cloning to exchange cyan fluorescent protein (CFP) for
green fluorescent protein (GFP). pRPL9-FLAG was cloned by amplifica-
tion of murine rpL9 from total cellular RNA from NMuMG cells using
PCR (NCBI NM_011292) and inserted into the BglII site of the pCMV-
FLAG-MAT-2 vector (Sigma). pRPL9-mCherry was created by inserting
the RPL9 sequence from RPL9-FLAG into pmCherry.N2, which was
made by replacing GFP in pEGFP.N2 (Clontech) with mCherry from
pRSet8.mCherry, a kind gift of Roger Tsien (University of California, San
Diego) (20). pRPL9-GFP was made by amplification of RPL9 from RPL9-
FLAG and insertion into the HindIII/SalI sites of pEGFP.N2.
pMMTV.Gag(C3H)-GFP was created by PCR amplification of the
MMTV(C3H) gag sequence (6) from plasmid pRFPC-Bait-C used in the
yeast two-hybrid assay described below [nucleotide sequence accession
number AF228552 for MMTV(C3H) provirus] and insertion into pEG-
FP.N2 using BamHI-HindIII; 21 nucleotides of the 5= untranslated region
(UTR) upstream of Gag were included in the construct. Similarly,
pMMTVGag(C3H)-mCherry was made by PCR amplification of C3H
Gag and insertion into mCherry.N2 using the HindIII/ApaI sites.

GFP-tagged MMTV(C3H) Gag truncation proteins MA-CA (1 to
1485) and CA (805 to 1485) were PCR amplified at the indicated nucleo-
tides of gag and ligated into the BamHI-HindIII restriction sites of pEG-
FP.N2. The NC coding region of gag (1486 to 1767) was PCR amplified,
digested with BglII, treated with Klenow, digested with BamHI, and li-
gated into pEGFP.N2 to produce pNC-GFP. pYRPL9B-mCherry was
made by amplification of rpL9 isoform B sequences (http://www
.yeastgenome.org; YNL067W) from Saccharomyces cerevisiae genomic
cDNA (a kind gift from Anita Hopper, Ohio State University) and inser-
tion into pmCherry.N2 using HindIII-SalI. pRPL9.NT-mCherry (1 to
255) and pRPL9.CT-mCherry (256 to 576) were made by PCR amplifica-
tion of the indicated rpL9 nucleotide bases and ligated into pmCherry
using HindIII-SalI.

The sequence encoding the nucleolar localization signal (NoLS) of
HIV-1 Rev (21) (NCBI K03455) was amplified from pRev-YFP and
cloned into pmCherry or pRPL9.CT-mCherry via SalI-ApaI. pRev-YFP
was made by amplifying Rev from pCMV-Rev (a kind gift from Bryan
Cullen, Duke University) (22, 23) and transferring it into SalI-ApaI of
pEYFP.N2. All plasmid constructs were sequenced and shown to be faith-
ful copies of the corresponding genes. The primer sequences of all oligo-
nucleotides used for cloning are available upon request.

Yeast-two hybrid (Y2H) analysis. BALB/cJ and C3H/HeN lactating
mammary gland cDNA libraries were used to clone DNAs into the pGAD-
NOT vector (24) to produce GAL4-cDNA activation domain fusion

preys. Over 300,000 GAL4-cDNA plasmid clones were made, represent-
ing each mouse genome gene with 10-fold redundancy. The Mtv1 gag and
MMTV(C3H) gag sequences were also cloned into the pGADNOT vector
to serve as Gag-Gag homodimerization positive controls. The
MMTV(C3H) gag, Mtv1 gag, and chimeric gag genes were cloned up-
stream of LexA in the pNLexA vector (OriGene Technologies, Inc.) to
create Gag-LexA binding domain fusion baits. pgagMMTV(C3H)-LexA
and a cDNA library were transformed into CTY10-5d yeast cells (MATa
ade2 trp-901 leu2-3,112 his3-200 gal4� gal80 URA3::lexA-LacZ) to iden-
tify interactors. Interacting clones were tested for the ability to bind to
MMTV(C3H) Gag and Mtv1 Gag in the Y2H assay, and only one, RPL9
(L9), was found to interact with MMTV(C3H) Gag preferentially com-
pared to Mtv1 Gag. L9 was identified three independent times (twice from
the C3H/HeN library and once from the BALB/cJ library). Positive pro-
tein interactions between bait and prey were measured with beta-galacto-
sidase activity on X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyra-
noside) plates. Quantification of protein-protein interactions was
performed by using the �-Gal liquid assay on permeabilized yeast, as
described previously (25).

Cell culture and transfection. NMuMG (normal murine mammary
gland) cells (ATCC CRL-1636), MMTV(C3H)-infected NMuMG cells
(26, 27), and NMuMG-MM5MT cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum, penicillin, streptomycin, and amphotericin B (HyClone). NMuMG
cells infected with MMTV(C3H) were made either by transfection of the
proviral plasmid pHPA [cells designated NMuMG(C3H)] or by coculture
with MM5MT cells (28) derived from MMTV(C3H)-infected mammary
gland tumor cells of a C3H/He-infected mouse (cells designated
NMuMG-MM5MT). After 1 week of coculture, newly infected NMuMG
cells (which carry a stable integration of the hygromycin resistance gene)
were selected by treatment with hygromycin. NMuMG cells were trans-
fected using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s directions. For coculture infections, 1.5 � 104 NMuMG and 0.5 �
104 NMuMG-MM5MT (ATCC CRL-1637) cells were cocultured for 24 h
in an 8-well Lab-Tek II chamber slide (Nunc). Quail fibroblast (QT6) cells
were cultured as previously described (29) and transfected via the calcium
phosphate method.

