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ABSTRACT

By recruiting the host protein XPO1 (CRM1), the HIV-1 Rev protein mediates the nuclear export of incompletely spliced viral
transcripts. We mined data from the recently described human nuclear complexome to identify a host protein, RBM14, which
associates with XPO1 and Rev and is involved in Rev function. Using a Rev-dependent p24 reporter plasmid, we found that
RBM14 depletion decreased Rev activity and Rev-mediated enhancement of the cytoplasmic levels of unspliced viral transcripts.
RBM14 depletion also reduced p24 expression during viral infection, indicating that RBM14 is limiting for Rev function. RBM14
has previously been shown to localize to nuclear paraspeckles, a structure implicated in retaining unspliced HIV-1 transcripts
for either Rev-mediated nuclear export or degradation. We found that depletion of NEAT1 RNA, a long noncoding RNA re-
quired for paraspeckle integrity, abolished the ability of overexpressed RBM14 to enhance Rev function, indicating the depen-
dence of RBM14 function on paraspeckle integrity. Our study extends the known host cell interactome of Rev and XPO1 and
further substantiates a critical role for paraspeckles in the mechanism of action of Rev. Our study also validates the nuclear com-
plexome as a database from which viral cofactors can be mined.

IMPORTANCE

This study mined a database of nuclear protein complexes to identify a cellular protein named RBM14 that is associated with
XPO1 (CRM1), a nuclear protein that binds to the HIV-1 Rev protein and mediates nuclear export of incompletely spliced viral
RNAs. Functional assays demonstrated that RBM14, a protein found in paraspeckle structures in the nucleus, is involved in
HIV-1 Rev function. This study validates the nuclear complexome database as a reference that can be mined to identify viral co-
factors.

Since the HIV-1 genome encodes only 15 proteins, the virus
must exploit the function of host cofactors at every step in its

replication cycle (1). A meta-analysis of genome-wide small inter-
fering RNA (siRNA) screens suggests that more than 2,410 pro-
teins, or 9.5% of human genes, may be involved in HIV-1 replica-
tion (2). While data from siRNA screens provide insight into
virus-host interactions and provide an opportunity to identify
“druggable” targets to inhibit virus replication, these screens have
limitations. Comparison of different genome-wide siRNA screens
reveal minimal overlap in the host genes involved in HIV-1 repli-
cation, and these screens may frequently yield false-positive re-
sults due to siRNA off-target effects (3).

In the present study, we utilized a novel strategy to identify host
factors involved in HIV-1 replication. The human nuclear “com-
plexome” was recently described in a high-throughput immuno-
precipitation/mass spectrometry (IP/MS) study (4). This com-
plexome describes endogenous protein complexes defined by
identification of proteins that coimmunoprecipitated in more
than 3,000 immunoprecipitations of HeLa cell nuclear extracts.
We mined the nuclear complexome to identify cellular proteins
found in complexes with XPO1 (CRM1), a cellular factor that
mediates the HIV-1 Rev protein’s function of nuclear export of
incompletely spliced viral RNAs. XPO1 is a karyopherin adaptor
protein that is involved in the transport of certain cellular proteins
and a selective set of cellular RNAs, including snRNAs and some
mRNAs (5). The XPO1 export pathway is distinct from that used
by most cellular mRNAs or simple retroviruses such as Mason-
Pfizer monkey virus (MPMV). MPMV encodes a constitutive

transport element (CTE) RNA element in incompletely spliced
viral transcripts that is bound by the proteins Tap/NXT and ac-
cesses an export pathway utilized by the majority of cellular
mRNAs (6–8).

The HIV-1 Rev protein regulates viral posttranscriptional gene
expression by directing the nuclear export of incompletely spliced
viral transcripts in an XPO1-dependent process (9). The �9-kb
unspliced viral transcript serves as genomic RNA and mRNA for
the Gag and GagPol polyproteins, while a 4-kb class of singly
spliced transcripts encode the Env, Vpr, Vif, and Vpu proteins
(10). The nuclear export and expression of the unspliced tran-
scripts are inhibited due to inefficient splicing and the presence of
cis-acting RNA elements termed INS (instability elements) in the
unspliced transcripts (10). Distinct nuclear structures termed
paraspeckles appear to be involved in retaining INS-containing
transcripts in the nucleus. Paraspeckles range in size from 0.5 to 1
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�m in diameter, with generally between 5 and 20 paraspeckles per
nucleus (11). The heterodimeric paraspeckle marker proteins
p54nrb/PSF bind to INS RNAs both in vitro and in vivo, and over-
expression of PSF inhibits the nuclear export and expression of
INS-containing viral RNA, suggesting that these proteins retain
INS RNAs in the nucleus (12). The formation of paraspeckles is
dependent on the presence of a long noncoding RNA (lncRNA)
termed NEAT1 (11). Depletion of NEAT1 enhances HIV-1 repli-
cation by a mechanism that involves an increase in Rev-XPO1-
dependent nuclear export of INS-containing viral RNAs, further
suggesting that paraspeckles retain INS RNAs in the nucleus (13).
Additional studies have extended Rev’s role beyond viral RNA
export into facilitating efficient encapsidation of viral genomic
RNA into virions that assemble at the plasma membrane, as well as
in promoting translation of viral mRNAs through poorly under-
stood mechanisms (14–16).

