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Abstract
HIV exploits cellular proteins during its replicative cycle and latent infection. The positive
transcription elongation factor, P-TEFb, is a key cellular transcription factor critical for these viral
processes and is a drug target. During viral replication P-TEFb is recruited via interactions of its
cyclin T1 subunit with the HIV Tat protein and TAR element. Through RNA silencing and over-
expression experiments we discovered that nuclear factor 90 (NF90), a cellular RNA binding
protein, regulates P-TEFb expression. NF90 depletion reduced cyclin T1 protein levels by
inhibiting translation initiation. Regulation was mediated by the 3′UTR of cyclin T1 mRNA
independently of microRNAs. Cyclin T1 induction is involved in the escape of HIV-1 from
latency. We show that the activation of viral replication by phorbol ester in latently infected
monocytic cells requires the posttranscriptional induction of NF90 and cyclin T1, implicating
NF90 in protein kinase C (PKC) signaling pathways. This investigation reveals a novel
mechanism of cyclin T1 regulation and establishes NF90 as a regulator of HIV-1 replication
during both productive infection and induction from latency.
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Introduction
Human immunodeficiency virus (HIV) replication is dependent on cellular components that
interact with viral RNAs and proteins. Understanding these interactions has illuminated
many aspects of cell function and holds the prospect of developing antiviral therapies.
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Earlier work suggested that members of the nuclear factor 90 (NF90) family of RNA
binding proteins may influence HIV-1 replication, but the mechanisms and significance of
their activities remained to be defined. Here we establish a novel post-transcriptional role for
NF90 in controlling the level of the cellular transcription factor P-TEFb (positive
transcription elongation factor b) that plays a key role in HIV replication and escape from
latency.

The expression of many cellular genes, especially those encoding developmental regulators,
is modulated at the transcription elongation step1, and P-TEFb has been implicated in a
growing number of physiological and pathological instances (see, for example,2; 3). P-TEFb
is a general transcription factor required for the production of mRNA by RNA polymerase II
(Pol II). It is composed of the cyclin-dependent kinase CDK9 and a regulatory cyclin, either
cyclin T1, T2 or K. Full-length transcription of the integrated HIV-1 proviral genome
requires the cooperation of a specific P-TEFb complex, cyclin T1/CDK94; 5. Cyclin T1
binds both the viral transactivator protein (Tat) and transactivation response element RNA
(TAR), encoded immediately downstream of the transcription start site in the viral long
terminal repeat (LTR). The CDK9 subunit of P-TEFb then phosphorylates Pol II, thereby
facilitating transition into a productive elongation mode6. Processive transcriptional
elongation dramatically increases the expression of genes driven by the viral promoter and is
critical for HIV replication.

P-TEFb is subject to regulation at diverse levels. A fraction of the cell’s P-TEFb is held in
enzymatically inactive ribonucleoprotein complexes containing the small nuclear RNA
7SK6; 7, while the overall cellular concentration of P-TEFb appears to be limited by the level
of its cyclin T1 subunit3. Cyclin T1 is controlled posttranscriptionally in monocytes,
monocyte-derived macrophages and promonocytic cell lines8; 9, whereas in lymphocytes
cyclin T1 and CDK9 are induced by mitogens and cytokines through multiple
mechanisms9; 10; 11. At least part of the posttranscriptional control observed during the
differentiation of monocytes to macrophages is attributed to the microRNA (miRNA)
miR-198, which targets sites in the cyclin T1 3′UTR12.

NF90 is encoded by the ILF3 gene, which is widespread in vertebrates13 and essential in
mice14; 15. Differential splicing gives rise to two prominent isoforms, NF90 and NF110, that
differ at their C termini (Fig. 1A). Both have subsidiary isoforms that carry (NF90/110b) or
lack (NF90/110a) a short insert resulting from alternative splicing16; 17. Proteins similar, if
not identical, to NF90 and NF110 are known as MPP4/DRBP76/NFAR1/TCP80 and ILF3/
NFAR2/TCP110, respectively. They harbor several motifs that confer the ability to interact
with nucleic acids, including tandem double-stranded RNA binding motifs (dsRBMs), an
RGG domain, and an NF110-specific GQSY-rich region (Fig. 1A). NF90 and NF110 shuttle
between the nucleus and cytoplasm18; 19. They are generally isolated in heterodimeric core
complexes with nuclear factor 45 (NF45), produced by the ILF2 gene, and they form large
complexes in the cell containing additional components including RNA helicases and
hnRNPs20. NF90 participates extensively in pathways of mRNA metabolism21; 22, as well as
in the metabolism of noncoding and regulatory RNAs such as snaRs23 and miRNAs23; 24.

In the context of viral infection, attention was drawn to NF90 family proteins by the
discovery that they bind dsRNA and the non-coding adenovirus transcript VA RNAII

25; 26,
as well as the RNA-dependent protein kinase PKR involved in the host antiviral
response27; 28; 29; 30; 31. NF90 regulates transcription from the interleukin-2 (IL-2)
promoter32 and the stability of IL-2 mRNA33. NF90/110 have been implicated in the
replication cycles of a number of viruses (see, for example,15; 19; 34) and NF110 over-
expression stimulates transcription directed by the HIV-1 promoter17. A variant form,
NF90c (also known as NF90ctv), was reported to interact with the HIV-1 regulators Rev and
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Tat/TAR35; 36 and to regulate viral gene expression by modulating interferon-responsive
genes in the antiviral cascade37. However, the physiological relevance of these findings is
open to question because the NF90c isoform has not been detected in cells17; 37.