Microscopic imaging. Cells were seeded in 35-mm dishes containing
glass coverslips, fixed in 4% paraformaldehyde, washed in phosphate-
buffered saline (PBS), permeabilized with 0.25% Triton X-100 –PBS, and
blocked with 10% bovine serum albumin (BSA)-PBS. The primary anti-
bodies used were mouse anti-MMTV CA (30), mouse anti-FLAG
(Sigma), or rabbit anti-RPL9 (AbCam). After washing in PBS, the cover-
slips were incubated with sheep anti-mouse IgG-Cy3 (Sigma), goat anti-
mouse IgG-Cy3 (Sigma), goat anti-mouse IgG-fluorescein isothiocyanate
(FITC) (Sigma), goat anti-mouse IgG-Alexa Fluor 514 (Invitrogen), or
goat anti-rabbit IgG-Cy5 (AbCam). Cell nuclei were stained with DAPI
(4=,6-diamidino-2-phenylindole), and SlowFade reagent (Molecular
Probes) was used for mounting coverslips. The fixed cells were examined
using a Leica AOBS SP2 confocal microscope or a DeltaVision DV Elite
deconvolution microscope (Applied Precision) and deconvolved using
softWoRx 2.0 software. Cell images were false colored using ImageJ (ver-
sion 1.41o; Wayne Rasband, NIH [31]), and image intensities were ad-
justed uniformly using CorelDRAW X3 (version 13; Corel Corp). Colo-
calization scores using Mander’s overlap coefficient (M1 and M2) as
modified by Bolte and Cordelieres (32) were calculated for individual
transfected cells representative of the population of cells using Just An-
other Colocalization Plugin (JACoP) for ImageJ. M1 represents the pro-
portion of the green signal coincident with a signal in the red channel over
its total intensity and M2 represents the converse for the red channel (32).
Thresholds were set to remove the background signal while remaining
representative of the confocal image.

For cells infected by coculture, cells were fixed using 4% paraformal-
dehyde in PBS for 15 min, permeabilized with 0.2% Triton X-100, blocked
with 30% sheep serum, incubated with primary and secondary antibodies,
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and mounted on DAPI-containing mounting medium (Invitrogen).
MMTV Gag was detected using the mouse monoclonal anti-p27CAGag
antibody (30), followed by donkey anti-mouse AlexaFluor 568 (Invitro-
gen) secondary antibody. Cells were viewed with the 100� or 63� objec-
tive lens of a Nikon A1 confocal microscope and captured with NIS Ele-
ments software (Nikon Inc.).

Acceptor photobleaching (AP)-FRET analysis. Using fixed and im-
munostained cells, prebleach images were obtained for GFP (excitation at
488 nm; emission at 492 to 533 nm; 25% laser power) or mCherry (exci-
tation at 543 nm; emission at 558 to 599 nm; 50% laser power) channels
using sequential scanning. For photobleaching, nuclei were selected as the
region of interest, and mCherry was photobleached using the 543-nm
laser at 100% power until the fluorescence intensity was reduced to 20% of
prebleach levels or for 5 min. Förster resonance energy transfer (FRET)
efficiency was calculated as previously described (33). FRET analysis was
performed using a minimum of 10 different cells on two different days,
and the mean, standard error of the mean, and P values were calculated
using an unpaired t test with GraphPad Prism 5 (GraphPad Software,
Inc.).

Coimmunoprecipitation. MMTV-infected NMuMG(C3H) cells
were harvested in PBS, incubated in lysis buffer (50 mm Tris, pH 7.05, 1%
Triton X-100, 0.5% deoxycholic acid, 150 mM NaCl) for 15 min on ice,
and spun for 30 min in a 4°C microcentrifuge at maximum speed to pellet
debris. The protein concentration of the cleared lysate was determined by
Bradford assay. Protein A Sepharose beads (Invitrogen) were washed
twice in coimmunoprecipitation (coIP) buffer (50 mM Tris, pH 8.0, 1%
Triton X-100, 0.1% SDS, 1% deoxycholic acid, 150 mM NaCl) and incu-
bated with one of the following antibodies in coIP buffer for 1 h: goat
anti-CA (a kind gift from Susan Ross, University of Pennsylvania), goat
anti-lamin B (Santa Cruz), rabbit anti-RPL9 (AbCam), or rabbit anti-
lamin A/C (Santa Cruz). The antibody-bound beads were added to 1.5 mg
of total cellular protein per coIP, and the reaction mixtures were incu-
bated at 4°C overnight. Precipitated beads were washed twice with coIP
buffer, followed by two washes in TE (10 mM Tris-HCl, pH 7.5, 1 mM
EDTA, pH 8.0). Proteins were eluted by boiling in 2� SDS loading dye
(125 mM Tris-HCl, pH 6.8, 20% glycerol, 0.5% bromophenol blue, 4%
SDS, and 10% �-mercaptoethanol) prior to analysis by SDS-PAGE and
Western blotting.

L9 siRNA-mediated knockdown and virus yield assays. Cells were
seeded in 35-mm dishes at a density of 0.25 � 106 cells/dish. Twenty-four
hours after seeding, the cells were transfected with L9 Smartpool siRNA
(Dharmacon; M-042220-01-0005) or scrambled control siRNA (Sigma)
for 15 h using Lipofectamine 2000 according to the manufacturer’s in-
structions. The cells were washed once in standard buffer (100 mM NaCl,
10 mM Tris, 1 mM EDTA, pH 7.2) and allowed to recover in primary
growth medium for 9 h. The cells were then transfected a second time with
L9 or control siRNA for 15 h. After the second transfection, the cells were
washed three times in standard buffer, and virus was collected for 3 h in
primary growth medium. The medium was removed from the cells and
cleared by centrifugation at 2,000 � g at 4°C, layered onto a 25% sucrose
cushion, and pelleted by centrifugation at 126,000 � g at 4°C. The pelleted
viral particles were resuspended in RIPA buffer (50 mM Tris, pH 7.5, 150
mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS). The cells were
washed in standard buffer and lysed in RIPA buffer. The protein concen-
tration of cell lysates was determined by Bradford assay, and normalized
amounts were loaded onto an SDS-PAGE gel.

Virus yield and L9 expression were determined by Western blotting
using the following antibody combinations: mouse anti-MMTV CA with
goat anti-mouse-horseradish peroxidase (HRP) (Sigma), rabbit anti-
RPL9 (AbCam) with goat anti-rabbit-HRP (Sigma), or goat anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (GenScript) with rabbit
anti-goat-HRP (Sigma). Blots were developed using SuperSignal West
Pico Chemiluminescent substrate (Thermo Scientific) and imaged using
an EC3 Chemi HR 410 imaging system (UVP, Upland, CA). The virus
yield was calculated as the amount of viral protein detected in the sucrose-

purified medium divided by the sum of viral proteins in the lysate plus
medium [medium/(lysate � medium)]. L9 expression was normalized to
GAPDH loading controls to calculate the relative knockdown of expres-
sion. Virus yield assays were performed a minimum of seven times for
each condition. The mean, standard error of the mean, and P values were
calculated using GraphPad Prism 5 (GraphPad Software, Inc.).