To mediate the export of unspliced viral transcripts, Rev binds
and multimerizes via an arginine-rich amino-terminal domain
on an RNA element encoded in the env gene, termed the Rev
response element (RRE). Multimerized Rev interacts with XPO1
through the Rev nuclear export sequence (NES) in its leucine-rich
carboxyl terminus, facilitating the assembly of a ribonucleopro-
tein complex (17–20). XPO1 directs this ribonucleoprotein com-
plex through the nuclear pore by interacting with nuclear pore
proteins, specifically nucleoporins such as Nup214 (21) and addi-
tional cellular proteins such as the helicase DDX3 (22). The direc-
tionality of XPO1-dependent transport is governed by differential
concentrations of the Ran protein bound to GTP (Ran-GTP) or
GDP (Ran-GDP) in the nucleus or cytoplasm, respectively (5). In
the nucleus, XPO1 binds to Ran-GTP and accompanies the Rev-
RNA complex to the cytoplasm, where Ran-GTP is hydrolyzed to
Ran-GDP due to the actions of Ran-GAP and RanBP1 proteins.
This leads to dissociation of XPO1 and Rev from the viral RNA. To
engage in a new transport cycle, Rev binds another karyopherin
protein, importin-�, through its nuclear localization signal
(NLS), which imports Rev into the nucleus by interacting with
Ran-GDP. Additional host proteins that may be involved in the
recycling of Rev into the nucleus are unknown. In the nucleus,
Ran-GDP is converted into Ran-GTP by the action of Ran-GEF,
releasing Rev from importin-� and allowing another round of
nuclear export (5).

Using the nuclear complexome database, we identified an
XPO1-associated protein, RBM14, which is involved in Rev func-
tion. RBM14 (RNA binding motif protein 14) is an hnRNP-like
nuclear protein with two RNA binding (RNA recognition motifs
[RRMs]) domains in its amino terminus, and it is found in nuclear
paraspeckles along with p54nrb/PSF (23). We investigated the role
of RBM14 in Rev activity due to its localization in nuclear paras-
peckles. These subnuclear structures have been previously impli-
cated in Rev function (12). Depletion of RBM14 inhibited the
activity of Rev-dependent reporter plasmids and reduced the lev-
els of incompletely spliced viral transcripts in the cytoplasm.
Overexpression of RBM14 stimulated Rev function, while deple-
tion of RBM14 inhibited Rev function during viral infection, in-
dicating that RBM14 is likely necessary for productive viral repli-
cation. RBM14 stimulation of Rev function was found to be
dependent on NEAT1 RNA, the lncRNA essential for the struc-
tural integrity of nuclear paraspeckles. Our data establish that
RBM14 is a novel Rev cofactor and demonstrate the utility of the

nuclear complexome database for the unbiased discovery of viral
cofactors.

MATERIALS AND METHODS
Plasmids, siRNAs, and antibodies. The pCMVGagPol-RRE (CMV
stands for cytomegalovirus) and pCMV-RevFlag plasmids have been de-
scribed previously and were a kind gift from Marie-Louise Hammarskjöld
(University of Virginia). The p54nrb-Flag plasmid has also been described
previously and was kindly provided by Xuesen Dong (University of Brit-
ish Columbia). The pHMRLuc (Luc stands for luciferase) and RemGFP
(GFP stands for green fluorescent protein) plasmids were kindly provided
by Jaquelin Dudley (University of Texas, Austin).

RBM14 (sc-96838) and control (sc-37007) small interfering RNAs
(siRNAs) were obtained from Santa Cruz Biotechnology and are a pooled
mixture of 3 to 5 siRNAs specific for the RBM14 gene. siRNAs against
NEAT1 long noncoding RNA (lncRNA) were those described previously
and were obtained from Sigma-Aldrich (13). The RBM14 antiserum
(ab70636) and PACS1 antiserum (ab56072) were obtained from Abcam.
The anti-actin antibody (catalog no. 05-384) and Flag antibody were ob-
tained from Millipore and Sigma-Aldrich, respectively.

siRNA and plasmid transfections. 293T cells were transfected with 10
pmol of siRNAs in 24-well culture dishes using Lipofectamine RNAimax
(Life Technologies) according to the manufacturer’s directions. At 24 h
after the siRNA transfections, the cultures were transfected with 100 ng of
pCMVGagPol-RRE plasmids and 50 ng of pCMV-RevFlag plasmid. Cul-
ture supernatants were harvested 24 h after the plasmid transfection for
p24 enzyme-linked immunosorbent assays (ELISAs) using the Zeptome-
trix ELISA kit; for luciferase assays, cells were lysed in RLB (reporter lysis
buffer) using the luciferase assay system from Promega according to the
manufacturer’s instructions. Luciferase activities were normalized to total
protein in the cell lysates.

