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FIG. 4. (A) Effect of tyrosine kinase inhibitors on transcriptional activation of ISGs by dsRNA. HeLa cells were transfected with dsRNA
for 3 h (with cycloheximide) in the absence or presence of the tyrosine kinase inhibitors, as shown. HEC-1B cells were transfected with
dsRNA for 2 h (with cycloheximide) in the absence or presence of staurosporine. Nuclear run-on experiments were performed, and
radiolabeled RNA was hybridized to DNA samples fixed to nitrocellulose filters in the pattern diagrammed. (B) Effect of tyrosine kinase
inhibitors on activation of ISRE-binding factors by dsRNA. HeLa cells were either untreated (lane 1) or treated for 4.5 h with dsRNA in the
absence of inhibitors (lane 2) or the presence of genistein (G) (lane 3) or staurosporine (St) (lane 4). Nuclear extracts were prepared and used
in a gel mobility shift assay with a radiolabeled ISRE probe. Cells were treated with genistein for 12 h prior to dsRNA addition. Treatments
with dsRNA were performed in the presence of cycloheximide.

efficiently (lane 2). However, the binding specificity of
DRAF2 for the ISRE distinguishes it from DRAF1 or ISGF3.
Single-site mutations that flank the inner core of the ISRE
can compete for DRAF2 binding to the ISRE (lanes 4, 5, and
7). Furthermore, DRAF2 binding appears distinct from that
of IRF1/ISGF2 since it does not bind to the ISRE inner core
(lane 3) (42), although the inner core of the ISRE is neces-
sary for binding (lane 6).
dsRNA activates the ISRE-binding activity of two novel

factors in HEC-1B cells in the absence of interferon action.
To further confirm that the activation of these factors is
independent of interferon production, Reh cells that lack the
alpha/beta interferon locus were also examined (8). Reh cells
have been shown to induce expression of many of the ISGs
upon transfection with dsRNA (55). These cells were treated
with dsRNA for various lengths of time and analyzed for the
activation of ISRE-binding factors by gel mobility shift
analysis (Fig. 3D). The appearance of both DRAF1 and
DRAF2 was seen following dsRNA transfection (lanes 3 and
4). The difference in time of appearance of these factors in
Reh cells and HEC-1B cells may be due to a difference in
transfection efficiency of the cells. The identity of the factors
was confirmed by ISRE binding in the presence of competing
mutated oligonucleotides (data not shown). Activation of
ISGF3 was not seen during the time course of dsRNA
transfection of these cells.

Transcriptional induction of the ISGs by dsRNA requires
protein kinase activity. Recent work has demonstrated a
requirement for tyrosine phosphorylation in the transcrip-
tional activation of the ISGs by interferon (13, 17, 38, 46, 52).
Staurosporine and genistein, both potent tyrosine kinase
inhibitors, have been shown to block the interferon-induced
transcription of the ISGs (17, 43). To test the effects of
staurosporine and genistein on transcriptional activation of
the ISGs by dsRNA, a nuclear run-on experiment was
performed (Fig. 4A).

Nuclei were isolated from HeLa cells which had been
transfected with dsRNA in the absence or presence of the
kinase inhibitors. Transcription was allowed to continue in
vitro in the presence of [32PJUTP. The radiolabeled RNA
was hybridized to DNA samples on nitrocellulose filters as

depicted in Fig. 4A. When the cells were treated with either
staurosporine or genistein during the transfection, a signifi-
cant inhibition of ISG15 and ISG54 transcription was ob-
served. This suggests that transcriptional activation of the
ISGs by dsRNA requires tyrosine phosphorylation.
A similar transcriptional analysis was performed after

dsRNA transfection of HEC-1B cells (Fig. 4A). Since these
cells do not r'spond to interferon, the specific effects of
dsRNA independent of interferon action can be determined.
The addition of staurosporine during the transfection with
dsRNA was found to block activation of the ISGs.
To test whether this transcriptional inhibition was due to a

block in activation of the ISRE-binding factors, nuclear
extracts were prepared from HeLa cells which had been
transfected with dsRNA in the absence or presence of the
tyrosine kinase inhibitors (Fig. 4B). Both genistein (lane 3)
and staurosporine (lane 4) inhibited the appearance of
DRAF1 and ISGF3. These results suggest that the effect of
the tyrosine kinase inhibitors on transcriptional activation by
dsRNA is due to a block in activation of DRAF1 and ISGF3.
Similar experiments showed a block in activation of DRAF1
and ISGF3 by the kinase inhibitors in adenovirus-infected
HeLa cells and a block in activation of DRAF1 and DRAF2
in dsRNA-transfected HEC-1B cells (data not shown).
DRAF1 and DRAF2 do not react with an antibody to the