In view of its involvement in both viral replication and cellular antiviral mechanisms, we
investigated the function of NF90 in HIV-1 infection and reemergence from latency. We
found that depletion of endogenous NF90 reduced viral replication and gene expression,
while over-expression of NF90b caused the opposite effect. We determined that P-TEFb,
and specifically its cyclin T1 subunit, is critical for this response. Mechanistic analysis
revealed that NF90 controls P-TEFb by up-regulating cyclin T1 synthesis at the level of
translation initiation. The action of NF90 is exerted via sequences in the cyclin T1 mRNA
3′UTR independently of miRNAs. In promonocytic cells NF90 is highly induced at the
posttranscriptional level by treatment with PMA (phorbol 12-myristate 13-acetate), a
phorbol ester which activates HIV-1 production in latently infected cells. NF90 knockdown
inhibits the posttranscriptional induction of cyclin T1 and the emergence of HIV-1 from
latency. These results implicate NF90 in PKC-mediated signaling and the activation of viral
replication in latently infected cells, which poses the biggest obstacle to the eradication of
HIV-1 infection.

Results
Stimulation of HIV-1 gene expression by NF90

To examine the effect of NF90 depletion on HIV-1 infection, HeLa cells were infected with
a pseudotyped virus (NL4-3LucE−) carrying the firefly luciferase gene (FF). Selective
knockdown of NF90 by small interfering (si) RNA D3 reduced production of viral p24
protein by ~60% compared to cells treated with control siRNA, siC (Fig. 1B).
Correspondingly, virus-directed FF activity was reduced by ~70% (Fig. 1C). These results
implied that NF90 exerts a positive effect on HIV-1 gene expression. Accordingly, over-
expression of NF90b stimulated FF expression by ~2 fold in HeLa cells transfected with the
pNL4-3LucE− molecular clone (Fig. 1D). Similar results were obtained in transfected 293
cells, and in the d3 cell line20 which is NF90-depleted (data not shown).

NF90 is coordinately regulated at the post-translational level with its heterodimeric partner
NF4520. Accordingly, NF90 knockdown resulted in depletion of NF45 (Fig. 1B), reflecting
destabilization of the NF90/NF45 complex. Nevertheless, over-expression of NF45 on its
own had no effect on FF expression (Fig. 1D). Furthermore, NF45 over-expression did not
elicit a further stimulation when co-expressed with NF90b (Fig. 1D). The NF90c variant,
which is not commonly found in cells and has an anomalous, highly acidic C terminus, was
slightly inhibitory to FF expression (Fig. 1D). This indicates that the NF90b C terminus is
critical for its ability to stimulate the expression of HIV-1.

NF90 regulates HIV-1 transcription
Two viral genes, tat and rev, are critical for HIV-1 gene expression. While Tat functions in
transcription, Rev plays a post-transcriptional role by modulating the splicing and nuclear
export of viral RNAs. To determine whether either of these viral proteins is involved in the
action of NF90, we first monitored the effect of NF90 knockdown on FF expression from a
minimal promoter-reporter construct that lacks viral protein-coding genes. This HIV-FF
construct was tested in the presence or absence of the HIV-1 transactivator protein Tat. As
with the pNL4-3-LucE− molecular clone, which expresses Tat in cis, Tat-stimulated
expression from HIV-FF was reduced ~70% by NF90 depletion mediated by D3. Basal
expression from HIV-FF (in the absence of Tat) was unaffected, however, suggesting that
NF90 acts at the level of Tat-dependent transcription (Fig. 2A). Tat levels were unaffected
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by NF90 depletion (Fig. 2B). We therefore proceeded to assay reporter gene expression at
the RNA level. NF90 knockdown reduced the abundance of FF mRNA from HIV-FF in the
presence of Tat by 70% (Fig. 2C), consistent with an action at the level of transcription. No
change in FF mRNA abundance was detected after knockdown of NF110 or of NF45,
indicating that the response is specific to NF90. Moreover, depletion of these proteins
together with NF90 did not influence the reduction in FF mRNA expression brought about
by NF90 depletion (Supplementary Fig. S1A).

For a direct test of Rev’s involvement in the NF90 depletion phenotype, we transfected cells
with pMRev(−). This molecular clone contains the entire HIV-1 genome, but rev expression
is defective causing impaired splicing and nucleo-cytoplasmic transport of viral mRNA38.
Rev was supplied to some cultures in trans, and HIV-1 RNA was analyzed (Fig. 2D). As
expected, in control cultures there was little unspliced RNA in the cytoplasm in the absence
of Rev although substantial levels were present in the nucleus, and Rev expression increased
the level of unspliced RNA in the cytoplasm. NF90 depletion reduced the overall level of
viral RNAs in both subcellular compartments regardless of the presence or absence of Rev,
without discernibly altering the ratio of spliced to unspliced transcripts. Furthermore, the FF
reporter in NL4-3-LucE− replaces the nef gene, whose mRNA is spliced. Taken together,
these results indicate that gene expression from two HIV-1 molecular clones is dependent on
NF90, and that the action of NF90 is related to Tat-dependent transcription.

