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Nuclear factor 90 (NF90) was originally isolated in a complex that binds to the antigen recognition response
element (ARRE-2) present in the interleukin-2 promoter. To characterize the transcriptional properties of
NF90 in mammalian cells, we examined its ability to modulate promoter function in cellular transfection
assays. NF90-Gal4 fusion proteins inhibited transcription from the adenovirus major late promoter in a
fashion that was dependent on Gal4 targeting. Conversely, NF90 activated the cytomegalovirus immediate-
early promoter, to which it was not targeted. These effects required distinct but overlapping domains in the C
terminus of NF90, which contains a functional nuclear localization signal and two double-stranded-RNA
binding motifs. NF90 is present in cellular complexes together with the NF45 protein. Transfection assays
showed that NF45 binds NF90 strongly and stimulates its ability to activate but not to inhibit gene expression.
This report characterizes NF90 as both a positive and negative regulator of gene expression, depending on the
promoter context, and suggests a role for NF45 as a regulator of NF90.

Double-stranded-RNA (dsRNA) binding proteins play crit-
ical roles in several aspects of cellular metabolism, including
transcriptional activation, translational control, and mRNA
processing and localization. Most of these proteins contain a
sequence referred to as a dsRNA binding motif (dsRBM) (10).
This motif is well conserved through evolution and interacts
with dsRNAs as well as structured RNAs such as the adeno-
virus VA RNAs (24). dsRBMs also mediate protein-protein
interactions in the absence of dsRNA (39). Despite extensive
characterization of the dsRBM, the functions of several of the
dsRBM-containing proteins still remain to be elucidated.

Nuclear factor 90 (NF90) is a member of an expanding
family of dsRNA binding proteins that have significant homol-
ogy in their N terminus but differ significantly in their C-
terminal regions. These homologues include DRBP76, TCP80,
ILF3, and MPP4 (Homo sapiens); SPNR and ILF3 (mouse);
p74 and ILF3 (rat); and 4F.1 and 4F.2 (Xenopus laevis) (2, 4, 7,
23, 31, 36, 37, 41). Recently, it was determined that several of
the human proteins are derived from a single locus on chro-
mosome 19 and are generated by alternate splicing (9). NF90
was also isolated in a Northwestern blotting assay for proteins
that preferentially bound VA RNAII (19).

NF90 was originally purified as a component of a complex
with nuclear factor 45 (NF45), which binds to the antigen
response recognition element (ARRE-2) present in the pro-
moter region of the interleukin-2 (IL-2) gene. Immunodeple-
tion experiments with NF90- and NF45-specific antibodies
suggested that these proteins are required for activated tran-
scription from the IL-2 promoter in an in vitro transcription

system (8, 14). Examination of the protein sequence of NF90
revealed no sequence-specific double-stranded DNA binding
motifs characteristic of many transcription factors. However,
two dsRBMs were found in the C-terminal region of the pro-
tein. Further characterization of these motifs showed that they
preferentially bound dsRNA (17). The role of the NF90/NF45
complex in regulating transcription from genes under control
of the ARRE, a key regulator of genes involved in the activa-
tion of T cells and immune response, has not been defined
(33).

NF90 interacts with several additional proteins either di-
rectly or in larger complexes. NF90 has been found in a com-
plex containing NF45, the double-stranded DNA-dependent
protein kinase, the translation initiation complex eIF2, and the
DNA-binding proteins Ku 70 and 80 (40). NF90, DRBP76, and
p74 have all been shown to interact with and act as substrates
for the dsRNA-activated protein kinase PKR (7, 17, 30, 31).
The rat ILF3 was identified in a yeast two-hybrid screen as an
interacting protein using protein arginine methyl transferase 1
(PRMT1) as the bait (37). In these experiments, ILF3 was
shown to act as a substrate for PRMT1 and to enhance the
activity of PRMT in an in vitro methylation assay. The Xenopus
homologues, 4F.1/CBTF122 (CAATT box transcription factor,
122 kDa) and 4F.2/CBTF98, were recently identified as com-
ponents of the CAATT-box transcription factor complex that
binds to the CAATT regulatory element present in the
GATA-2 promoter after the mid-blastula transition. In Xeno-
pus, this protein complex was sequestered in the cytoplasm and
bound to the large group of untranslated maternal mRNAs.
Following degradation of RNA in the cytoplasm, this protein
complex was translocated to the nucleus. Mutations in the
dsRBM of CBTF122 that abolished dsRNA-binding activity
resulted in premature nuclear localization (3, 29).

Although several of these observations implicate NF90 in
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transcriptional roles, its activities remain poorly defined. In
this paper, we examine the ability of NF90 to regulate tran-
scription from several reporter genes transfected into mamma-
lian cells. We found that NF90 inhibited transcription when
targeted to the adenovirus major late 1 promoter using Gal4
binding domain (BD) fusions. Conversely, NF90 activated
transcription from a cytomegalovirus (CMV) reporter inde-
pendent of promoter targeting. Both of these activities were
enhanced by removal of the protein’s N terminus and require,
to various extents, NF90’s functional nuclear localization signal
and dsRBMs. The activation but not the inhibitory function of
NF90 was enhanced by its heteromeric partner NF45. This
work establishes a novel role for the NF90/NF45 complex in
the regulation of transcription and leads to a model in which
NF90’s functional domains are revealed by a conformational
change induced by its association with its regulatory factor
NF45.