Immunoprecipitations and immunoblotting. Immunoprecipita-
tions were performed using anti-Flag M2 affinity gel (catalog no. A2220)
from Sigma-Aldrich following the manufacturer’s protocol. Briefly, cul-
tures transfected with Flag-tagged plasmids were lysed 48 h after transfec-
tion with Pierce immunoprecipitation (IP) lysis buffer with added pro-
tease inhibitor cocktail (catalog no. P8340; Sigma-Aldrich); 40 �l of the
anti-Flag M2 affinity gel was washed with lysis buffer and incubated with
the cell lysates overnight at 4°C. Following the incubation, beads were
washed with lysis buffer, and bound proteins were eluted by mixing and
heating the beads in sample loading buffer for 7 min at 95°C. Samples were
spun in a microcentrifuge, and immunoprecipitates were loaded on a 7 to
12% Tris gradient gel (Bio-Rad). The gels were transferred to nitrocellu-
lose membranes and blocked with 5% nonfat dry milk (NFDM) for an
hour and probed with the appropriate antibodies.

RNA immunoprecipitations. For RNA immunoprecipitations, trans-
fected cells were lysed with Pierce IP lysis buffer containing protease in-
hibitor cocktail and 100 u/ml RNase inhibitor (Promega). To bind the
antibodies to Dynabeads protein A (Life Technologies), the beads (40 �l)
were washed three times with lysis buffer and incubated with 5 �g of
antisera in 200 �l of lysis buffer for 1 h at 4°C. Unbound antibodies were
removed by washing with lysis buffer. The cell lysates were incubated with
the Dynabeads protein A coated with the antisera overnight at 4°C. The
beads were washed vigorously two times with 1 ml of lysis buffer contain-
ing protease inhibitor cocktail and RNase inhibitor to remove nonspecifi-
cally bound proteins. RNA was eluted from the protein bound to beads
using TRIzol reagent (Life Technologies), treated with DNase, and ampli-
fied by quantitative reverse transcription-PCR (qRT-PCR) using primers
specific for the unspliced GagPol transcripts.

Lentiviral shRNA packaging and transduction and HIV-1 infec-
tions. RBM14 and control short hairpin RNAs (shRNAs) were purchased
from the Baylor College of Medicine C-BASS (Cell-Based Assay Screening
Service) Core laboratory. To package the shRNAs into lentiviral particles,
the RBM14 or control shRNAs were transfected with psPAX2 packaging
plasmid and a plasmid encoding the envelope protein. Supernatant con-
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taining the lentiviral particles was collected and used to transduce 293T
cells.

Pseudotyped HIV-1 viruses containing the luciferase reporter gene
were produced by transfecting 293T cells with the pNL4-3.Luc.R-E- and
the vesicular stomatitis virus glycoprotein (VSV-G) expression plasmids.
Cellular supernatants were harvested at 48 h posttransfection and used to
infect cells transduced with the shRNA lentiviral particles.

FISH. Gag-specific Stellaris RNA fluorescent in situ hybridization
(FISH) probes labeled with Quasar 670 fluorophore were obtained from
Biosearch Technologies; the Gag probes are a pool of 40 individual probes.
For FISH, the cells were fixed with fixation buffer (3.7% formaldehyde in
phosphate-buffered saline [PBS]) for 20 min at room temperature fol-
lowed by permeabilization with 70% ethanol for 48 h. The cells were
washed once with wash buffer (10% formamide in 2� SSC [1� SSC is
0.15 M NaCl plus 0.015 M sodium citrate]) and incubated with the probe
in hybridization buffer (100 mg/ml dextran sulfate and 10% formamide in
2� SSC) for 4 h at 37°C. Nonspecifically bound probes were removed by
incubating the cells with wash buffer for 30 min at room temperature.
Nuclei were stained with 4=,6=-diamidino-2-phenylindole (DAPI) and
fixed for microscopy using Vectashield HardSet mounting medium (Vec-
tor Laboratories). Cells were analyzed using the DeltaVision (deconvolu-
tion) image restoration microscope in the Baylor College of Medicine
Integrated Microscopy Core laboratory.

RESULTS
Identification of XPO1-associated proteins. We mined the hu-
man nuclear complexome database to identify novel interacting
partners of the HIV-1 Rev cofactor XPO1 (Fig. 1). The core com-
plexes were defined as previously described using an integrative
immunoprecipitation/mass spectrometry (IP/MS) approach fol-
lowed by complex-complex interaction analysis. Briefly, multiple
IPs that eluted the seed protein, in this case XPO1, at the highest
peptide spectral counts (SPCs) as measured by MS were selected
irrespective of the target antigen in the original IP. To be qualified
as a legitimate interacting partner of XPO1, the interactor was
required to coprecipitate multiple times. In this way, cross-react-
ing proteins were eliminated from the analysis by the use of recip-
rocal IPs (4). As seen in Fig. 1, multiple XPO1 complexes were
identified, including previously known XPO1 interactors such as
NUP214, Ran, and RanBP2 (24, 25).