NF90 modulates transcription via P-TEFb
Tat’s principal role in HIV transcription is to recruit the elongation factor P-TEFb,
composed of CDK9 and cyclin T1, which normally entails interactions of its cyclin T1
subunit with Tat and TAR. To determine whether Tat is directly involved in the NF90 effect,
we used a well-characterized tethering system39 to recruit P-TEFb to the promoter
independently of Tat. The HIV-1 promoter is modified by insertion of Gal4 binding sites
that interact with Gal4-cyclin T1 or Gal4-CDK9 fusion proteins. FF expression in this
system is dependent on assembly of the fusion protein with its endogenous partner (CDK9
or cyclin T1) to form Gal4-tagged P-TEFb. NF90 knockdown reduced FF expression by 2–6
fold in the tethering system (Fig. 3A) and this inhibition was exerted at the RNA level (Fig.
3B). Evidently Tat is dispensable for the NF90 effect when P-TEFb is recruited to the
modified HIV-1 promoter via Gal4 fusion proteins (Fig. 3C), suggesting that NF90 affects
the level or activity of P-TEFb.

P-TEFb can be sequestered in inactive complexes containing cellular HEXIM proteins and
7SK RNA. Although this RNA also forms complexes with NF9040; 41, we did not observe
any effect of NF90 knockdown on the level of 7SK (Supplementary Fig. S2). On the other
hand, glycerol gradient sedimentation analysis showed that siRNA D3 reduced the overall
level of P-TEFb complexes in cell extracts by about half (Fig. 3D). The distribution of P-
TEFb in the gradient between active (slower-sedimenting, 7SK-free) and inactive (faster-
sedimenting, 7SK-containing) complexes was unaltered, however, implying that NF90
regulates the cellular level of P-TEFb.

This conclusion was supported by the results of experiments in which the cellular levels of
cyclin T1 and CDK9 were manipulated. Ectopic expression of HA-tagged cyclin T1 and
CDK9 increased gene expression from the molecular clone and rescued the inhibitory effect
of D3 on FF expression from pNL4-3-LucE− (Fig. 3E). Conversely, depletion of cyclin T1
or CDK9 by specific siRNAs did not exacerbate the inhibition of FF expression from HIV-
FF brought about by D3 (Fig. 3F, upper panel). Similar results were obtained in cells
infected with pseudotyped virus (data not shown). These data argue that the action of NF90
on HIV-1 transcription is mediated exclusively by its effect on P-TEFb.
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Posttranscriptional control of cyclin T1 and CDK9 by NF90
NF90 knockdown resulted in reduced levels of both cyclin T1 and CDK9 (Fig. 3C), and
these proteins were depleted to similar extents by siRNAs directed against cyclin T1 or
CDK9 (Fig. 3F, lower panel). Semi-quantitative immunoblotting analysis confirmed that
both cyclin T1 and CDK9 levels decreased by >50% in NF90-depleted cells (Fig. 4A). As
with FF expression from pNL4-3LucE−, no such reduction was seen when NF110 or NF45
were depleted (Supplementary Fig. S1B). The NF90-dependence of cyclin T1 and CDK9
could, in principle, be due to effects on the proteins themselves or on their mRNAs. To
elucidate the function of NF90 in controlling P-TEFb levels, we first examined the mRNAs
encoding cyclin T1 and CDK9. The levels of these mRNAs were unchanged (Fig. 4B), as
was their nucleo-cytoplasmic distribution (Fig. 4C), implying that NF90 affects the synthesis
and/or stability of these proteins.

We next measured the synthesis of cyclin T1 and CDK9 proteins. Cells were labeled
with 35S-amino acids and P-TEFb was immunoprecipitated. Quantitation showed that D3
treatment reduced the labeling of cyclin T1 by ~3 fold, while the labeling of CDK9 and of a
control protein (actin) were unaffected (Fig. 4D). Reduced synthesis of cyclin T1 was
observed with labeling times as short as 30 min (Supplementary Fig. S3), ruling out the
possibility of rapid protein turnover. Changes in translation rates are generally accompanied
by changes in the association of mRNA with ribosomes, which can be visualized by sucrose
gradient sedimentation. As seen in Figure 4E (top panels), NF90 depletion caused a marked
shift of cyclin T1 mRNA from large polysomes to monosomes and smaller polysomes. The
distribution of a control mRNA (cyclophilin A; middle panels) was unaffected, as was the
overall polysome profile (represented by 5S rRNA; bottom panels). These data imply that
NF90 regulates cyclin T1 synthesis at the level of translation initiation.