RESULTS

We previously described a group of replication-competent exog-
enous MMTV strains that differ in their propensities to cause
tumors in mice (6, 34). Compared to the highly tumorigenic strain
MMTV(C3H), a tumor-attenuated virus was identified that arose
from a recombination event between MMTV(C3H) and an en-
dogenous retrovirus, Mtv1, to create the MMTV(HP/Mtv1)
strain (6, 34). The difference in tumorigenicity between the
MMTV(C3H) and MMTV(HP/Mtv1) strains of exogenous
MMTV maps to a 253-amino-acid region within the CA and NC
regions of Gag (6).

Yeast two-hybrid screen. To identify cellular proteins that
might play a role in MMTV Gag-mediated tumorigenesis, a yeast
two-hybrid screen was used to identify host proteins that differ-
entially interacted with MMTV(C3H) or MMTV(HP/Mtv1) Gag.
As bait, we used a series of hybrid Gag proteins that contained
replacements of the tumor-attenuated MMTV(HP/Mtv1) gag se-
quence with corresponding regions from the highly tumorigenic
MMTV(C3H) gag gene (Fig. 1A) (34). cDNA libraries made from
the mammary glands of C3H/HeN and BALB/cJ mice were used as
prey. L9 was the only protein found to interact more strongly with
Gag proteins derived from viruses with higher tumor incidence
(virus A [virA] and virus C [virC]) than with tumor-attenuated
viruses (HP/Mtv1 and virus B [virB]) (Fig. 1B, right). Quantita-
tion of the Gag-L9 interactions revealed the highest degree of
binding between virA Gag and L9, while virC Gag demonstrated
intermediate binding. The virB and Mtv1 Gag proteins produced
the weakest interactions (Fig. 1C). The observation that the
strength of the interaction between Gag and L9 in yeast cells was
correlated with the tumorigenicity of the virus led us to investigate
whether L9 and MMTV Gag interacted in cultured mouse mam-
mary (NMuMG) cells. To this end, we first examined the subcel-
lular localizations of L9 and the Gag protein of MMTV(C3H),
which is identical to that of gagvirA used in the yeast two-hybrid
analysis (Fig. 1) (34).

Cell line-specific localization of MMTV Gag to nucleoli. In
mouse mammary cells stably transfected with an MMTV(C3H)
proviral expression vector (NMuMG-C3H), Gag formed discrete
cytoplasmic foci with exclusion of the nucleus when imaged using
deconvolution microscopy (Fig. 2A, top row, yellow arrow). In
contrast, we were surprised to find a population of Gag that local-
ized to nucleoli in NMuMG cells infected by coculture with
MMTV(C3H)-infected MM5MT cells isolated from mouse tu-
mors (NMuMG-MM5MT) (Fig. 2A, bottom row, and B, yellow
arrows). In addition, cells newly infected by coculture with
NMuMG-MM5MT cells also revealed Gag within nucleoli (Fig.
2B, white arrows), indicating that Gag localized to nucleoli in cells
newly infected via cell-to-cell spread.

L9 is a component of the large ribosomal subunit (35, 36). In
NMuMG cells, endogenous L9 was localized to the cytoplasm and
to nucleoli, the site of preribosome assembly and where L9 colo-
calized with fibrillarin-CFP (Fig. 2C, top row, yellow arrow). We
also noticed that the L9 antibody stained mitotic spindles in di-
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viding cells, a finding that had not been reported previously
(Fig. 2C, bottom row). Based on the observation that a subpopu-
lation of Gag was localized in the nucleoli of NMuMG-MM5MT
cells, we tested whether L9 overexpression would alter Gag local-
ization in NMuMG-C3H cells. To differentiate transfected L9
from the endogenous protein, we created epitope (FLAG)- or
fluorophore (GFP or mCherry)-tagged L9 constructs. As ex-
pected, L9-mCherry colocalized with fibrillarin-CFP in nucleoli of
NMuMG cells (Fig. 2D, top row). Interestingly, when L9 was over-
expressed in NMuMG-C3H cells, Gag (detected using an �-CA
antibody) accumulated in nucleoli in 78% of the cells (n � 23)
overexpressing L9-mCherry (Fig. 2D, bottom row). Colocaliza-
tion analysis of the cells where Gag was relocalized by L9-mCherry

expression revealed that, on average, 18% � 4% of the Gag signal
colocalized with L9 (M1) and 55% � 5% of the L9 signal colocal-
ized with Gag (M2) (n � 18) (Fig. 2D, bottom row), suggesting
that L9 overexpression induced Gag to accumulate in nucleoli in
NMuMG-C3H cells.

Finding a difference in the localization of Gag in NMuMG-
C3H versus NMuMG-MM5MT cells was unexpected because the
Gag proteins expressed in these cells are identical, as confirmed by
isolation of total cellular RNA from both cell lines and sequencing
of the gag gene using reverse transcription (RT)-PCR (data not
shown). Thus, the variation in Gag localization may be due to a
difference in a cellular factor or a viral component other than Gag.
Although it was feasible that NMuMG-MM5MT cells might ex-

FIG 1 Yeast two-hybrid screen implicating L9 as an MMTV Gag binding partner. (A) Comparison of Gag sequences of chimeric viruses and parental Gag
constructs derived from Mtv1 and MMTV(C3H). Differences between gag gene products are indicated by vertical bars, and the amino acids are shown at each
position. Gag cleavage products are indicated below the schematic diagram of MMTV(C3H) Gag: MA, pp21, p3, p8, n, CA, and NC. The tumorigenic potential
of the viruses carrying the respective Gag proteins in BALB/cT and C3H/HeN mice are indicated, as previously reported by Swanson et al. (34). (B) Photographs
of plates containing yeast cells transformed with pNLexAGag and pGADNOTGag (positive controls) (left) or with pGADNOT RPL9 and pNLexAGag (right).
Positive protein-protein interactions result in blue colonies. (C) Quantitation of the beta-galactosidase activity of the Gag-RPL9 interactions. An unpaired t test
was applied to determine the P value. The error bars indicate standard deviations.
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press higher basal levels of L9 than NMuMG-C3H cells as an ex-
planation for the nucleolar localization of Gag in NMuMG-
MM5MT cells, we did not observe a significant difference in L9
levels by Western blotting (data not shown). Therefore, either the
Western analysis was insufficiently sensitive to detect differences
in L9 levels or a host factor in addition to L9 contributes to Gag
nucleolar localization.