Our initial experimental strategy was to use siRNA depletions
of XPO1-associated proteins and evaluate effects on Rev activity in
reporter plasmid assays. Many XPO1-associated proteins shown
in Fig. 1 are components of nuclear pores, and we reasoned that
siRNA depletions of nuclear-pore-associated proteins were likely
to have pleotropic effects and confound interpretation of experi-
ments. In this study, we therefore chose to focus on non-nuclear-
pore-associated proteins.

siRNA depletions of XPO1-associated proteins inhibit
HIV-1 Rev function. In initial experiments, we examined three
non-nuclear-pore proteins from the complexome data, RBM14,
PACS1, and NELF-A. RBM14 (complex G [Fig. 1]) is a nuclear
protein, and it has been shown to function in transcription acti-
vation and pre-mRNA splicing (26). RBM14 localizes in nuclear
paraspeckles, nuclear structures implicated in regulating trans-
port of HIV-1 unspliced transcripts (12, 13). PACS1 (complex H
[Fig. 1]) is predominantly a cytoplasmic protein and is believed to
play a role in localization of proteins with an acidic cluster motif to
the trans-Golgi network (TGN). Of interest to HIV-1 infection,
PACS1 directs the TGN localization of furin (27), a cellular pro-
tease that cleaves the HIV-1 gp160 envelope protein into the gp120
and gp41 subunits (28). Additionally, the HIV-1 Nef protein has been

shown to hijack PACS1 function to downregulate major histocom-
patibility complex class I (MHC-I) molecules (29). NELF-A (also
named WHSC; complex F [Fig. 1]) is a negative regulator of RNA
polymerase II (RNAPII) transcription elongation that is overcome by
the action of the HIV-1 Tat protein (30, 31).

We conducted siRNA depletion experiments for RBM14,
PACS1, and NELF-A and examined effects on expression of a
Rev-dependent reporter plasmid pCMVGagPol-RRE. Expression
of p24 from the (pCMVGagPol-RRE) plasmids is driven by the
cytomegalovirus (CMV) immediate-early promoter (6, 32). In the
pCMVGagPol-RRE plasmid, the HIV-1 GagPol coding sequence
is placed in an intron followed by the Rev response element (RRE)
sequence, thus rendering nuclear export and expression of the
mRNAs Rev dependent. As shown in Fig. 2, siRNA depletions
were effective in reducing the protein levels of RBM14, PACS1,
and NELF-A. To exclude the possibility that any effects of RBM14
or PACS1 depletion on reporter plasmid expression were due to
reduced Rev protein expression or cytotoxicity, we examined Rev
expression levels and cell viability after depletion of RBM14 and
PACS1 (Fig. 2B). Rev expression levels were not reduced by the
depletion of RBM14 and PACS1. In contrast, the level of Rev was
slightly increased upon depletion of RBM14 and especially
PACS1. However, the significance of these slight increases is not
clear. Additionally, as quantified by trypan blue exclusion, there
were no significant differences in the viability of cells transfected
with RBM14 or PACS1 siRNAs compared to control siRNA-
treated cells (data not shown).

Depletion of RBM14 or PACS1 resulted in a statistically signif-
icant �2-fold reduction in Rev stimulation of p24 expression
from the pCMVGagPol-RRE reporter plasmid relative to the cells
transfected with control siRNA (Fig. 3A and B). Since the Rev-
independent p24 expression from pCMVGagPol-RRE plasmid
was below the limits of detection by ELISAs, we could not deter-
mine the effects of RBM14, PACS1, or NELF-A depletion on basal
p24 expression. Depletion of NELF-A did not affect Rev function
(Fig. 3C), and we did not therefore further investigate this XPO1-
associated protein or other proteins found in complex F with
NELF-A (COBRA1/NELF-B and TH1L/NELF-C/D). Our ini-
tial siRNA depletions of the WDR37 protein found in complex
H with PACS1 were ineffective in reducing the level of WDR37,
and we did not investigate this XPO1-associated protein. Given
the absence of an effect of NELF-A depletion on Rev activity, it
is likely that not all XPO1-associated proteins shown in Fig. 1
have roles in Rev function. While PACS1 depletion decreased
p24 expression, suggesting that it may be involved in regulating
Rev function, we focused our subsequent experiments on
RBM14, since it is found in paraspeckles, a nuclear structure
implicated in Rev function (12). As will be presented and dis-
cussed below (see Fig. 8), overexpression of an RBM14-GFP
protein stimulated p24 expression from the pCMVGagPol-
RRE reporter plasmid, further indicating that RBM14 is a cel-
lular factor involved in Rev function.

The data presented in Fig. 3A show that RBM14 is required for
Rev stimulation of reporter plasmids. As a further test for an im-
portant role for RBM14 in the HIV-1 life cycle, we examined the
effects of RBM14 depletions on p24 expression during viral infec-
tion. We transduced cells with shRNA lentiviral vectors expressing
green fluorescent protein (GFP) against RBM14 or control
shRNA. Cultures of transduced cells were infected with a VSV-G
pseudotyped NL4-3 luciferase virus, and viral p24 levels were
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measured in the supernatant. Immunoblot analysis indicated that
the shRNAs were effective in depleting RBM14 levels (data not
shown). A representative experiment shown in Fig. 3D demon-
strates that cells transduced with RBM14 shRNA 1 and shRNA 2
showed a 48% and 32% decrease in p24 levels compared to the
control shRNA-treated cells. Additionally, flow cytometry analy-
sis also confirmed the decrease in intracellular p24 expression
upon HIV-1 infection of 293T cells previously transduced with
RBM14 shRNA lentiviral vectors (data not shown). These data
show that RBM14 has a role in p24 expression during viral infec-
tion, likely due to its role in mediating nuclear export of unspliced
viral RNA.