Despite its reduced accumulation (Fig. 4A), the synthesis of CDK9 was unaffected in NF90-
depleted cells (Fig. 4D). CDK9 turnover is accelerated when cyclin T1 is deficient in HeLa
cells42. Accordingly, we hypothesized that CDK9 is destabilized in NF90-depleted cells as a
result of the reduced level of cyclin T1. Pulse-chase experiments were conducted to test this
hypothesis: CDK9 and cyclin T1 labeling was measured in siD3-treated cells relative to siC-
treated cells (Fig. 4F). Consistent with previous results, the amount of pulse-labeled CDK9
was unaffected by NF90 knockdown, whereas cyclin T1 labeling was reduced by ~50%
(Fig. 4F; 0 hr). CDK9 was stable for the first 3 hr of chase, but subsequently fell to <40% of
the level in control cells. After an extended chase period, the decrease in labeled CDK9
matched that in labeled cyclin T1 in NF90-depleted cells (Fig. 4F; 24–48 hr). We conclude
that NF90 regulates P-TEFb posttranscriptionally, by controlling the synthesis of cyclin T1
and consequently the stability of CDK9.

Regulation of cyclin T1 translation via its 3′UTR
Unlike endogenous CDK9 and cyclin T1, the accumulation of Gal4 fusion proteins appeared
to be unaffected by NF90 depletion (Fig. 3C). This observation was confirmed in cells
transfected with a vector expressing HA-tagged cyclin T1. While the level of endogenous
cyclin T1 was reduced by almost 50% in NF90-depleted cells, HA-cyclin T1 levels were
undiminished (Fig. 5A). Both the Gal4 and HA vectors lack the 5′ and 3′ flanking regions of
the endogenous mRNA, which contain potential regulatory sequences, suggesting that
sensitivity is conferred by UTR sequences of the endogenous cyclin T1 mRNA that are
absent from the ectopically expressed cyclin T1 vectors. To examine this inference, we
inserted the cyclin T1 5′UTR (~323 nt) and/or 3′UTR (~4.7 kb) into a test vector containing
the FF gene under the control of the PCNA promoter which displays little dependence on P-
TEFb43; 44. Sensitivity to NF90 knockdown was conferred exclusively by the cyclin T1
3′UTR (Fig. 5B). Consistent with an action at the translational level, the UTRs had little
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effect on FF mRNA accumulation in D3 treated cells (± <20%). Four subfragments of the
3′UTR were also tested (Fig. 5C). All of the subfragments conferred a degree of inhibition,
which was greatest with the distal subfragment (adjacent to polyA; ~55% inhibition) and
least with the proximal subfragment (adjacent to the coding region; ~20% inhibition).
Evidently more than one site in the 3′UTR of cyclin T1 mRNA can contribute to NF90
sensitivity.

This finding was suggestive of a mechanism involving miRNA. Recent reports indicated
that miR-198 inhibits cyclin T1 translation in primary monocytes via several sequences in its
3′UTR12 and that NF90 inhibits miRNA maturation in HeLa cells24. Furthermore PMA has
been shown to regulate miRNA expression45 and cellular miRNAs regulate HIV replication
and latency46; 47; 48. To evaluate the involvement of miRNA in cyclin T1 regulation by
NF90, we inhibited miRNA processing by silencing Drosha (alone or with DGCR8) or
Dicer. Neither treatment prevented the reduction of cyclin T1 by NF90 depletion in HeLa
cells (Fig. 5D). Correspondingly, siRNA D3 suppressed cyclin T1 in colon carcinoma cells
containing a homozygous Dicer disruption (Dicer−/−), as in the parental HCT116 cells (Fig.
5E). None of these experiments offered support for a miRNA role in NF90’s action on
cyclin T1. In addition, transfection of HeLa cells with a miR-198 antagomir failed to rescue
the inhibition of cyclin T1 by siD3 (data not shown). On the other hand, as an RNA binding
protein, NF90 could act by directly binding to cyclin T1 mRNA. In support of this
mechanism, GST-NF90 pulled down cyclin T1 mRNA from HeLa cell extract and from
total HeLa poly(A)+ RNA (Fig. 5F). These results favor the view that NF90 acts by binding
to one or more sites in the cyclin T1 mRNA 3′UTR and facilitating the recruitment of
factors required for translation initiation.

Role of NF90 during HIV-1 induction in latently infected cells
Production of HIV-1 is induced when latently-infected cells are activated by agents such as
PMA49. We and others found that PMA stimulates cyclin T1 levels in U937 promonocytic
cells50 and P-TEFb activity in their latently-infected U1 derivatives51. U1 cells harbor an
HIV-1 variant encoding a defective Tat protein52, and it is thought that P-TEFb induction
compensates for the low activity of the mutant Tat50. These observations led us to consider
the possibility that NF90 is involved in the induction of cyclin T1 and virus production after
PMA stimulation.