MATERIALS AND METHODS

Plasmid constructs. pcDNA3.1-NF90 (pNF90) was generated by digesting
pGEX4T-2-NF90 (31) with EcoRI and NotI. The resulting insert was then ligated
into pcDNA3.1(�) (Invitrogen Corp., Carlsbad, Calif.) cut with the same restric-
tion enzymes. To create NF90�336N, pNF90 was digested with EcoRI and
EcoRV, blunt-ended with DNA polymerase I Klenow fragment, and then reli-
gated to remove the intervening sequences. pcDNA3.1-NF90�403N was gener-
ated by PCR using primers F (5�-GCGCGAATTCCAGGCTATGAATGCCCT
GAT-3�) and R (5�-GCGCGGATCCCGGCAAGCCCATGTCGTGTA-3�).
The resulting product was digested with EcoRI and BamHI and ligated into
pcDNA3.1(�). pcDNA3-NF45 (pNF45) was created by digesting pBSK-NF45
with EcoRI and then ligating into pcDNA3. All plasmids were sequenced for
verification.

To create plasmids for immunofluorescence studies, two different enhanced
green fluorescent protein (EGFP) inserts were generated by PCR. EGFP was
created using the primers EGFP (F) (5�-GCGCGCTAGCATGGGATCCGTG
AGCAAG-3�) and EGFP (R) (5�-GCGCGGTACCGCGGCCGCGAATTCCT
TGTACAGCTC-3�). EGFP(�2), which contained a 2-base frameshift after the
EGFP coding sequence, was created using primers EGFP (F) and EGFP
(R � 2) (5�-GCGCGGTACCGCGGCCGCATGAATTCCTTGTACAGCTC-
3�). Both PCRs used pCRUZ-GFP (Santa Cruz Biotechnology Inc., Santa Cruz,
Calif.) as a template.

For pEGFP, EGFP was cut with NheI and NotI and ligated into pcDNA3.1(�)
digested with the same enzymes. For the remaining vectors, EGFP and EGFP
(�2) were digested with NheI and KpnI and ligated into pcDNA3.1-NF90 or
pcDNA3.1-NF90�336N and pcDNA3.1-NF90�403N, respectively. All plasmids
were sequenced for verification.

pGL3-G5-ML1-F.luc was created by removing the insert from pTOG5ML1
(containing the adenovirus major late promoter �51 to �62 with five Gal4
binding sites upstream; gift from C.-G. Lee) by digestion with HindIII, blunt-
ending with Klenow fragment, and digestion with BamHI. This insert was ligated
into pGL3-Basic (Promega Corp., Madison, Wis.) which had been digested with
SmaI and BglII. The resulting plasmid was sequenced for verification. pCMV-RL
(pCMV-R.luc), pSP-luc�, pSP-rluc, and pRSV-�gal were purchased from Pro-
mega. p5�VA and pSG were described previously (12, 13).

To create the NF90-BD fusion protein expression plasmid (pNF90-BD), the
Gal4 BD was PCR amplified from the pGBT9 vector (Clontech Laboratories
Inc., Palo Alto, Calif.) using oligonucleotides F (5�GCGCGAATTCGCCCCAT
GCACAACGAAGTGC-3�) and R (5�-GCGCGGATCCTCACGGCGATACA
GTCAACTGTCTTTGACC-3�). The PCR product was then digested with NcoI
and BamHI. NF90 was then excised from the pGEX4T-3-NF90 vector using
EcoRI and NcoI. The two fragments were then ligated into pcDNA3.1(�) cut
with EcoRI and BamHI. To create pcDNA3.1-NF90�336N-BD (pNF90�336N),
pNF90-BD was cut with EcoRV and religated to remove the intervening se-
quence. To create all the other mutants, NF90-BD was removed from pNF90
using EcoRI and BamHI and ligated into the pRSETA vector in the reverse
orientation to make pRS-NF90-BD(as).

To create the NF90�150C-BD mutant, pRS-NF90-BD was cut with SalI and
NcoI, blunt-ended with Klenow enzyme, and religated. To create NF90�313C-
BD, pRS-NF90-BD was cut with EcoRV and NcoI, blunt-ended with Klenow

enzyme, and religated. To create NF90�D1–2-BD, pRS-NF90-BD was cut with
SacI and religated to remove the intervening sequence. Once the mutations were
constructed in the pRSETA vector, mutants were removed with EcoRI and BamHI
and then religated into pcDNA3.1(�) cut with the same restriction enzymes.

To create NF90�403N, the PCR product generated for NF90�403N as de-
scribed above was digested with EcoRI and NcoI and religated together with
the BD (digested as described above) into pcDNA3.1(EcoRI and BamHI).
NF90�418C was generated by PCR using primers F (5�-GCGCGGATCCGAA
TTCGTAAAAATGCGTCCAATG-3�) and R (5�-GCGCCCATGGACTGCAG
CCCTGGCTTCAGCTG-3�). The resulting PCR product was cut with EcoRI
and NcoI. This insert plus the BD digested as described above were then ligated
into pcDNA3.1(�) cut with EcoRI and BamHI.