RBM14 associates with XPO1 and Rev in vivo. We used co-
immunoprecipitations to verify that RBM14 associates with
XPO1 and to determine whether it also associates with Rev in cells.
Cultures of 293T cells were transfected with an expression vector
for Flag-tagged XPO-1, Flag-Rev, Flag-p54nrb, parental Flag
CMV vector, or a negative-control Flag-PPM1A, and anti-Flag
immunoprecipitations were performed. p54nrb is a marker pro-
tein for paraspeckles and was used as a positive control for an
RBM14 coimmunoprecipitating protein (11). PPM1A is a phos-
phatase that negatively regulates HIV-1 gene expression through
dephosphorylation of the CDK9 T-loop (33). As seen in Fig. 4,
endogenous RBM14 coimmunoprecipitated with XPO1, Rev, and

FIG 1 XPO1-associated proteins identified from the human nuclear complexome. Integrative MS analysis of a high-throughput immunoprecipitation (HT IP)
study delineated the representative XPO-1-associated protein complexes as indicated. Identification of peptide spectral counts (SPCs) by mass spectrometry is
indicated for each protein by the gray scale. Based on the SPC intensities, the top XPO1 IPs were clustered as indicated (the color for the maximum SPC is shown
in the Max SPC column). The numbers after exp (for experiment) above the figure refer to the antisera used in the IPs (4). Complexes A to H are shown to the
right of the figure. NP, nuclear pore; ELONG, elongation; SP, splicing; SIGN, signaling.
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Flag-p54nrb, but not with PPM1A, demonstrating specificity of its
interaction with XPO1, Rev, and p54nrb in cells.

RBM14 is not involved in MMTV Rem nuclear export or
HIV-1-activated transcription. We analyzed the effects of
RBM14 depletions on the function of mouse mammary tumor
virus (MMTV) Rem protein, which is a functional Rev homo-
logue. Similar to Rev, it facilitates the nuclear export of incom-
pletely spliced MMTV transcripts through an XPO1 pathway (34).
To examine the effects of RBM14 depletion on Rem function, we
used the pHMRLuc plasmid which contains the luciferase coding
sequences in an intron and thus is Rem dependent. Depletion of
RBM14 resulted in a slight increase in Rem-stimulated luciferase
expression relative to control siRNA-treated cells (Fig. 5A), but
this increase was not statistically significant (P value of 0.206).
Thus, although RBM14 is involved in mediating HIV-1 Rev func-
tion in an XPO1-mediated process, it does not appear to play a
necessary role in MMTV Rem function. As shown and discussed
below (see Fig. 8), depletion of NEAT1, a long noncoding RNA
(lncRNA) required for integrity of nuclear paraspeckles (11),
stimulates nuclear export of HIV-1 Rev-dependent transcripts
while it reduces expression of Rem-dependent transcripts. Thus,
the mechanisms whereby XPO1 facilitates nuclear export of un-

FIG 2 XPO1-associated protein depletions and their effect on Rev expres-
sion. (A) 293T cells were transfected with control siRNAs, RBM14 siRNAs
(in duplicate), PACS1 siRNAs, or NELF-A siRNAs (in duplicate). Cell
lysates were prepared 48 h posttransfection, and expression of RBM14,
PACS1, NELF-A, and loading control anti-actin antibody (�-Actin) were
examined in immunoblots. (B) 293T cells were transfected with Rev-Flag
expression plasmids and the indicated siRNAs (in duplicate). Cell lysates
were prepared 48 h posttransfection, and expression of indicated proteins
was examined on immunoblots.

FIG 3 Depletion of RBM14 or PACS1 inhibits Rev function. (A to C) 293T cells were transfected with control siRNAs, RBM14 siRNA (A), PACS1 siRNA
(B), or NELFA siRNA (C) for 24 h followed by transfection with the pCMVGagPol-RRE and the pCMVRev-Flag or parental Flag expression vector as
indicated. Supernatants were collected 48 h later and analyzed for p24 expression by ELISAs. (D) Cultures of 293T cells were transduced with lentiviral
vectors (with GFP reporter) for the indicated shRNAs. Cells transduced with the shRNA vectors were infected with VSV-G pseudotyped HIV-1
NL4-3-Luciferase virus, and cellular supernatants were analyzed for p24 expression by ELISAs. Values that were significantly different by a paired
Student’s t test are indicated by a bar and asterisks as follows: �, P � 0.05; ��, P � 0.005.
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spliced viral RNAs diverge between the HIV-1 Rev and MMTV
Rem proteins.

To determine whether RBM14 has a role in HIV-1 transcrip-
tion, we examined the effects of RBM14 depletion on transcrip-
tion directed by the HIV-1 long terminal repeat (LTR) transacti-
vation by the viral Tat protein. We transfected cells with control
siRNAs or siRNAs against RBM14 and cotransfected cells with an
HIV-1 LTR luciferase plasmid and a Tat expression plasmid (Fig.
5B). RBM14 depletion had no effect on HIV-1 Tat-mediated ac-
tivation of an HIV-1 LTR-luciferase reporter plasmid. Thus,
RBM14 has no apparent role in regulating HIV-1 transcription.