To test whether Gag would relocalize to nucleoli with L9 over-
expression in the absence of other viral factors, we created GFP-
and mCherry-tagged MMTV(C3H) Gag constructs (Gag-GFP
and Gag-mCherry, respectively) (Fig. 3A). Gag-GFP and Gag-
mCherry formed small cytoplasmic foci in uninfected NMuMG
cells, which were similar in size and distribution to Gag foci ob-
served in NMuMG-C3H cells (Fig. 2A). When fluorophore-
tagged Gag and L9 constructs were cotransfected into uninfected
NMuMG cells, Gag accumulated in nucleoli in 66% of cotrans-
fected cells (n � 33) (Fig. 3B, yellow arrow). Among cells where
Gag was relocalized by L9 expression, 16% � 3% of Gag colocal-
ized with L9 and 71% � 3% of L9 colocalized with Gag (n � 22).
Similar results were observed when Gag-GFP was cotransfected
with FLAG-tagged L9 (L9-FLAG) (Fig. 3B, yellow arrow). Thus,
the subcellular distribution of MMTV Gag was altered by L9 ex-
pression in the absence of any additional viral proteins or the viral
genome. Because of the higher degree of binding in the two-hy-
brid assay between L9 and MMTV(C3H) Gag compared to MMT-
V(HP/Mtv1), we tested whether L9 overexpression would change
the localization of Gag derived from Mtv1. In fact, L9 overexpres-
sion also induced localization of a subpopulation of Mtv1 Gag to
nucleoli (data not shown), indicating that the difference in bind-
ing affinity observed in the quantitative yeast two-hybrid assay
was not apparent in NMuMG cells, which are derived from
Namru mice (37–39). It is possible that Namru mice, like BALB/cJ
mice, do not exhibit differences in the rates of tumor formation
with variants of MMTV tested by Swanson et al. (34) (Fig. 1).
Therefore, future experiments will need to be performed in mam-
mary cells derived from BALB/cJ mice to address whether L9 in-
teracts preferentially with MMTV(C3H) Gag compared with
Mtv1 Gag. In this report, we instead focused on characterizing the
interaction of L9 with MMTV(C3H) Gag to learn more about its
relevance to virus assembly.

To determine whether L9-induced relocalization of Gag was
unique to MMTV, the GFP-tagged RSV Gag protein was cotrans-
fected with murine RPL9-mCherry in quail fibroblasts. Overex-
pression of RPL9-mCherry did not affect the subcellular distribu-
tion of RSV Gag (Fig. 3C), suggesting that the interaction between
Gag and L9 was limited to MMTV. To examine whether the relo-
calization of MMTV Gag could be induced by overexpression of

FIG 2 Localization of MMTV Gag and L9 in mouse mammary cells. (A)
MMTV-infected NMuMG-C3H or NMuMG-MM5MT cells were immu-
nostained for Gag using an anti-CA primary antibody and a secondary
FITC-conjugated antibody (green) and imaged using fluorescence decon-
volution microscopy. Nucleoli were identified by DIC images (yellow ar-
rows). (B) Uninfected NMuMG cells were infected with MMTV by cocul-
ture with NMuMG-MM5MT cells, immunostained for Gag (green), and
imaged using fluorescence deconvolution microscopy. Nucleoli were iden-
tified by DIC images. The yellow arrow indicates nucleolar Gag signal in
NMuMG-MM5MT cells, and the white arrow points to Gag in nucleoli of
newly infected cells (24 h postinfection). (C) (Top) Confocal microscopic
images of NMuMG cells expressing the nucleolar protein fibrillarin-CFP (false
colored green), immunostained using an anti-L9 primary antibody with a

Cy5-conjugated secondary antibody (red) and stained using DAPI (blue) to
show nuclei. The yellow arrows point to L9 staining within nucleoli. (Bottom)
Mitotic spindle stained with anti-L9 antibody. (D) (Top) Representative
NMuMG cell coexpressing fibrillarin-CFP (false colored green) and RPL9-
mCherry (red) with colocalization (yellow) shown in the overlay image. The
dotted line indicates the outline of the cell. (Bottom) Expression of RPL9-
mCherry (red) in NMuMG-C3H cells immunostained for Gag (green). M1

and M2 colocalization coefficients were measured by Mander’s analysis using
ImageJ JACoP as described in Materials and Methods and are shown for the
representative cell outlined with a white dotted line. M1 indicates the percent-
age of fluorescence in the green channel that is colocalized with signal in the
red channel, and M2 is the converse.
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other ribosomal proteins, RPS6 and RPL4, each fused to GFP,
were expressed in NMuMG-C3H cells. Both RPS6-GFP and
RPL4-GFP localized to nucleoli, similarly to L9; however, MMTV
Gag distribution was unaffected by S6 or L4 overexpression
(Fig. 3D). Together, these data indicate that MMTV Gag specifi-
cally interacted with L9 and that this interaction may not be con-
served among other retroviruses.

Gag interacts with L9 in nucleoli. To this point, our data dem-
onstrated that although Gag was not visualized in nucleoli of
NMuMG-C3H cells under steady-state conditions, overexpres-
sion of L9 induced a subpopulation of Gag to accumulate within
nucleoli. To assess whether the association of Gag and L9 could be
detected biochemically, we conducted coIP experiments using an-
ti-CA or anti-RPL9 antibodies to isolate protein complexes from
NMuMG-C3H cells. MMTV Gag was coimmunoprecipitated us-
ing an anti-RPL9 antibody, but not a nonspecific isotype control
antibody (anti-lamin A/C IgG) (Fig. 4A, top). Similarly, a recip-
rocal experiment demonstrated that L9 was pulled down with an
anti-CA antibody, but not with the nonspecific control antibody
(anti-lamin B IgG) (Fig. 4A, bottom). It is likely that the L9 band
ran higher in the immunoprecipitation lane than the unbound
lanes due to differences in the salt concentrations of the samples,
which may noticeably alter the electrophoretic properties of the
21-kDa L9 protein. Furthermore, Gag also coimmunoprecipi-
tated with L9 from concentrated preparations of nucleoli (data
not shown). Together, these data demonstrate that Gag and L9
form an intracellular complex in MMTV-infected mammary
cells.