PMA activation of U1 cells resulted in a large stimulation in p24 expression beginning about
9 hr after treatment (Fig. 6A), and cyclin T1 levels were induced concomitantly (Fig. 6B).
As reported previously53, the induction of cyclin T1 in U937 cells occurred with no change
in the cyclin T1 mRNA level (Fig. 6C). Similar post-transcriptional regulation of cyclin T1
was observed in U1 cells (Fig. 6C). Strikingly, NF90 was greatly induced by PMA in both
U1 and U937 cells (Fig. 6B) and this induction also occurred without an increase in its
mRNA level (Fig. 6C). Treatment with D3 siRNA repressed the induction by PMA of cyclin
T1 as well as of NF90 in both U1 and U937 cells (Fig. 6B; right panels). Consistent with the
reduction in cyclin T1 levels, the production of viral p24 by U1 cells was inhibited by NF90
knockdown (Fig. 6D). These results indicate that NF90 regulates cyclin T1 in U1 and U937
cells, as in HeLa and HCT116 cells, and imply that NF90 induction plays a key role in the
activation of HIV-1 by PMA in latently infected cells.

Discussion
NF90 is an RNA-binding protein that serves as a molecular adapter between nucleic acids
and proteins. We show here that it plays a major role in the replication of HIV-1 in
productively infected cells and in the activation of quiescent virus in latently infected cells
by phorbol ester. NF90 acts via the essential transcription factor P-TEFb, regulating the
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synthesis of its cyclin T1 subunit and, consequently, the stability of its CDK9 subunit.
Specifically, NF90 enhances translation initiation via the cyclin T1 3′UTR (Fig. 7A).
Furthermore, NF90 itself is induced posttranscriptionally by PMA in monocytes implying a
role in PKC signaling (Fig. 7B).

Our study is the first to observe that NF90 exerts a positive effect on cyclin T1 protein
levels, in cells of diverse lineages, and to demonstrate a positive action of NF90 on
translation initiation. NF90’s ability to bind structured RNA and a growing list of proteins,
especially RNA binding proteins, makes it a pleiotropic modulator of mRNA metabolism. It
has been reported to act posttranscriptionally to regulate the nuclear export15,
stability33;14; 54; 55 and translation of certain mRNAs54; 56. In contrast to its action on cyclin
T1 reported here, most of NF90’s known translational effects are inhibitory. For example,
NF90 negatively regulates the translation of a set of mRNAs through a 3′UTR motif, as well
as at least one mRNA that does not contain the motif57. We found that positive regulation of
cyclin T1 mRNA translation by NF90 is also conferred by its 3′UTR. This response, unlike
that seen when monocytes differentiate into macrophages12, is not mediated via miRNAs in
the cell types examined (HeLa and HCT116), but the miRNA- and NF90-based mechanisms
could act in concert in other cells. At least four segments of the cyclin T1 3′UTR are able to
confer sensitivity to NF90 upon a reporter gene, implying that multiple NF90 response
elements exist in the mRNA. While the sequences and structures of these elements await
identification, the well-documented RNA binding activity of NF90 is consistent with the
ability of GST-NF90 to pull down cyclin T1 mRNA and is suggestive of a direct interaction
between NF90 and the mRNA.

How does this interaction lead to an up-regulation of initiation? The closed-loop model for
active mRNA translation, originally visualized as a linkage of the mRNA 5′-cap to its 3′-
polyA tail via specific binding proteins58, has expanded with the recognition of 5′-3′ end
interactions mediated by other proteins that bind mRNA UTRs59. NF90 has been shown to
circularize viral RNAs34 and we speculate that it serves to facilitate 5′-3′ end interactions on
cyclin T1 mRNA (Fig. 7A). NF90 participates in complexes containing a variety of
additional proteins including RNA binding proteins60; 61, ribosomes15; 27 and ribosomal
protein S19 (RPS19)62. The RPS19 interactome includes RNA helicases, some of which
were identified in our search for NF90 binding partners20. NF90 is found in the ribosomal
salt wash27 which is enriched in translation initiation factors, and it binds to the α subunit of
eIF229; 63. Lending further support to the involvement of this initiation factor, NF90 shares a
sequence element with eIF2α and both are substrates for the eIF2 kinase PKR27; 28; 31.
While the cyclin T1 5′UTR is not essential for the action of NF90, it is notable that it
contains an internal ribosome entry site (IRES)64. This IRES is activated by the
polypyrimidine tract binding protein (PTB) suggesting that loop formation may involve
direct or indirect PTB-NF90 interactions.

Enhanced cyclin T1 translation appears to require the C-terminal domain of NF90 (Fig. 1A).
This domain contains an RGG motif, originally described as an RNA binding sequence in
hnRNP proteins65; 66. The NF90c variant, which lacks the RGG motif, is modestly
inhibitory, suggesting that it exerts a dominant negative effect with respect to endogenous
NF90. Although not found in human cell lines17; 37, it remains possible that NF90c is a
physiological repressor of NF90 function in specific tissues or circumstances. Indirect
evidence indicates that NF110 also exerts a negative effect on HIV transcription (data not
shown). This isoform has the RGG motif within an extended C-terminal domain, including a
GQSR motif which may counteract the stimulatory action of NF90. Additional NF90
domains involved in its translational control function remain to be defined. Even though
NF45 is complexed with NF90/110 and other proteins in large multi-protein complexes20,
neither over-expression or knockdown of NF45 elicited a discernible effect on cyclin T1 in
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HeLa cells, suggesting that NF45 is not part of the NF90 complex involved in translational
control of cyclin T1. Dissociation of NF90/110 from NF45 in the cytoplasm has been
reported19. Alternatively, it may be present in the complex but not critical for NF90’s
translational function. On the other hand, it is notable that NF45 enhanced translation of the
mRNA encoding the inhibitor of apoptosis protein cIAP1 via interactions with its IRES67.