Depletion of RBM14 decreases the levels of cytoplasmic un-
spliced GagPol mRNA. In the absence of Rev in HIV-1-infected
CD4� T cells, incompletely spliced HIV-1 transcripts fail to be

exported to the cytoplasm and accumulate in the nucleus, where
they are either subject to splicing or are degraded (35). Addition-
ally, incompletely spliced transcripts accumulate in the nuclei of
latently infected resting CD4� T cells from patients treated with
antiviral drugs, suggesting that a deficiency of Rev function may
contribute to latent infection (36). To determine the effects of
siRNA depletions on the levels of unspliced GagPol transcripts in
the cytoplasm, we quantified the GagPol transcripts in cells de-
pleted of RBM14 and transfected with the pCMVGagPol-RRE re-
porter and Rev expression plasmids by fluorescent in situ hybrid-
ization (FISH). We used a fluorescently labeled Gag RNA probe to
determine the effect of RBM14 depletion on the in vivo localiza-
tion of the unspliced Gag transcript. As seen in Fig. 6, RBM14
depletion decreased the Gag puncta in the cytoplasm by 50% com-
pared to the control siRNA-treated cells, indicating a defect in the
nuclear export of the unspliced transcripts in the absence of
RBM14. These data suggest that RBM14 functions to enhance
Rev-mediated nuclear export of incompletely spliced viral tran-
scripts, consistent with the analysis of Rev function in Fig. 3.

RBM14 associates with the viral unspliced transcripts in an
XPO1-dependent manner. RBM14 is predicted to be an RNA
binding protein, as it contains two RRMs (RNA recognition mo-
tifs) in its N-terminal domain, and it has been shown to regulate
the activity of nuclear receptor transcription coactivators and to
modulate splicing in a promoter-dependent manner (26). To de-
termine whether RBM14 may enhance nuclear export of incom-
pletely spliced HIV-1 RNA through an association with viral tran-
scripts, we performed an RNA immunoprecipitation (RIP) from
cells cotransfected with plasmids for the pCMVGagPol-RRE re-
porter and Rev expression. The RIP performed with the anti-
RBM14 antiserum showed a 	100-fold increase in the GagPol
transcript bound by RBM14 relative to the control IgG RIP (Fig.
7). We confirmed the recovery of RBM14 using anti-RBM14 an-
tibody through immunoblotting (Fig. 7B). Since XPO1 may me-
diate RBM14 binding to viral RNA, we used an siRNA depletion of
XPO1 to determine whether it is involved in the RBM14 associa-

FIG 4 RBM14 associates with XPO1 and Rev. (A) 293T cells were transfected
with Flag-tagged expression plasmids for XPO1, PPM1A, Rev, p54nrb, and
parental vector (CMV-Flag) followed by immunoprecipitation with anti-Flag
agarose beads (IP-FLAG). Immunoprecipitates were analyzed by immuno-
blotting for Flag, endogenous RBM14, and anti-actin as indicated. The posi-
tion of the IgG light-chain band is indicated to the right of the blot.

FIG 5 RBM14 depletion does not affect MMTV Rev function or HIV-1-activated transcription. (A) 293T cells were transfected with control siRNAs or siRNAs
against RBM14, and at 24 h posttransfection, cells were transfected with pHMRLuc, containing the Rem response element, pCMV-Luc expressing firefly
luciferase, and enhanced GFP (EGFP) or RemGFP expression plasmids. Renilla and firefly luciferase activities were measured in cell lysates 24 h posttransfection.
Relative renilla luciferase values were calculated by normalizing to firefly luciferase activity and setting the value in control siRNA-treated cells at 1.0. (B) 293T
cells were transfected with control siRNA or RBM14 siRNA for 24 h followed by transfection with HIV-1 LTR-luciferase and pCMV-Tat expression plasmids.
Cells were harvested 48 h after transfection and assayed for luciferase activity and normalized to total protein.
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tion with the GagPol transcript (Fig. 7C). In cells depleted of
XPO1, there was an �40% reduction in the GagPol transcript
bound by RBM14 relative to the amount of transcript present in
the IgG control immunoprecipitation (Fig. 7C). These data indi-

cate that RBM14 binding to the GagPol transcript is partially de-
pendent on XPO1.

RBM14 requires nuclear paraspeckle structural integrity for
regulation of Rev activity. Nuclear paraspeckles contain a ln-

FIG 6 RBM14 depletion reduces the level of unspliced HIV-1 mRNA in cytoplasm. (A) Control or RBM14 siRNA-treated 293T cells were transfected with the
pCMVGagPol-RRE and the Rev-Flag plasmids. At 48 h posttransfection, cells were fixed, stained with fluorescent Gag-specific RNA probes, and imaged by
deconvolution microscopy. (B) Quantitation of the cells in panel A that contain Gag puncta in the cytoplasm. Percentage of cells containing Gag puncta in the
cytoplasm were calculated from the total number of cells containing Gag puncta. The values were significantly different (P � 0.05) by a paired Student’s t test,
as indicated by the bar and asterisk.