Next, we used AP-FRET to determine whether Gag and L9
were interacting directly within nucleoli. As we observed previ-
ously, expression of RPL9-mCherry resulted in Gag accumulation
in nucleoli of MMTV-infected NMuMG-C3H cells, which were
immunostained for Gag using anti-CA (�-CA) antibody and
FITC-labeled secondary antibody (Fig. 4B). Photobleaching of
nucleolar RPL9-mCherry with a 543-nm laser resulted in de-
creased mCherry fluorescence (Fig. 4B, compare top row, pre- and
postbleach images, white arrows) with a concomitant increase in
FITC fluorescence (compare bottom row, pre- and postbleach
images, yellow arrows), indicating a significant intermolecular
transfer of resonance energy between the FITC and mCherry
chromophores, which was clearly visible in the images. The mean
AP-FRET efficiency between FITC-stained Gag and RPL9-
mCherry was 67.9% � 13% (Fig. 4D). Because FRET occurs only
when fluorophores are in very close proximity (i.e., �50 Å for
enhanced GFP [EGFP] and mCherry) (40), these data suggest that
Gag and L9 bind to each other within nucleoli. As a control for the
FRET experiment, RPL9-mCherry was coexpressed with MMTV
GFP-Rem, which also localizes to nucleoli (5) (Fig. 4C). In this
case, RPL9-mCherry was bleached (compare top row, pre- and
postbleach images, white arrows), but there was no visible increase
in intensity of the GFP-Rem fluorescence (Fig. 4C, compare bot-
tom row, pre- and postbleach images, yellow arrows), and the
AP-FRET efficiency between the two proteins was only 7.9% �
5.7% (Fig. 4D). As additional controls, mCherry alone did not
demonstrate efficient FRET with FITC-labeled Gag in NMuMG-
C3H cells (10.7% � 6.5%), and the background level of AP-FRET
between mCherry and GFP was 3.9% � 1.2% (Fig. 4D), indicating
that the high level of AP-FRET between FITC-labeled Gag and
RPL9-mCherry was specific for Gag and L9. Taken together, the
results of these experiments indicate that Gag and L9 form a com-

FIG 3 MMTV Gag specifically interacts with RPL9. (A) (Top) Diagram of
MMTV Gag-GFP showing the cleavage sites of Gag (MA, pp21, P3, p8, n, CA,
and NC). (Bottom) Expression of fluorophore-tagged MMTV Gag in unin-
fected NMuMG cells imaged using confocal microscopy. (B) Coexpression of
MMTV Gag-mCherry with RPL9-GFP (top row) and MMTV Gag-GFP with
RPL9-FLAG (bottom row) in uninfected NMuMG cells. Mander’s coefficient
for colocalization is shown for the representative cell outlined with a white
dotted line, as described in the legend to Fig. 2. (C) RSV Gag-GFP was coex-
pressed with RPL9-mCherry in QT6 cells. Mander’s coefficient for colocaliza-
tion is shown for the representative cell outlined with a white dotted line. (D)
RPL4-GFP or RPS6-GFP was expressed in MMTV-infected NMuMG-C3H
cells immunostained for Gag (green). Mander’s coefficient for colocalization
was measured on the cell outlined with a white dotted line.
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plex in nucleoli, likely through a direct protein-protein interac-
tion.

The CA domain is the major determinant of Gag-L9 interac-
tion. We next sought to identify the region of Gag that interacts
with L9. Single domains of MMTV Gag or Gag truncation mu-
tants tagged with GFP (Fig. 5A) were expressed in uninfected
NMuMG cells with or without RPL9-mCherry. When expressed
alone, MMTV NC-GFP was nucleolar, as determined by the iden-
tification of nucleoli in the difference interference contrast (DIC)
microscopy images (Fig. 5B, yellow arrow). In contrast, when NC
was deleted from Gag (MA-CA.GFP), the truncated protein was
predominantly cytoplasmic, with faint nuclear fluorescence that
excluded nucleoli (Fig. 5C, top). However, when coexpressed with
RPL9-mCherry, MA-CA.GFP localized exclusively to nucleoli
(Fig. 5D, top row). Quantitation of the representative images in
the top row of Fig. 5D using Mander’s analysis revealed that 100%
of the MA-CA.GFP protein colocalized with L9 (M1), and recip-
rocally, 86% of the L9 signal overlapped with MA-CA.GFP (M2).

To determine whether the CA region was sufficient to mediate
the interaction between Gag and L9, the subcellular distribution of
CA-GFP was tested in the absence or presence of L9 overexpres-
sion. CA-GFP was diffuse throughout the cell, with nucleolar ex-
clusion when expressed alone (Fig. 5C, middle). However, coex-
pression with RPL9-mCherry resulted in a striking relocalization
of CA-GFP to nucleoli and complete colocalization with L9
(Mander’s analysis; M1 � 100%; M2 � 93%) (Fig. 5D, middle
row). In contrast, expression of RPL9-mCherry had no effect on
the distribution of GFP alone (Fig. 5C, bottom). These results
indicate that the major determinant of the Gag-L9 interaction
maps to the CA region, although other regions may play contrib-
uting roles.