To create pNF90�4, pNF90-BD was cut with HindIII and BamHI. This frag-
ment was then ligated into pcDNA3.1(�) digested with HindIII and BamHI. To
create pNF90�M, pNF90-BD was cut with SalI, blunt-ended with Klenow frag-
ment, and then digested with NotI. The resulting fragment was ligated into
pNF90�403N digested with NotI and EcoRV. pNF90�PE was created by digest-
ing NF90�418C with EcoRV and religating the plasmid to remove the interven-
ing sequence. The insert for NF90�356N was created using PCR and the fol-
lowing oligonucleotides: NF90�356N (F) (5�-GCGCGAATTCATGAGCACCA
CCTATGCCATT-3�) and NF90 (R) (5�GCGCGGATCCTCATGTAGCCTCC
ATGG-3�). The resulting PCR fragment was digested with EcoRI and NotI and
then ligated along with the digested BD into pcDNA3.1(�) cut with EcoRI and
BamHI. NF90�336N(�D2) was also generated using PCR and the following
primers: NF90�336N (F) (5�-GCGCGAATTCATGCCTCTGCCTTCC-3�) and
NF90 (R2) (5�-GCGCGGATCCCCATGGTCTTGCCGTGCTTTGTCAG-3�).
The resulting PCR fragment was digested with EcoRI and NotI and then ligated
along with the digested BD into pcDNA3.1(�) cut with EcoRI and BamHI. All
plasmids were confirmed by sequencing and tested for expression in mammalian
cells by Western blot with an anti-Gal4BD monoclonal antibody (Santa Cruz
Biotechnology Inc.).

Transfections and reporter assays. Human 293-T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies Inc., Rock-
ville, Md.) supplemented with 10% fetal bovine serum (FBS; Sigma Chemical
Co., St. Louis, Mo.) and 1% penicillin-streptomycin (P/S; Life Technologies
Inc.). Prior to transfection, cells were seeded in 12-well plates approximately 12 h
prior to transfection. When the cells reached �80% confluency, they were trans-
fected using the Quantum Prep Cytofectene reagent (Bio-Rad, Hercules, Calif.).

Unless otherwise stated, 300 ng of pGL3-G5-ML1-luc, 10 ng of pCMV-R.Luc,
200 ng of pBD or pNF90-BD (or mutant), and 400 ng of empty pcDNA3.1 vector
were diluted to a final volume of 50 �l with serum-free medium. Then 4 �l of
Cytofectene was added, and the mixture was incubated at room temperature for
20 min. Following addition of 450 �l of medium (plus FBS) to the mixture, the
medium on the plate was removed and replaced with the entire transfection
cocktail. After 24 h, cells were washed once with ice-cold phosphate-buffered
saline (PBS) and then lysed in 150 �l of reporter lysis buffer (100 mM potassium
phosphate [pH 7.8], 0.2% Triton X-100) for 30 min. Lysate (20 �l) was then
analyzed for luciferase reporter activities using the dual luciferase reporter assay
system (Promega Corp.) as described by the manufacturer. Luciferase activities
were in the range of 27 � 103 	 12 � 103 units/4 � 104 cells (firefly) and 9 �
103 	 3 � 103 units/4 � 104 cells (Renilla).

For �-galactosidase activity, cell lysate was first diluted 1:20 in reporter lysis
buffer, and 20 �l of the diluted lysate was then analyzed using the Galactolight
reporter assay (Tropix Inc., Bedford, Mass.). Statistical analysis was carried out
on data from all reporter assays using a two-tailed Student’s t test, and P values
of 
0.05 are indicated in the figure legends, but more significant values (
0.01)
were frequently obtained.

RNase protection assay. pSP-luc�, pSP-rluc, and p5�VA were linearized with
HincII, BsaAI, and XbaI, respectively. Radioactively labeled RNA was then
generated by transcription of digested plasmids with T7 RNA polymerase in the
presence of [�-32P]UTP (ICN Pharmaceuticals Inc., Costa Mesa, Calif.). Each
reaction was incubated for 1 h at 37°C. DNA templates were then removed by
DNase I digestion, and the RNA probes were purified by gel electrophoresis.
The resulting firefly, Renilla, and 5�VA probes were 390 nucleotides (nt), 245 nt,
and 120 nt, respectively.

For the RNase protection assay, 293-T cells were grown in 60-mm plates and
transfected as described above except that the transfection was scaled up appro-
priately. After 24 h, the cells were lysed using Rnazol B (Tel-Test, Inc., Friends-
wood, Tex.). Reporter RNA levels were then determined using the RPAIII kit
(Ambion Inc., Austin, Tex.).

Immunoprecipitation and Western blot analysis. Anti-Gal4BD antibodies
(100 �g; Santa Cruz Biotechnology Inc.) were covalently attached to 100 �l of
packed protein A-Sepharose beads using dimethylpimelidate (Pierce Chemical