FIG 7 Association of RBM14 with the GagPol transcript. (A) RNA from cell lysates of 293T cells transfected with the GagPol-RRE and Rev-Flag expression
plasmids was immunoprecipitated with RBM14-specific or IgG antibody, followed by qRT-PCR with primers specific for the GagPol transcript. The GagPol
transcript levels were normalized to the respective input RNA, and fold enrichment was calculated by setting the GagPol transcript levels in the IgG RNA
immunoprecipitation (RIP) reaction at 1.0. Error bars refer to standard deviations. (B) Immunoprecipitates from the IgG and RBM14 RIP were eluted in loading
buffer and evaluated in an immunoblot to confirm recovery of RBM14. (C) 293T cells treated with XPO1 or control siRNA were transfected with the GagPol-RRE
and Rev-Flag plasmids. RNA immunoprecipitation and qRT-PCR were carried out as in panel A.
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cRNA1, NEAT1, and the longer isoform NEAT2, as well as several
proteins, PSP1, RBM14, and the p54nrb/PSF heterodimer. Each of
these protein components of paraspeckles contains two RRM mo-
tifs followed by a protein interaction domain, and they thus share
structural similarities (26, 37). The p54nrb/PSF heterodimer and
the NEAT1 lncRNA have been implicated in retaining HIV-1 un-
spliced transcripts in paraspeckles (12, 38). It has been proposed
that the p54nrb-PSF complex may function in transferring HIV-1
unspliced transcripts to the neighboring nucleolus, where Rev-
XPO1 export complexes are believed to be assembled (12). As
shown in Fig. 4, p54nrb associates with RBM14. To determine
whether XPO1 also associates with the paraspeckle protein
p54nrb, cells were transfected with a p54nrb-Flag or parental ex-
pression plasmids, and immunoprecipitations were performed
with anti-Flag beads (Fig. 8A). Endogenous RBM14 and XPO1
were found in Flag immunoprecipitates in p54nrb-Flag-trans-
fected cells but not with parental-vector-transfected cells. These
data indicate that both RBM14 and XPO1 associate with p54nrb,
consistent with the notion that XPO1 interacts with paraspeckle
proteins, facilitating the shuttling of viral transcripts from the
paraspeckles to the nucleolus.

We were interested in determining whether the localization of

RBM14 to the paraspeckles is required for RBM14 enhancement
of Rev activity. As shown in Fig. 8C (compare columns 1 and 3),
we observed that overexpression of a RBM14-GFP fusion protein
stimulated Rev activity. We used siRNAs to deplete NEAT1
lncRNA and evaluated the effects on the ability of overexpressed
RBM14-GFP to enhance Rev stimulation of the GagPol-RRE re-
porter plasmid (Fig. 8C). It is known that depletion of NEAT1
lncRNA results in the abolition of nuclear paraspeckles and an
enhancement of unspliced viral RNA expression (13). NEAT1 de-
pletion was confirmed by qRT-PCR (Fig. 8B). As expected, deple-
tion of NEAT1 stimulated p24 expression. While overexpressed
RBM14-GFP was able to stimulate p24 expression from the re-
porter plasmid in control siRNA-transfected cells (compare col-
umns 1 and 3 in Fig. 8C), it had no stimulatory effect on p24
expression in NEAT lncRNA-depleted cells (compare columns 2
and 4). This result suggests that the structural integrity of nuclear
paraspeckles, mediated by NEAT1 lncRNA, is required for the
ability of overexpressed RBM14 to enhance Rev function.

Our analysis of the MMTV Rem protein indicated that RBM14
depletion does not reduce Rem function (Fig. 5A). We were there-
fore interested to determine the consequence of NEAT1 depletion
on Rem activity. As shown in Fig. 8D, NEAT1 depletion resulted

FIG 8 RBM14 associates with the components of paraspeckles and requires paraspeckle integrity for its function. (A) Cell lysates were prepared from 293T cells
transfected with p54nrb-Flag or parental Flag vector, and immunoprecipitations were performed with anti-Flag-coated agarose beads. Products of immuno-
precipitates and whole-cell lysates were analyzed in immunoblots using the indicated antisera. (B) RNA was extracted and quantified by qRT-PCR in cells treated
with control or NEAT1 siRNA. (C) 293T cells were treated with control or NEAT1 siRNA and transfected with expression plasmids for pCMVGagPol-RRE,
Rev-Flag, and empty GFP vector or RBM14-GFP; p24 levels in the cellular supernatants were measured 48 h after transfection by ELISAs. (D) 293T cells treated
with control siRNA or NEAT1 siRNA were transfected with expression plasmids for Rem, pHMRLuc, and empty firefly luciferase plasmids as indicated. Fold
change was calculated as described in the legend to Fig. 5. Values that are significantly different by a paired Student’s t test, are indicated by a bar and asterisks as
follows: �, P � 0.05; ��, P � 0.005.
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in a decrease in Rem-dependent luciferase expression. This is in
contrast to NEAT1 depletions in the HIV-1 system where nuclear
export of unspliced viral RNA is enhanced. These data indicate
that paraspeckles have distinct mechanistic roles in nuclear export
of unspliced HIV-1 transcripts versus unspliced MMTV tran-
scripts.

DISCUSSION

In this study, we mined the human nuclear complexome (4) to
identify a novel cofactor for the HIV-1 Rev protein. While previ-
ous studies have identified Rev cofactors through siRNA screens
or immunoprecipitation/mass spectrometry approaches using
Rev as the bait (39, 40), the characterization of the human nuclear
complexome is distinctive in the comprehensive manner in which
it has revealed a tiered and modular organization of XPO1 protein
complexes (Fig. 1). Using this approach, we extend the Rev-XPO1
interaction network and demonstrate its potential complexity.