Gag-L9 interaction is conserved in lower eukaryotes. To gain
insight into the region(s) of L9 that interacts with MMTV Gag, we
compared the amino acid sequence of murine L9 to those of sev-
eral other eukaryotic species (Table 1). L9 was highly conserved
among vertebrates, with the murine amino acid sequence bearing
high homology and identity to human (99% homology; 98%
identity), rat (99% homology; 98% identity), chicken (98% ho-
mology; 94% identity), and zebrafish (95% homology; 89% iden-
tity) sequences. As expected, there was less sequence conservation
between murine and D. melanogaster L9 (80% homology; 64%
identity). Interestingly, two isoforms of L9 have been reported in
yeast, differing by only 3 amino acids (41, 42). Murine L9 was 69%
homologous and 49% identical to yeast L9A and 69% homolo-
gous and 50% identical to yeast L9B (Fig. 6A). To test whether
yeast L9 would also relocalize MMTV Gag, we expressed

FIG 4 MMTV Gag interacts with L9 in nucleoli. (A) RPL9 (top) or MMTV
Gag (bottom) was immunoprecipitated from NMuMG-C3H cell lysates using
anti-L9 or anti-CA antibodies, respectively, and anti-lamin antibody isotype
control (IgG) was used to show specificity. Proteins present in the input, un-
bound, or coimmunoprecipitated (IP) fractions were analyzed by Western
blotting (WB) using anti-CA/Gag (top) or anti-RPL9 (bottom) antibodies.
The arrows point to the bands corresponding to Gag (	78 kDa) (top) and L9
(	21 kDa) (bottom). (B) AP-FRET analysis of RPL9-mCherry (acceptor) and
MMTV Gag-FITC (donor) in MMTV(C3H)-infected NMuMG cells. The con-
focal images represent raw data used for FRET analysis. Prebleach images were
acquired and are shown on the left. Postbleach images were obtained after

bleaching the nucleus with a 543-nm laser to remove most of the RPL9-
mCherry fluorescent signal (white arrows). MMTV Gag was detected by im-
munofluorescence using anti-CA primary antibody and FITC-labeled second-
ary antibody, with prebleach and postbleach images shown. The yellow arrows
point to the dramatic increase in fluorescence signal of Gag-FITC in nucleoli
due to dequenching following bleaching of RPL9-mCherry. (C) GFP-Rem and
RPL9-mCherry coexpressed in NMuMG cells. Confocal microscopy images
were obtained as for panel B. The white arrows indicate bleaching of the RPL9-
mCherry acceptor fluorophore, and the yellow arrows point to the signal for
GFP-Rem, which is not noticeably changed. (D) Comparison of AP-FRET
efficiency values obtained from the following protein pairs: RPL9-mCherry
and viral C3H Gag (FITC stained), mCherry alone and viral C3H Gag (FITC
stained), RPL9-mCherry and MMTV GFP-Rem, and mCherry and GFP ex-
pression vectors. The error bars indicate standard error of the mean.

MMTV Gag-RPL9 Interactions in the Nucleolus

January 2013 Volume 87 Number 2 jvi.asm.org 1075

http://jvi.asm.org


mCherry-tagged yeast L9B in NMuMG-C3H cells. Interestingly,
yeast L9B localized to nucleoli in murine cells, suggesting that its
nucleolar localization signal (NoLS) remained functional, and it
induced Gag to accumulate in nucleoli (Fig. 6B). This result indicates
that the region of L9 that interacts with MMTV Gag resides in the
portion of the protein that is conserved between murine and yeast L9.

Gag interacts with the C-terminal region of L9. Sequence
comparison between the mouse and yeast L9 proteins revealed the
highest level of conservation within the C-terminal region of L9
(Fig. 6A; the red vertical line denotes the junction of N- and C-ter-
minal domains). To determine whether the C-terminal region of
L9 was sufficient to interact with Gag, we coexpressed mCherry-
tagged N- or C-terminal fragments of L9 (Fig. 7A) with Gag-GFP
in NMuMG cells. The N-terminal fragment of L9 (RPL9.NT-
mCh) localized to nucleoli of NMuMG cells. However, Gag-GFP
did not accumulate within nucleoli of cells expressing the N-ter-
minal fragment (Fig. 7B, top row). In contrast, the C-terminal
fragment of L9 (RPL9.CT-mCh) accumulated in small cytoplas-
mic foci that partially colocalized with Gag-GFP (Manders analy-
sis; M1 � 36%; M2 � 25%) (Fig. 7B, bottom row). No colocaliza-
tion was seen in MMTV-infected NMuMG-C3H cells between
Gag and RPL9.NT-mCh (Fig. 7C, top row), and again, partial
colocalization was observed between the C-terminal region of L9

FIG 5 L9 interacts with the CA domain of MMTV Gag. (A) GFP-tagged MMTV Gag deletion constructs. (B) Confocal microscopy image of GFP-tagged MMTV
NC expressed in NMuMG, with the yellow arrow pointing to a nucleolus. (C) Confocal microscopy images of Gag-GFP deletion mutants expressed alone in
NMuMG cells. (D) Confocal microscopy images of Gag-GFP deletion mutants coexpressed with RPL9-mCherry in NMuMG cells. M1 and M2 colocalization
values for single cells (top and middle) or the cell outlined with a white dotted line (bottom) were determined using ImageJ JACoP.

TABLE 1 Amino acid comparison to mouse RPL9 (NCBI NM_011292)

Species Homology (%) Identity (%) Accession no.

Human 99 98 NM_001024921
Rat 99 98 NM_001007598
Chicken 98 94 XM_423225
Zebrafish 95 89 NM_001003861
Fruit fly 80 64 NM_057813
Yeast A 69 49 NP_011368
Yeast B 69 50 NP_014332
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and Gag in cells expressing RPL9.CT-mCh (M1 � 15%; M2 �
18%) (Fig. 7C, bottom row). These data suggest that the NoLS for
L9 is in the N-terminal half of the protein, whereas the C-terminal
portion may contain the Gag interaction domain.

To test whether the C terminus of L9 was sufficient to relocalize
Gag to nucleoli, we fused a heterologous NoLS from the HIV-1
Rev protein onto the L9 C-terminal domain in an attempt to re-
store proper localization of L9 (Fig. 7D). First, we demonstrated
that the Rev NoLS would drive mCherry into the nucleolus
(Rev.NoLS-mCherry) (Fig. 7E, top row, middle image). However,
this nucleolar protein was not capable of relocalizing Gag-GFP
(Fig. 7E, top row, left image). In contrast, when Gag-GFP was
coexpressed with the C-terminal fragment of L9 fused to the
Rev.NoLS (RPL9.CT.Rev-mCherry), Gag-GFP was relocalized to
nucleoli and partially colocalized with the L9 chimeric protein in
nucleoli (Fig. 7E, bottom row, yellow arrow) (M1 � 4%; M2 �
92%). Thus, the C-terminal domain of L9 was sufficient for relo-
calization of Gag, provided that L9 contains a functional NoLS.
Interestingly, deleting the C-terminal 26 amino acids, which con-
tain the highest degree of conservation between mouse and yeast
L9B (Fig. 6A), from L9 did not disrupt the Gag-L9 interaction,
indicating that this sequence is not required for Gag to interact
with L9 (data not shown).