344 REICHMAN ET AL. MOL. CELL. BIOL.



Co., Rockford, Ill.). The antibody-Sepharose conjugate was stored as a 50%
slurry in 1� PBS–0.01% sodium azide at 4°C. For immunoprecipitation, 293-T
cells were transfected as described above. At 24 h, cells were washed twice with
ice-cold PBS and lysed in 600 �l of immunoprecipitation (IP) buffer (20 mM
HEPES [pH 7.6], 150 mM NaCl, 0.2% Triton X-100, 20% glycerol, 1 mM
dithiothreitol, 0.2 mM EDTA, 50 mM NaF, 15 mM �-glycerophosphate, plus
0.2 �g of aprotinin, 0.2 �g of leupeptin, and 0.1 �g of pepstatin A per ml) for
30 min at 4°C with gentle rocking. Lysates were cleared by centrifugation at
14,000 � g for 30 min. Then 5 �l of packed BD antibody-Sepharose (see above)
was added to 250 �l of cell lysate and incubated for �3 h at 4°C with agitation.
Beads were washed four times with lysis buffer and then boiled in 20 �l of 2�
Laemmli buffer for 5 min. Samples were then separated in a 10% polyacrylam-
ide–sodium dodecyl sulfate (SDS) gel and transferred to a 0.2-�m nitrocellulose
membrane using a semidry transfer apparatus. Membranes were incubated with
Blotto (5% milk, 1� Tris-buffered saline[TBS], 0.1% Tween 20) overnight.
Membranes were then blotted with anti-NF45 antibody (1:3,000) in Blotto for
3 h, washed with TBS-T (1� TBS, 0.1% Tween 20), and incubated with anti-
rabbit immunoglobulin secondary antibody (1:5,000; Santa Cruz Biotechnology
Inc.) for 1 h. After extensive washing with TBS-T, blots were developed with
enhanced chemiluminescence. Membranes were then stripped using the mem-
brane regeneration kit (Chemicon International Inc., Temecula, Calif.). Mem-
branes were then reblotted with BD antibody (1:1,000; Santa Cruz Biotechnology
Inc.), using a similar procedure.

Immunofluorescence. NIH 3T3 cells cultured in DMEM–10% FBS–1% P/S
were plated at a low density in a six-well dish on polylysine-treated glass cover
slips prior to transfection. At 50% confluency, cells were transfected with 1 �g of
plasmid DNA as described above. The Cytofectene-DNA mixture was removed
4 h after transfection and replaced with fresh medium. At 24 h posttransfection,
the cells were fixed for 30 min in 3% paraformaldehyde at room temperature,
permeabilized with 0.2% Triton X-100 for 5 min at room temperature, and then
stained with DAPI (4�,6�-diamidino-2-phenylindole; 6.25 �g/ml; Sigma Chemical
Co.) solution and a 1:200 dilution of phalloidin-rhodamine dye (300 U/ml;
Molecular Probes Inc., Eugene, Oreg.) for 5 min at room temperature. Between
each step, cells were washed several times with PBS. After staining, cells were
mounted with 30% glycerol–PBS, and images were obtained using a Nikon
TE-300 inverted fluorescence microscope.

RESULTS

NF90 has a functional NLS. As its name implies, NF90 is
detected predominantly in the nucleus by immunofluorescence
of fixed cells (1, 31), although it is dispersed throughout the
cell during mitosis (23) and substantial concentrations are
present in cytosolic fractions after disruption (19). Inspection
of the NF90 sequence revealed a potential bipartite nuclear
localization signal (NLS) (18, 34) in the middle of the protein,
immediately adjacent to the dsRBMs (Fig. 1A).

To discover whether this sequence plays a role in determin-
ing the subcellular localization of NF90 in living cells, we
created a set of plasmids containing fusions of the EGFP gene
to intact and deletions of the NF90 cDNA (Fig. 1B) and in-
troduced these constructs into mouse NIH 3T3 cells. Whereas
the EGFP protein expressed on its own was evenly distributed
throughout the cell, the NF90-EGFP fusion protein was large-
ly restricted to the nuclei, as indicated by colocalization with
the DAPI stain (Fig. 1C). The nuclear localization was not
changed by removal of 336 amino acids from the N terminus of
NF90 (�336N-EGFP), but removal of a further 67 amino ac-
ids, including the presumptive NLS (�403N-EGFP), caused a
redistribution. This fusion protein was distributed throughout
the cell, although it retained concentration within the nucleus.
Similar results were obtained with 293-T cells (data not
shown). These data demonstrate that there is a strong NLS just
upstream of the first dsRBM and suggest that a second, weaker
NLS may be present in the protein’s C-terminal half, possibly
within the dsRBM region.

NF90 regulates reporter expression in a transient-expres-
sion assay. To explore the transcriptional properties of NF90
in human cells, we constructed a mammalian expression vector
that generates full-length NF90 as a fusion protein carrying the
S. cerevisiae Gal4 BD (amino acids 1 to 127) at its C terminus.
This expression vector was transfected into human 293-T cells
together with vectors encoding reporter genes (Fig. 2A). The
first reporter construct, pGL3-G5-ML1-F.luc, contains five
Gal4 binding sites upstream of the adenovirus major late 1
(ML1) minimal promoter, which controls the firefly luciferase
gene. In transfected cells, the NF90-BD fusion protein is tar-
geted to the ML1 minimal promoter via the Gal4 binding sites
present in the plasmid construct. This approach allows us to
target full-length NF90 as well as truncations of the protein to
the promoter without knowledge of the protein’s DNA-binding
region or the presence of a DNA-binding site for the protein in
the promoter plasmid. Fusion to the Gal4 BD did not affect
the ability of NF90 to interact with NF45 (see Fig. 7A) or
with other known interacting proteins, such as PKR, and
with dsRNA (data not shown). A second reporter construct,
pCMV-R.luc, containing the Renilla luciferase gene under the
control of the human CMV immediate-early promoter, was
also included in the transfection assays.

The results of reporter activity assays showed that NF90 had
differential effects on reporter expression. Targeting of NF90
to the adenovirus ML1 promoter resulted in a dose-dependent
inhibition of reporter expression (Fig. 2B). On the other hand,
NF90 stimulated the activity of the CMV reporter in a dose-
dependent manner (Fig. 2C). Since both effects appeared to
reach a plateau at the same plasmid concentration (200 ng/
plate), this concentration was chosen for all subsequent assays.