P-TEFb is a critical HIV-1 co-factor and an important limiting factor in populations of
latently infected primary T cells. As reported previously42; 68 and shown here, P-TEFb
depletion impairs HIV gene expression and replication. P-TEFb is present at very low levels
in PBLs, monocytes and monocytic cell lines, restricting viral replication to activated
cells9; 69; 70. P-TEFb is greatly induced by stimulation of the T-cell receptor, contributing to
viral replication and the emergence from latency71. The monocytic cell line U937 and its
latently infected derivative, the U1 cell line, recapitulate many of the characteristics of
uninfected and infected primary monocytic cells, including a dramatic increase in cyclin T1
levels after exposure to PMA, differentiation into macrophages, and viral production72.
Strikingly, we found that NF90 protein levels, which are very low in both U937 and U1
cells, are greatly induced after exposure to PMA. As with cyclin T1, the induction of NF90
cells is also posttranscriptional, and possibly translational. Depletion of NF90 reduced the
level of cyclin T1 in U937 and U1 cells, arguing that NF90 is positioned upstream of cyclin
T1 in the signal transduction pathway triggered by PMA (Fig. 7B).

PMA signals by activating PKC73. We therefore propose that PMA up-regulates the
translation of cyclin T1 mRNA, and probably of NF90 mRNA, in U937 and U1 cells via
PKC (Fig. 7B). Several lines of evidence support this view. First, PKC is required for Tat-
mediated transactivation of the HIV-1 promoter74, and the increase in cyclin T1 levels seen
in PMA-activated PBLs is prevented by a PKC inhibitor11. Second, translational effects
have been reported for PKC75; 76. Third, NF90 is a phosphoprotein18; 77, and recent work
demonstrated that PMA induces the PKC-dependent phosphorylation of NF90 and enhances
its export into the cytoplasm78. Finally, the closely related protein TCP80 is also a PKC
substrate and its translation regulatory properties are drastically affected by its
phosphorylation status79. Our data implicate NF90 induction in viral transcription and
proviral activation, but whether NF90 phosphorylation is also a prerequisite remains to be
determined.

The findings presented here establish the role of NF90 in regulating cyclin T1 synthesis,
HIV-1 replication and emergence from latency. Currently almost all HIV-1 antivirals target
viral proteins, which are subject to rapid mutation leading to the evolution of drug resistant
viruses. Agents are currently being developed against cellular proteins that are critical for
the virus, including P-TEFb which appears to be a particularly sensitive target80; 81; 82. Our
findings highlight NF90 as a potential target for therapeutics against HIV-1 and expand the
scope of translational control as a growing area of interest for therapeutic intervention.

Materials and methods
Cell culture

HeLaS3 and 293T cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). U937 cells and U1 cells (U1/HIV; NIH
AIDS Research and Reference Reagent Program, Germantown, MD) were grown in Roswell
Park Memorial Institute (RPMI) medium with 8% FBS. HCT116 and HCT116 Dicer−/−
cells (83,84), provided by Dr. F. Kashanchi, were grown in McCoy’s 5a medium with 10%
FBS.
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HIV-1—Pseudotyped NL4-3-LucE− virus85 was prepared as described previously86,
concentrated using Microcon (Millipore, Billerica, MA), and estimated by p24 assay
(ZeptoMetrix Corporation, Buffalo, NY). Cells were infected 72 hr after siRNA treatment at
a multiplicity of 10.

Plasmids—pMRev (−) and pCMV-Rev were obtained from the NIH AIDS Research and
Reference Reagent Program. The full-length cyclin T1 3′UTR and its F1–F4 fragments were
sub-cloned from pCMV-luc cT1 3′UTR and derivatives (Sung and Rice, 2009) into the
pGL3-PCNA vector downstream of the firefly luciferase gene. pGL3-PCNA was generated
by inserting the minimal PCNA promoter between the Kpn I and Hind III sites of pGL3. The
cyclin T1 5′UTR sequence was PCR amplified and inserted into the pGL3-PCNA plasmid
between Hind III and Nco I sites. To generate a pGL3-PCNA expression vector carrying
both 5′ and 3′UTRs, the CMV promoter of pCMV-luc cT1 3′UTR was replaced with a
fragment containing the PCNA promoter linked to the cyclin T1 5′UTR. Other plasmids
have been described previously: pcDNA3.1+HisB-NF90b, -NF110b, and -NF90c87;
pcDNA3.1+HisB-NF4588; pGL2TAR (HIV-FF) and pNL4-3-LucE−86; Gal4-cyclin T1 and -
CDK9, and G5-HIV firefly luciferase89; and pcDNA3-HA- cyclin T1, -Tat and -CDK9, and
pCMV-Renilla90.