Knockdown of L9 expression interferes with MMTV produc-
tion. Finding that L9 and Gag interacted in the nucleolus raised
the possibility that L9 could play a role in virus production. To test
this idea, we used a pool of three L9-specific siRNAs to reduce L9
expression by approximately 35% compared to scrambled control
siRNA (P � 0.05) (Fig. 8A), relative to GAPDH, the internal con-
trol. The modest L9 knockdown likely results from long-lived L9
present in ribosomes, which are turned over as a functional unit
with a half-life of 96 to 120 h (43, 44), and therefore would be

largely unaffected by the transient knockdown. Indeed, when we
examined the L9 distribution in siRNA-treated cells by immuno-
fluorescence, we observed no difference in the distribution or the
amount of cytoplasmic L9 (Fig. 8B). However, in L9-specific
siRNA-transfected cells, L9 was not detected in nucleoli, indicat-
ing that the knockdown primarily affected the extraribosomal
pool of L9 prior to its incorporation into ribosomes. Furthermore,
the siRNA-treated cells maintained normal morphology, suggest-
ing that the L9 knockdown was not overtly toxic, and the cytoplas-
mic distribution of Gag was not obviously altered (Fig. 8B). Be-
cause L9 is essential for ribosomal function, we next tested
whether this degree of L9 knockdown affected steady-state levels
of Gag. We found that L9 knockdown did not result in a signifi-
cant decrease in Gag expression relative to GAPDH loading con-
trols (Fig. 8C). However, the virus yield from cells treated with L9
siRNA was reduced by 	50% relative to the scrambled siRNA
control (P � 0.005) (Fig. 8D) when normalized to intracellular
Gag levels. This finding suggests that the Gag-L9 interaction is
intrinsic to the virus assembly and budding pathway, although we
cannot rule out the possibility that the defect in virus production
is due to an indirect effect of the L9 siRNA treatment.

DISCUSSION

Retrovirus-cell interactions that contribute to the processes of vi-
rus assembly and budding remain incompletely understood. In
particular, the functions of host factors that engage retroviral Gag
proteins far from the site of virus budding are difficult to unravel.
In this work, we report the novel finding that L9, a protein that
resides in the nucleolus prior to its incorporation into ribosomes,
interacts with the MMTV Gag protein and influences virus assem-
bly. This report is the first to find an interaction between Gag and

FIG 6 The Gag-L9 interaction is conserved in lower eukaryotes. (A) Protein sequence alignments between mouse RPL9, S. cerevisiae RPL9A, and S. cerevisiae
RPL9B. The vertical red line indicates the dividing line between the N-terminal and C-terminal domains. Black shading indicates residues that are homologous
among all of the sequences, and gray shading highlights homologous residues present in at least two of the sequences. Alignments were constructed using
BLOSUM62 in Geneious v. 5.5.6. (B) Confocal microscopy images of S. cerevisiae RPL9B-mCherry expressed in NMuMG-C3H cells fixed and immunostained
for Gag. The yellow arrow points to the presence of Gag in nucleoli. M1 and M2 colocalization values for the cell outlined with a white dotted line (bottom) were
determined using ImageJ JACoP.
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a ribosomal protein. We propose that virus assembly may be mod-
ulated by this interaction.

Why is the MMTV Gag protein present in the nucleolus in
association with L9, a constituent of the large preribosome com-
plex? These data raise the intriguing possibility that L9 has an
extraribosomal function, possibly one that contributes to Gag-
mediated virus assembly. Recently, overexpression of ribosomal
protein L4 was found to increase readthrough of the murine leu-
kemia virus (MLV) pseudoknot, which is required to produce the
MLV Gag-Pol fusion protein (45). This imbalance in the Gag/
Gag-Pol ratio led to an assembly defect, possibly due to steric
constraints imposed by excess Gag-Pol on virus particle assembly.
MMTV uses ribosomal frameshifting rather than readthrough to
produce Gag-Pro and Gag-Pro-Pol fusion proteins (46). In our
experiments, we did not detect a change in the Gag/Gag-Pol ratio

by Western blotting following L9 knockdown, suggesting that the
reduction in particle production we observed was unlikely to be
due to a change in the efficiency of frameshifting.

It is not evident from our data whether the effect of L9 on virus
assembly is directly related to an extraribosomal activity of L9 or
whether another host factor is recruited into the Gag-L9 complex.
The influence of L9 appears to occur early in the assembly path-
way, as we have no evidence that L9 colocalizes with Gag at cyto-
plasmic sites of capsid assembly, nor have we detected L9 in virus
particles (data not shown). Moreover, because Gag and L9 associ-
ated in the nucleolus, other nucleolar proteins or RNAs may con-
tribute to virus assembly. Candidates include nucleolin and B23,
which modulate HIV-1 assembly (47–52), and small nuclear
RNAs, products of Pol III transcription at the nucleolar periphery,
which are selectively incorporated in retrovirus particles (53–57).

FIG 7 Mapping the Gag interaction domain within L9. (A) Schematic of the N-terminal and C-terminal regions of RPL9 fused to mCherry. RPL9.NT consists
of RPL9 amino acids 1 to 85, and RPL9.CT consists of amino acids 86 to 192. (B) Confocal microscopy of NMuMG cells cotransfected with MMTV(C3H)
Gag-GFP and mCherry-fused RPL9 N- or C-terminal domains. (C) Confocal microscopy of MMTV(C3H)-infected NMuMG cells transfected with the N- or
C-terminal RPL9-mCherry construct. Gag was detected with anti-CA primary antibody and FITC-conjugated secondary antibody. (D) Schematic diagram of the
HIV-1 Rev NoLS fused to the N terminus of mCherry and inserted into the RPL9.CT-mCherry construct between the RPL9 and mCherry sequences. (E) Confocal
images of Gag-GFP coexpressed with Rev NoLS-containing constructs. The yellow arrow indicates the presence of Gag in the nucleolus with coexpression of
RPL9 CT.Rev-mCh. For each of the overlay images, M1 and M2 colocalization values for single cells or those outlined with white dots were calculated using ImageJ
JACoP.
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Future experiments will explore whether modulating L9 expres-
sion levels alters MMTV infectivity, incorporation of viral
genomic RNA, or enrichment of Pol III-transcribed cellular RNAs
into virions.