Effector domain of NF90 maps to its C-terminal region. To
define the regions of the NF90-BD fusion protein required for
both the inhibition and stimulation of reporter expression, a
series of truncation and deletion mutants were created in the
form of Gal4 BD fusions (Fig. 3A). These constructs were
compared to the intact fusion construct (NF90-BD) and the
Gal4 BD alone (BD) in 293-T cell cotransfection assays with
expression vectors driven by the G5ML1 or CMV promoter.
Western blotting showed that the fusion proteins were ex-
pressed at comparable levels and that the accumulation of
endogenous NF90 did not change when NF90 fusion proteins
were expressed (data not shown; see Fig. 7B).

The inhibitory response of the G5ML1 promoter required
the intact C-terminal region of NF90 and was seen only with
�336N-BD (Fig. 3B). In fact, this fusion protein, which con-
tains the NLS and dsRBMs, was reproducibly more inhibitory
than the intact parent chimera NF90-BD. Conversely, con-
structs containing the intact dsRBM region without the NLS
(�403N-BD and �M-BD) elicited a two- to threefold stimula-
tion. This stimulation appears to be a posttranscriptional ef-
fect, since RNase protection assays failed to reveal an accom-
panying increase in RNA expression (data not shown). It is
likely due to inhibition of PKR activation by cytoplasmically
located dsRBMs, as shown previously (39). The remaining
constructs had little effect in comparison with BD, although the
N-terminal region was slightly stimulatory alone (�150C-BD)
and in combination with the dsRBMs (compare �403N-BD
with �M-BD). As expected, removal of the Gal 4 binding sites
from the ML1 reporter abolished the repressive effect of
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FIG. 1. NF90 has an NLS. (A) Comparison of the putative bipartite NLS in NF90 with established NLS sequences in p53 and nucleoplasmin.
(B) Schematic diagram of plasmid constructs used for NF90 subcellular localization studies. (C) Localization of EGFP-NF90 and EGFP-NF90
mutants in mouse NIH 3T3 cells. Cells were transfected with the indicated plasmids, fixed after 24 h, and then stained with DAPI and rhodamine-
phalloidin. Slides were viewed with an inverted microscope.
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FIG. 2. Dose-dependent effects of NF90 on reporter gene expression. (A) Schematic representation of plasmids used in transfection assays.
Human 293-T cells in 12-well plates were transfected with increasing concentrations of NF90-BD plasmid together with 300 ng of pGL3-G5ML1-
F.luc, 10 ng of CMV-R.luc, and 600 ng of total pcDNA3.1 plasmid. After 24 h, cell extracts were assayed for (B) firefly luciferase activity (from
pGL3-G5ML1-F.luc) and (C) Renilla luciferase activity (from pCMV-R.luc). Luciferase expression is displayed relative to that observed with BD
(50 ng) and is normalized to total protein in the extracts. The data represent results of at least three independent transfections performed in
duplicate, with the error bars representing standard deviation. Asterisks (�) indicate P 
 0.05 for indicated samples versus BD (50 ng) alone. The
pound symbols (#) indicate P 
 0.05 for NF90-BD (300 ng) versus BD (300 ng). In panel B, the Gal4-BD construct gave a luciferase expression
level 1.2-fold higher than that with empty vector.
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NF90�336N-BD on the vector (data not shown). Similarly, the
repressive effect disappeared when the BD fusion was removed
from NF90�336N, regardless of the presence or absence of the
Gal4 binding sites. Therefore, targeting of NF90 to the ade-

novirus ML1 promoter is essential for the protein to carry out
its repressive function.

Modulation of the CMV promoter also mapped to the C-
terminal region of the NF90 protein (Fig. 3C). Stimulation of

FIG. 3. Identification of effector domain in NF90. (A) Schematic depiction of NF90-BD mutants. Shaded boxes represent the dsRBMs, black
boxes represent the NLS, and cross-hatched boxes represent the BD. Human 293-T cells in 12-well plates were transfected with 300 ng of
pG5-ML1-F.luc, 10 ng of CMV-R.luc, 50 ng of RSV-�gal, 200 ng of expression plasmid [pBD, pNF90-BD, or pNF90(mut)-BD], and 400 ng of
pcDNA3.1 plasmid. At 24 h posttransfection, cell extracts were assayed for (B) firefly luciferase, (C) Renilla luciferase, and (D) �-galactosidase
activities. Reporter gene expression is presented as in Fig. 2. Asterisks (�) indicate P 
 0.05 for indicated samples versus BD alone.
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CMV-Renilla luciferase expression was elicited only by con-
structs that contained either the NLS (�418C-BD) or the
dsRBM region (�403N-BD and �M-BD). When both the NLS
and dsRBMs were present, in �336N-BD, the stimulation was

strikingly amplified to over eightfold, compared with threefold
for NF90-BD. NF90 also stimulates the expression of CMV–
�-galactosidase (data not shown), indicating that the effect is
not reporter gene specific. Furthermore, the stimulatory effect

FIG. 3—Continued.
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FIG. 4. Detailed mapping of NF90 effector domain. (A) Schematic representation of the NF90-BD mutants as in Fig. 3A. Human 293-T cells
in 12-well plates were transfected as described for Fig. 3. After 24 h, cell extracts were assayed for (B) firefly luciferase and (C) Renilla luciferase
activities as in Fig. 2. Asterisks (�) indicate P 
 0.05 for indicated samples versus BD alone.
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is not cell type specific, since similar responses were seen in
HeLa and Cos7 cells irrespective of the presence of the Gal4
BD fusion to NF90 (data not shown). On the other hand, the
NF90 fusion proteins had little effect on �-galactosidase ex-
pression from the Rous sarcoma virus (RSV) promoter (Fig.
3D), confirming that the actions of NF90 are promoter specific.