Biological reagents—siRNA against NF45 (D5), NF90 (D3) and NF110 (D4) were
described previously20. Antibodies against cyclin T1, CDK9, HA, actin and Omni were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA); against tubulin, from Sigma
(St. Louis, MO; and against NF90/110 (DRBP76), from BD Bioscience (Franklin Lakes,
NJ). Anti-NF45 antibody was described previously18. Radiochemicals were from MP
Biochemicals (Santa Ana, CA).

Transfection—HeLa cells were transfected, 1 day after seeding, with siRNA at a final
concentration of 50 nM using HiPerFect (Qiagen, Valencia, CA) or INTERFERin™

(Polyplus transfection, New York, NY). At 24 hr posttransfection cells were reseeded for
plasmid transfection using JetPEI (polyplus transfection™). Except where noted, cells were
harvested 24 hr later for analysis of RNA, protein and luciferase activity (Dual luciferase kit;
Promega, Madison, WI). In some experiments, the cells were re-transfected with siRNA 24
hr after reseeding and were transfected with plasmid 6 hr later. U937 and U1 cells were
transfected with siRNA using N-TER nanoparticle siRNA transfection reagent (Sigma, St.
Louis, MO) and maintained at a density of 5×104 cells/ml for 72 hr, then activated with
PMA (1 ng/ml) for 24 hr before harvesting.

RNA analysis—Nuclear and cytoplasmic RNA was isolated as described previously86 and
assayed by RNase protection using the RPAIII kit (Ambion, Austin, TX) and radiolabeled
antisense probes for firefly and Renilla luciferase and GAPDH90 and for spliced and
unspliced HIV RNA86. Cyclin T1 and CDK9 antisense probes were generated by subcloning
the N-terminal 300 and 250 nt into the pcDNA3.1 vector.

Metabolic labeling—HeLa cells transfected with siRNA were labeled for 2 hr with [35S]-
Met/Cys (MP Biochemicals) and chased without label as described previously20. Extracts
were analyzed by immunoprecipitation. To analyze recombinant HA-cyclin T1 synthesis,
cells were transfected with cyclin T1 or CDK9 expression vectors 48 hr after siRNA
transfection.