Localization of MMTV Gag to the nucleus or nucleolus has not
been reported previously, although other retroviral Gag proteins
do traffic transiently through the nucleus (references 58–65; re-
viewed in reference 66). For RSV, genetic and biochemical evi-
dence suggests that genomic RNA packaging is linked to nuclear
trafficking of Gag (33, 65, 67), but whether this role is conserved
for other retroviruses is not known. What is the mechanism of
MMTV Gag nucleolar localization? Finding that the MMTV NC
protein contains nucleolar localization activity suggests that it
may contain the Gag NoLS. In addition, our data clearly showed
that increasing the intracellular level of L9 induced the accumula-
tion of Gag in nucleoli through an interaction with the CA region.
Thus, it is feasible that the degree of MMTV Gag nucleolar local-
ization varies due to cell type differences in L9 or other factors. It
is also possible that Gag-L9 interactions are initiated in the cyto-
plasm and Gag piggybacks into the nucleolus with L9. Further
experiments will be needed to differentiate between these possi-
bilities.

Interestingly, many ribosomal proteins have well-established
extraribosomal functions mediated by their RNA binding properties
and protein-protein interaction domains. For example, several ribo-
somal proteins autoregulate their synthesis by altering splicing or
translation of their own mRNA (reviewed in reference 68). Further-
more, L26 binds to the 5= UTR of p53 mRNA, stimulating p53 trans-
lation (69), and extraribosomal L11 modulates levels of c-myc by
recruiting microRNA (miRNA) and a component of the RNA-in-
duced silencing complex to the 3= UTR of the c-myc gene (70) in
response to nucleolar stress. Other ribosomal proteins engage in pro-
tein-protein interactions that modulate cellular functions, including
those that serve as sentinels to identify states of cellular stress triggered
by ribosomal dysfunction. Specifically, ribosomal proteins L5, L11,
L23, and S7 activate p53 by binding to MDM2, resulting in cell
cycle arrest or apoptosis (71–74). L23 sequesters nucleophosmin
in the nucleolus, preventing it from interacting with a c-myc an-
tagonist, leading to stimulated cell growth (75). Ribosomal pro-
tein S3 can be induced to undergo nuclear import, where it binds
to NF-
B to stimulate gene-specific transcription (76). As further
evidence of their critical extraribosomal functions, mutations in
ribosomal proteins are associated with the human diseases Di-
amond-Blackfan anemia and 5q syndrome, and dysregulated
ribosomal protein expression occurs in cancers, such as hepa-
tocellular, colorectal, and prostate cancer and melanoma, sar-
coma, and lymphoma (77, 78). L9 and other ribosomal pro-
teins act as tumor suppressors, consistent with observations
that mutations in genes encoding ribosomal proteins lead to
malignant diseases (12, 79–82).

Because ribosomal proteins are present in all cells and play a
central role in modulating cell cycle arrest, proliferation, tran-
scription, translation, DNA repair, and stress responses, it has

FIG 8 Effect of L9 depletion on MMTV virus yield. MMTV-infected
NMuMG-C3H cells were treated with L9-specific or scrambled control siR-
NAs. (A) Effect of L9-siRNA treatment on L9 expression relative to GAPDH
loading controls, with the error bars representing the mean � standard error
of the mean (n � 7). A two-tailed Student’s t test was performed to compare
the treatment groups; *, P � 0.05. A representative Western blot is shown on
the right of the graph, demonstrating selective reduction in L9 expression. (B)
Cells treated with L9-specific or control siRNAs were immunostained for L9
and imaged using fluorescence confocal microscopy. The yellow arrows in the
scrambled siRNA images point to L9 immunofluorescence in nucleoli, which
is absent from the L9-siRNA-treated cells below. (C and D) The samples from
panel A were used to evaluate steady-state Gag levels (C) and virus yield (D)

relative to scrambled siRNA treatment and normalized for GAPDH expression
levels. The virus yield was calculated as the amount of Gag in the sucrose-
purified media divided by the sum of Gag in the lysates and media. Represen-
tative Western blots from each experiment are shown on the right of the
graphs. The graphs show means � standard errors of the mean; **, P � 0.005.
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been suggested that they are prime targets of viruses, which com-
monly hijack host machinery to facilitate their own replication
(68). Accordingly, it is not surprising that diverse families of vi-
ruses have been reported to interact with ribosomal proteins. Dur-
ing hepatitis C virus (HCV) infection, S5 and S9 interact with the
internal ribosome entry site (IRES) on the HCV RNA to position
the IRES on the 40S ribosomal subunit for optimal translation of
viral proteins (83). The noncoding EBER-1 RNA of Epstein-Barr
virus (EBV) binds to and relocalizes L22, although the biological
relevance of this finding in EBV infection is not known (84, 85).
Among retroviruses, infection with RSV or Abelson murine leu-
kemia virus (Ab-MuLV) results in phosphorylation of S6 (86, 87).
The role of S6 phosphorylation in retrovirus infection is unclear,
but data from cells transformed with simian virus 40 (SV40) sug-
gest that S6 phosphorylation may promote cell growth and onco-
genic transformation (88). Recently, it was shown that L4 modu-
lates Moloney murine leukemia virus translational readthrough,
which is required for maintenance of the proper Gag/Gag-Pol
ratio (45). Up to now, no other retroviral proteins have been re-
ported to interact with ribosomal proteins either within ribosomal
subunits or in an extraribosomal setting.

Interestingly, two other MMTV-encoded proteins, the Rem
nuclear export factor (5) and the signal peptide of Rem and Env,
known as p14 (89), independently localize to nucleoli in infected
cells. Therefore, it is plausible that Gag, Rem, and/or p14 encoun-
ter one another within nucleoli. The p14 protein was recently
found to regulate transcription levels of ribosomal protein L5,
which interferes with MDM2-mediated degradation of p53 (7,
90). In addition, the MMTV Env protein transforms mammary
cells in culture (7), and enhanced tumorigenicity in vivo maps to
the gag gene (6). Thus, the mechanism by which MMTV induces
tumors in mice appears to be more complex than previously real-
ized. The newly appreciated role of the nucleolus and the ribo-
somal proteins that interact with MMTV proteins opens the door
to advancing our understanding of how viruses intersect with host
regulatory pathways to replicate and cause disease.
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