Roles of NLS and dsRBMs in gene expression. The data in
Fig. 3 imply that the NLS region is sufficient to activate ex-
pression from the CMV promoter, although this stimulatory
effect is enhanced by the dsRBMs. On the other hand, the
inhibition of expression driven by the pG5-ML1 promoter re-
quires both the NLS and dsRBM regions of NF90. To confirm
and extend these conclusions, additional mutations were cre-
ated in the NF90�336N-BD mutant, which showed the stron-
gest activity in the reporter assay (Fig. 4A). These mutants
were transfected into cells and assayed for their ability to
activate or repress gene expression from cotransfected report-
ers (Fig. 4B and C).

Consistent with the above results, the NLS region alone
(�PE-BD) did not substantially repress G5-ML1 reporter
activity. However, the mutant NF90�336N(�D2)-BD, which
contains the NLS region in combination with only one dsRBM,
was as effective as NF90�336N-BD (Fig. 4B). Another con-
struct, NF90�356N-BD, which lacks the N-terminal 20 amino
acids of NF90�336N-BD, leaving the NLS intact, was also an
effective repressor. Thus, repression of the pG5-ML1 promot-
er requires the NLS region plus a single dsRBM.

The NLS region alone (�PE-BD) stimulated the CMV re-
porter to an extent similar to that seen with the C-terminal
truncation mutant NF90�418C-BD (Fig. 3) but less than that
given by NF90�336N-BD (Fig. 4C). Removal of the N-termi-
nal 20 amino acids or the C-terminal dsRBM [NF90�356N-BD
and NF90�336N(�D2)-BD, respectively] did not significantly
diminish the stimulatory response toward NF90�336N-BD.
Thus, activation requires the NLS and is enhanced by the
presence of one or more dsRBMs. Evidently the activation and
repression activities of NF90 are mediated by overlapping but
distinct regions of NF90.

NF90 acts at the level of transcription. We conducted
RNase protection assays to determine whether NF90 regulates
gene expression at the level of transcription. RNA was isolated
from 293-T cells expressing BD, NF90-BD, or NF90�336N-BD
together with luciferase plasmids and hybridized to RNA
probes for the firefly and Renilla transcripts. In addition, the
plasmid pSG, encoding a nonfunctional region of the adeno-
virus VA RNAI gene which is transcribed by RNA polymerase
III (22) and hybridizes with the 5�VA RNA probe, was in-
cluded as a control for transfection efficiency. Figure 5 shows
that both NF90 and the �336N mutant reduced accumulation
of firefly RNA when targeted to the ML1 promoter by the BD.
Both proteins also enhanced accumulation of Renilla RNA
from the CMV promoter. These results indicate that the mod-
ulation of gene expression by NF90 is at the level of mRNA,
presumably through an increase in the level of transcription.
While alternative mechanisms are possible (e.g., effects on
mRNA processing or stability), they are unlikely, since the
effect appears to be promoter specific rather than transcript
specific.

NF45 enhances the activity of NF90. NF90 copurifies with
NF45 (8, 14, 19, 40) and interacts with it in vitro (30a). To

determine whether NF45 affects the activity of NF90 in the
transient-expression assay, 293-T cells were cotransfected with
plasmids encoding luciferase reporters and NF90-BD, together
with increasing concentrations of a plasmid encoding NF45.
After 24 h, cells were lysed and analyzed for both firefly and
Renilla activity. NF45 had no discernible effect on the ability of
NF90 to inhibit transcription from the ML-1 reporter (Fig.
6A), but it further stimulated the activator activity of NF90 on
the CMV promoter (Fig. 6B). The effect was dose dependent,
with a maximal enhancement of about twofold seen at 100
ng/plate. Higher concentrations of NF45 resulted in slightly

FIG. 5. NF90 regulates gene expression at the level of transcrip-
tion. Human 293-T cells in 60-mm plates were transfected with 1.2 �g
of pG5-ML1-F.luc, 40 ng of CMV-R.luc, 40 ng of pSG, 800 ng of pBD
or pNF90-BD, and 1.6 �g of empty pcDNA3.1 plasmid. After 24 h,
cells were harvested for RNA and then hybridized with RNA probes
for the different reporter transcripts. The pSG plasmid encodes a
nonfunctional mutant of VA RNAI and served as a transfection con-
trol. (A) Autoradiogram of protected RNA fragments. (B) Quantita-
tion of two experiments like that shown in panel A. The firefly and
Renilla RNA levels were normalized to the VA RNA signal; error bars
indicate standard deviations.
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decreased activation, possibly due to a squelching of other
required factors by NF45.