Sedimentation analysis—HeLa WCE was fractionated for P-TEFb in glycerol gradients
as described previously91. HeLa cell polysomes were fractionated in sucrose gradient as
described previously92.
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mRNA pulldown—GST proteins (5 μg of GST-NF90 or an equimolar amount of GST)
produced in bacteria were coupled to GSH beads and mixed with HeLa whole cell extract
(WCE; 500 μg protein) or equivalent purified poly(A)+ RNA. After incubation for 2 hr at
4°C with mild rocking and extensive washing in lysis buffer (50 mM Tris-HCl pH 7.4, 150
mM NaCl, 0.5% Triton X-100, 20 U/ml RNasin, 1x protease inhibitor cocktail, and 0.5 mM
DTT), RNA was isolated from the beads by Trizol extraction (Invitrogen, Carlsbad, CA) and
analyzed by semi-quantitative RT-PCR One-step RT kit (Qiagen).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NF90 modulates HIV-1 gene expression
A. Schematic of gene products and siRNAs. Domains and motifs are marked: NES, nuclear
export signal; NLS, nuclear localization signal; dsRBM, dsRNA binding motif; RGG,
arginine-glycine-glycine; GQSR, glycine, glutamine, serine, arginine; DZF, domain in
dsRBM or zinc finger domain containing proteins; Glu-rich, glutamate-rich. D3, D4, D5:
siRNA target sites specific for NF90, NF110 and NF45, respectively. The NF90/110
isoforms used in this study contain the tetrapeptide NVKQ between dsRBMs 1 and 2. B.
HeLa cells were transfected with control (siC) or NF90 specific (siD3) siRNA, then infected
with pseudotyped HIV-1. WCEs were assayed for p24 production (left panel) and by
immunoblotting (right panel) at 24 hr post-infection. C. Cells infected as in panel B were
assayed for FF luciferase at 24 and 48 hr post-infection. D. HeLa cells were co-transfected
with pNL4-3lucE− and pCMV-Renilla together with Omni-NF90b or Omni-NF45
expression vectors (50 or 200 ng) as indicated. FF expression was normalized to Renilla
luciferase (bar graph). Protein expression was analyzed by immunoblotting (lower panel).
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Figure 2. NF90 knockdown inhibits activated transcription from the HIV promoter
A. HeLa cells were transfected with siRNAs followed by pNL4-3lucE− or HIV-FF reporter
plasmid with Tat expression vector where indicated. WCEs were analyzed for FF
expression, tabulated in arbitrary units and plotted relative to control values. B. HeLa cells
were transfected with siRNA followed by HA tagged-Tat expression vector. Tat expression
was analyzed by immunoblotting. C. HeLa cells were transfected with siRNA followed by
co-transfection with HIV-FF and Tat expression vector as in panel A. RNA was analyzed by
RNase protection assay (RPA). Radioactivity was detected and quantified using a Typhoon
phosphorimager and the imagequant program: relative levels of fragments derived from FF
and GAPDH RNA are shown. D. siRNA transfected HeLa cells were co-transfected with
pMRev(−) without or with Rev expression vector as indicated. Cytoplasmic and nuclear
RNA was analyzed by RPA (top panel) and quantified as in panel C. Radioactivity of
fragments derived from spliced (S) and unspliced (U) HIV-1 RNA was normalized to
GAPDH.
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Figure 3. P-TEFb dependence of NF90 action
A–C. Results from tethering system. HeLa cells were transfected with siRNA followed by
G5-HIV-FF and Gal4-cyclin T1, Gal4-CDK9, or both, as indicated. Cell extracts were
assayed (A) for luciferase activity as in Fig. 2A, (B) for RNA by RPA, and (C) for protein
expression by immunoblotting. D. WCEs from siRNA-transfected cells (equal amounts of
protein) were resolved in glycerol gradients and fractions were analyzed by immunoblotting.
E. HeLa cells were transfected with siRNA, then with pNL4-3lucE− together with HA-
cyclin T1 and HA-CDK9 expression vectors or control vector. WCEs were analyzed for FF
expression (top panel) and protein expression by immunoblotting (bottom panel). F. HeLa
cells were transfected with control siRNA (C), siRNA specific for NF90 (D3), cyclin T1
(T1) or CDK9, or the combinations indicated, and were transfected with pNL4-3lucE− 48 hr
later. Cell extracts were analyzed for FF production (top panel) and protein expression by
immunoblotting (bottom panel).
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Figure 4. NF90 controls cyclin T1 synthesis
A. Increasing amounts of WCEs of siRNA-transfected HeLa cells were analyzed by
immunoblotting. B. Total RNA from siRNA-transfected HeLa cells was analyzed by RPA.
C. Cytoplasmic (cyto) and nuclear (nuc) RNA isolated from siRNA-transfected cells was
analyzed by RPA and quantified (AU, arbitrary units). D. HeLa cells transfected with
siRNA as indicated were incubated with [35S]-Met/Cys for 2 hr. Proteins
immunoprecipitated with anti-CDK9 or anti-actin antibody were separated in denaturing
gels and cyclin T1, CDK9 and actin were quantified. E. Polysome profile analysis of control
and D3 siRNA treated cells. RNA from each fraction was assayed for cyclin T1 (T1) and
cyclophilin A (CypA) mRNA by RT-PCR and for 5S rRNA by northern blot. F. Pulse-chase
analysis of siRNA transfected cells. HeLa cells were pulse-labeled for 2 hr then chased with
unlabeled amino acids at the times shown. WCEs were assayed as in panel D. Cyclin T1,
CDK9 and actin signals were quantified using a Typhoon phosphorimager and the Image
Quant program. Radioactivity in cyclin T1 and CDK9 was normalized to that in actin.
Results are presented as siD3/siC ratio at each time point.
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Figure 5. Role of the cyclin T1 mRNA 3′UTR
A. HeLa cells transfected with siRNA and then with HA-cyclin T1 expression vector were
pulse-labeled with [S35]-Met/Cys 24 hr later. Proteins were immunoprecipitated with anti-
cyclin T1 or anti-HA antibody, resolved in denaturing gels, and detected and quantified by
phosphorimager. Radioactivity in HA-cyclin T1 (HA-T1) and in endogenous cyclin T1 (T1)
in NF90-depleted cells is reported relative to that in siC-treated cells. B. siRNA-treated
HeLa cells were transfected with PCNA promoter-driven FF reporter construct (I) or
constructs carrying the cyclin T1 mRNA 5′UTR (II), 3′UTR (III), or both UTRs (IV) as
diagrammed (top panel). Cell extracts were analyzed for FF activity and FF RNA by RPA.
Data were normalized to total protein and GAPDH RNA and are presented as the siD3/siC
ratio (bottom panel). C. Four 3′UTR sub-fragments (F1–F4) were inserted downstream of
FF and assayed for luciferase activity in comparison with construct III as in panel B. D.
HeLa cells were transfected twice with the siRNAs indicated and extracts were analyzed by
immunoblotting. E. HCT116 wild-type and HCT116 Dicer−/− cells were transfected with
D3 siRNA and protein was analyzed by immunoblotting at 72 hr post-transfection. F. RT-
PCR analysis of RNA bound to GST proteins was performed using primers specific for
cyclin T1 3′UTR.

Hoque et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2012 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Induction of NF90, cyclin T1 and HIV-1 p24 in promonocytic cells
A. Production of p24 in U1 cells assayed as a function of PMA treatment time. B. U1 (top)
or U937 (bottom) cells were treated with PMA for the times shown, or left untreated for 24
h, and WCEs were analyzed by immunoblotting (left panels). PMA treated cells were
transfected with siRNA (C or D3) and analyzed in the same way (right panels). C. Total
RNA from PMA-treated and untreated U1 or U937 cells was analyzed by semi quantitative
RT-PCR. D. Effect of siRNA transfection on p24 production in U1 cells.
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Figure 7. Role of NF90 in HIV-1 replication
A. Models for NF90’s action on cyclin T1 translation. B. Pathway of posttranscriptional
PMA signaling and HIV-1 reactivation in latently infected cells. See text for details.
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