We used multiple assays to demonstrate that RBM14 is a Rev
cofactor. Depletion of RBM14 significantly decreased Rev-medi-
ated activation of a reporter plasmid. Additionally, overexpres-
sion of RBM14 increased p24 expression from the GagPol-RRE
reporter plasmid, suggesting that this XPO1-associated protein is
limiting for Rev function. Depletions of RBM14 reduced the cy-
toplasmic accumulation of Rev-dependent unspliced GagPol
transcripts and inhibited p24 expression during viral infection.
Since depletion of RBM14 had no significant effect on the func-
tion of the MMTV Rem protein, a Rev functional homologue that
utilizes an XPO1-dependent pathway, it is likely that RBM14 reg-
ulates an XPO1 pathway that is different in HIV-1 and MMTV.
Additionally, RBM14 depletion did not affect Tat or Tax transac-
tivation of the HIV-1 or human T-cell leukemia virus type 1
(HTLV-1) LTRs (data not shown), respectively, indicating that
RBM14’s transcriptional coactivation function is not involved in
transcriptional activation of these two retroviruses.

RBM14 was discovered as a transcriptional coactivator of nu-
clear hormone receptors and has been shown to regulate both
alternative splicing and transcription of cellular genes, particu-
larly steroid hormone-responsive genes (26, 41). Using a NES
(nuclear export sequence) prediction algorithm, we were unable
to identify a NES motif in the RBM14 protein sequence. This
suggests that if RBM14 shuttles between the nucleus and cyto-
plasm, it may exit the nucleus through an association, either direct
or indirect, with the XPO1 NES binding site.

Importantly, RBM14 localizes to nuclear paraspeckles (42).
HIV-1 unspliced transcripts are believed to be sequestered in nu-
clear paraspeckles by the p54nrb and PSF proteins which bind the
INS (instability elements) in unspliced viral transcripts (12). It has
been speculated that this process likely contributes to preventing
the splicing of viral transcripts. It has been shown by live-cell
microscopy that XPO1 colocalizes with Rev in the nucleolus and
traffics between the nucleolus and cytoplasm (38). As paraspeckles
are proximal to the nucleolus, paraspeckles could act as storage
sites for the unspliced viral transcripts, from where they traffic to
the nucleolus to access the Rev-XPO1 export pathway in an
RBM14-dependent manner (12). Additional support for a role of
paraspeckles in Rev function is the identification of PSP1, a para-
speckle protein, in coimmunoprecipitations with Rev in a pro-
teomics study (39).

In this study, we found that RBM14 stimulation of Rev func-
tion depends on NEAT1 RNA, an lncRNA that is required for the

structural integrity of paraspeckles. NEAT1 RNA has previously
been implicated in regulating the expression of cellular mRNAs
that contain inverted Alu repeats through nuclear retention (43).
In our study, depletion of NEAT1 RNA abrogated the ability of
overexpressed RBM14 to enhance HIV-1 p24 production. Inter-
estingly, NEAT1 depletion decreased Rem-dependent reporter
gene expression in contrast to the increase in Rev-dependent p24
expression. This suggests that NEAT1 has multiple roles in regu-
lating XPO1-mediated retroviral mRNA transport, and similar to
cellular transcripts, nuclear retention in paraspeckles also regu-
lates posttranscriptional viral gene expression. Intriguingly,
NEAT1 lncRNA was recently reported to be induced following
infections with influenza and herpes simplex viruses, leading to
transcriptional activation of antiviral genes such as the interleukin
8 (IL-8) gene (44). Increased levels of NEAT1 and a corresponding
increase in the numbers of paraspeckles following infection with
influenza virus or herpes simplex virus was found to activate tran-
scription of the IL-8 gene by sequestering SFPQ (splicing factor
proline/glutamine rich), a transcriptional repressor that binds to
the IL-8 promoter. This recent finding indicates that paraspeckles
regulate innate immunity, and it is tempting to speculate that the
involvement of paraspeckles in Rev function may somehow affect
innate immune responses in HIV-1-infected cells.

In addition to associating with Rev and XPO1, RBM14 also
associates with the paraspeckle marker protein p54nrb and binds
to the GagPol transcript in a partially XPO1-dependent manner.
Paraspeckles are dynamic structures whose protein constituents
shuttle between paraspeckles and the nucleolus (37, 45). While we
have not addressed the cycling of RBM14 between paraspeckles
and the nucleolus, given its structural and functional similarities
to other paraspeckle proteins, it seems likely that RBM14 is mobile
in the nucleus (11). Taking all the data together, we propose that
the RBM14-p54nrb-PSF complex acts as a cellular complex for the
transfer of unspliced HIV-1 transcripts from the paraspeckles to
the XPO1-Rev complex in the nucleolus. The depletion of RBM14
by siRNAs in this study may have reduced the trafficking of un-
spliced viral transcripts from paraspeckles to the nucleolus where
they access the XPO1-Rev export pathway.

The potential of host cofactors to serve as therapeutic targets
for HIV-1 infection is hindered by our limited understanding of
their interactions with the viral replication machinery. In this
study, we used a novel approach to identify XPO1-associated pro-
teins that are novel Rev cofactors, thus extending the virus-host
interactome and demonstrating the validity of mining data from
the human nuclear complexome database.
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