To verify that NF90-BD forms complexes with NF45 in the
cotransfected cells, we performed coimmunoprecipitation as-
says. At the same time, we mapped the interaction using a
panel of NF90 deletion mutants. Cell extracts were incubated
with anti-BD antibody, and the resulting immunoprecipitates
were analyzed for the presence of NF45 by Western blot (Fig.
7A), and then stripped and reprobed with anti-BD antibody
(Fig. 7B). Full-length NF90-BD interacted strongly with NF45,
as did the mutant NF90�418C, implying a high-affinity binding
to the N-terminal half of the NF90 protein. A shorter N-ter-
minal fragment (NF90�313C) failed to coprecipitate with
NF45, as did the extreme C terminus (NF90�610N), while
NF90�336N and NF90�403N interacted weakly with NF45.

These data suggest that there are two potential NF45 interac-
tion sites in NF90 in vivo. The stronger site requires amino
acids 313 to 336, and a second, weaker site lies between amino
acids 403 and 601. The nature of the NF45 interaction with
these two putative sites remains to be determined, but prelim-
inary evidence indicates that the interaction between amino
acids 313 and 336 is direct (Q. Li and M. B. Mathews, unpub-
lished data).

DISCUSSION

We found that NF90 can regulate gene expression both
positively and negatively from different promoters and that
NF45 acts as a regulatory subunit to enhance NF90’s ability to
activate transcription from the CMV promoter. The enhance-

FIG. 6. NF45 modulates the activity of NF90. Human 293-T cells in 12-well plates were transfected with 300 ng of pG5-ML1-F.luc, 10 ng of
CMV-R.luc, and 200 ng of expression plasmid (pBD or pNF90-BD), pNF45, and empty pcDNA3.1. A total amount of 400 ng of plasmid (pNF45
� pcDNA3.1 empty vector) was used. After 24 h, cell extracts were assayed for (A) firefly luciferase and (B) Renilla luciferase activities as in Fig.
2. Asterisks indicate P 
 0.05 for indicated samples versus BD alone. The pound symbol indicates P 
 0.05 for NF90-BD � NF45 (100 ng) versus
NF90-BD alone.
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ment of NF90 function by NF45 was almost equivalent to the
effect of deleting the N terminus of the protein (compare Fig.
3C and 6B). Based on these findings, we propose that the N
terminus of NF90 is a regulatory domain that inhibits the
activator and inhibitory functions in the C terminus of the
protein (Fig. 8A), possibly by blocking access to the NLS re-
gion and the dsRBMs of NF90.

In this model, activation of a promoter by NF90 is stimulated
by its binding to NF45, which induces a conformational change,
resulting in release of the C terminus of NF90 and its conse-
quent activation (Fig. 8B). This activated NF90/NF45 complex
is then capable of being recruited to a promoter region, either
by interacting with a DNA-binding protein (protein X in Fig.
8B) or possibly through direct binding to DNA (Fig. 8B). The
tight association of NF90 with DNA is further supported by
cellular fractionation studies, in which a large percentage of
NF90 copurified with chromatin from Jurkat cells (data not
shown). In the absence of NF45, NF90 exists in its inactive
conformation and is unable to interact with protein X or the
promoter region directly and is incapable of activating tran-
scription. Conversely, NF90�336N, which lacks the inhibitory
N-terminal domain of NF90, is constitutively active and regu-
lates transcription irrespective of NF45. One prediction of this
model is that NF45 should not enhance the activity of the
NF90�336N truncation. Indeed, preliminary evidence indi-

cates that NF45 does not stimulate the activity of NF90�336N
or any of the other mutants to which it does not bind tightly
(T. W. Reichman and M. B. Mathews, unpublished data).

NF90 also acts as an inhibitor of transcription when re-
cruited to the adenovirus ML1 promoter by the Gal4 BD. This
activity of NF90 is independent of the presence of NF45 (Fig
6A). According to the model, NF90 is recruited to the pro-
moter by the Gal4 sites and BD, so the conformational switch
to a more favorable promoter-interacting form of NF90 by NF45
is not required (Fig. 8C). Therefore, increasing the amount of
NF45 (by cotransfection with an NF45-expressing plasmid) has
little effect on the ability of NF90 to inhibit transcription.
Nevertheless, removal of the N terminus of NF90 gives a small
but detectable increase in its ability to inhibit transcription
(Fig. 3B), consistent with a conformational change.

The coordinated function of NF90 and NF45 in our in vivo
reporter assay correlates well with the earlier observation that
both of these proteins are required for transcriptional activa-
tion of an ARRE-2 containing G-less template in vitro (8).
Although the two proteins copurify (8, 19, 40), recent findings
suggest that they do not invariably exist together as a complex
in the cell (30a). Protein expression profiles in various cell
types revealed that the levels of the two proteins and the ratios
between them vary considerably among different cell lines.
Furthermore, in S. cerevisiae, which lacks any known homo-
logue of NF90 or NF45, these proteins act alone to regulate
the activity of PKR. In this system, their phenotypic effects are
in opposite directions: whereas NF90 functions as a PKR ac-
tivator, NF45 serves to overcome the effects of PKR on yeast
growth (Parker et al., submitted). The ability of these proteins
to function in the absence of their heteromeric partner may
help explain their differential actions on promoters (Fig. 3).

The dual function of NF90 in activating and inhibiting gene
expression is shared with several transcriptional regulators,
including p53, BRCA1, c-Myc, YY1, c-Myb, Wilms’ tumor
protein 1 (WT1), and the retinoic acid receptor (6, 16, 21,
25–27, 38). In some cases, this property is clearly related to the
physiological functions of the transcription factor and is dic-
tated by the architecture of the promoter to which the factor is
recruited. For example, when bound to their enhancer element
in the absence of ligand, the retinoic acid receptors recruit
repressor complexes that inhibit transcription. Once activated
by ligand, the repressor is dislodged through a conformational
change, and activator complexes are recruited (25). The WT1
protein has also been shown to act as both a repressor and an
activator of transcription of several cellular genes. As in the
case of NF90, targeting of a WT1-Gal4 BD fusion protein to a
promoter results in inhibition of transcription from a trans-
fected reporter gene (20).

Indications that the dual transcriptional activities of NF90
are physiologically relevant come from its implication as both
an activator and repressor of gene expression from different
cellular promoters. NF90 is required for activated transcription
of an ARRE-2 reporter construct in vitro (14), and it was
identified as a component of the CCAAT box transcription
complex, CBTF, that is thought to regulate the GATA-2 pro-
moter in Xenopus (3). On the other hand, NF90 has been
isolated as a protein that binds to a unique palindrome se-
quence (DHS-22) present in the DNase I-hypersensitive site II
(DHS II) in the HLA-DR� gene, and it is hypothesized to

FIG. 7. Complex formation between NF90 mutants and NF45. Hu-
man 293-T cells in 60-mm plates were transfected with 1.2 �g of
pUC19, 800 ng of the indicated NF90-BD plasmid, and 1.6 �g of empty
pcDNA3.1 plasmid. Following transfection, cells were lysed, and
equivalent amounts of cell extracts were subjected to immunoprecipi-
tation with anti-BD antibody-Sepharose for 3 h. Complexes were re-
solved in a 10% polyacrylamide–SDS gel and transferred to a nitro-
cellulose membrane. Western blot analysis was conducted (A) with
anti-NF45 antibody (�NF45) and, after stripping, (B) with anti-BD
antibody (�BD). The BD protein fragment (�15 kDa) was too small to
be resolved in the 10% polyacrylamide gel used.
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serve as a negative regulator of transcription from this gene
(35). Upon tetradecanoyl phorbol acetate (TPA) stimulation
of THP-1 cells, NF90 was downregulated at the mRNA level in
parallel with a decrease in binding of the protein complex to
the DHS II element, presumably resulting in gene expression
(35). Further clarification of these properties of NF90 will
require a more complete assessment of the cellular genes reg-
ulated by NF90 and the identification of promoter elements
that govern its inhibitory and activator activities.

The C-terminal region of NF90 that is responsible for its
transcriptional actions contains an NLS and two dsRBMs. The
NLS region was shown to be required for strong localization
of NF90 to the nucleus but was not the sole determinant of
nuclear localization, since the dsRBMs alone (in mutant
�403N) also appeared to concentrate a percentage of the pro-
tein in the nucleus. Therefore, the NLS region might also serve
to mediate the interaction of some as yet unknown transcrip-
tional modulator with NF90. The NLS region itself is basic and

proline-rich; interestingly, it contains two of the four putative
M-phase phosphorylation sites (23).

Both the inhibitory and stimulatory effects of NF90 on re-
porter gene expression were enhanced by the presence of at
least one complete dsRBM, suggestive of a role for dsRNA
binding in positively or negatively regulating one or both of
these activities. Binding of dsRNA to the dsRBM of PKR leads
to a conformational change resulting in the activation of the
kinase from its latent state (5). During viral infection, the
kinase binds dsRNA and homodimerizes through its dsRBMs,
resulting in autophosphorylation and kinase activation. The
activated kinase then phosphorylates the �-subunit of eIF2,
which inhibits translational initiation (15).

Several viruses encode RNAs as well as proteins that block
the activation of PKR by dsRNA (32). For example, adenovi-
rus encodes VA RNAI, a short, highly structured RNA which
competes with dsRNA in binding to PKR and inhibits its
activation. As mentioned previously, a second adenovirus-en-

FIG. 8. Models for NF90 structure and function. (A) Functional domains of NF90 and proposed mechanisms of transcriptional activation (B)
and inhibition (C) by NF90 and the NF90/NF45 complex. The black box indicates the NLS, and the grey boxes denote the dsRBMs. See Discussion
for details.
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coded RNA, VA RNAII, specifically binds to NF90 (19). It
will be interesting to determine whether dsRNA and VA
RNAII have any effect on the regulation of gene expression
by NF90. It is also possible that the dsRBMs of NF90 are me-
diating protein-protein or protein-RNA-protein interactions.
NF90 has been shown to interact with PKR (7, 17, 30, 31)
and with the dsRBM-containing transcriptional coactivator
RNA helicase A (I. Fierro-Monti and M. B. Mathews, un-
published data). RNA helicase A can act as a coactivator of
CREB-mediated transcription by bridging CBP with RNA
polymerase II (28).

This report shows that NF90 acts as a positive and negative
regulator of transcription, consistent with the roles imputed
previously. Its interactions with PKR and viral RNAs suggest
that NF90 might act to regulate certain genes involved in the
viral defense pathway and inhibition of viral replication. Con-
versely, NF90 was upregulated in nasopharyngeal carcinomas,
suggesting a role in the promotion of cell proliferation and the
cell cycle, as postulated for the NF90 homologue MPP4 (11,
23). Now that specific activities for NF90 have been identified,
the next challenge will be the identification of cellular targets
regulated by NF90 to help further decipher its function in
normal cell homeostasis and function.
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