ISGF3-y component of ISGF3. Since DRAF1 has an ISRE-
binding specificity similar to that of ISGF3 (Fig. 2C), it might
have the same DNA-binding component. ISGF3 is com-
posed of four protein subunits of 48, 84, 91, and 113 kDa (14,
15, 24, 27, 45, 51). The 48-kDa protein, called ISGF3-y, is the
DNA-binding component of ISGF3. To determine whether
DRAF1 and DRAF2 share the same DNA-binding compo-
nent of ISGF3, the effect of a specific antiserum to ISGF3y
on the mobility of the DNA-protein complexes was tested
(51) (Fig. 5).
Nuclear extracts were prepared from untreated cells and

dsRNA-transfected HEC-1B cells to provide a source of
DRAF1 and DRAF2. ISGF3 was derived from nuclear
extracts prepared from interferon-treated HeLa cells. The
factors were reacted with the specific ISRE probe in the
absence of added antiserum (lanes 1 to 3), in the presence of
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FIG. 5. Effect of antiserum to ISGF3-y on the ISRE-binding
factors DRAF1, DRAF2, and ISGF3. Nuclear extracts from un-
treated HEC-1B cells (c) (lanes 1, 4, and 7), dsRNA-treated HEC-1B
cells (ds) (lanes 2, 5, and 8), or interferon-treated HeLa cells (IFN)
(lanes 3, 6, and 9) were used in a gel mobility shift assay with a

radiolabeled ISRE probe. Either rabbit preimmune serum (c-Ab)
(lanes 4 to 6) or a specific antiserum against the 48-kDa ISGF3y
(F3-y-Ab) (lanes 7 to 9) was added to the DNA-binding reaction
mixtures (see Materials and Methods). The binding reaction mix-
tures in lanes 1 to 3 had no addition of antiserum.

control preimmune rabbit antiserum (lanes 4 to 6), or in the
presence of specific antiserum that recognizes the ISGF3-y
component of ISGF3 (gift of D. E. Levy) (lanes 7 to 9). The
mobility of ISGF3 from HeLa cells is distinct from that of
DRAF1 or DRAF2 (lanes 2 and 3). Addition of control
antiserum did not affect the mobility of any of the DNA-
protein complexes (lanes 5 and 6). The specific antiserum to
the ISGF3y component of ISGF3 prevented the appearance
of the ISRE-ISGF3 complex as demonstrated previously
(lane 9) (51). However, the ISGF3,y antiserum did not
influence the appearance or migration of the DRAF1 or
DRAF2 complexes (lane 8). This result suggests that DRAF1
and DRAF2 do not possess the ISGF3-y 48-kDa DNA-
binding component of ISGF3.

DISCUSSION

Viral infection triggers a cellular defense response that
leads to the expression of antiviral genes. These genes
include the alpha/beta interferon genes and ISGs. An earlier
concept of the interferon system involved the production of
interferon by virally infected cells and the subsequent action
of interferon on neighboring cells to induce transcription of
the ISGs. It is now evident that activation of the ISGs occurs
as a defense response within the infected cell (3, 55, 56). This
may have evolved with clear advantage to cell survival.

Infection of cells with adenovirus or transfection with
dsRNA induces the transcription of the ISGs independent of
interferon action. Adenovirus infection of HeLa cells in the
presence of cycloheximide leads to the activation of ISG
expression by 3 h (41) (Fig. 1A). During this time, adenovi-
rus must adsorb to the cell, penetrate, and uncoat before
viral transcription can occur in the nucleus. We cannot
eliminate the possibility that a small amount of interferon is
being produced by the HeLa cells in response to adenoviral
infection. However, if the transcription factor ISGF3 is
activated by the autocrine action of interferon, it cannot be
responsible for the primary transcriptional activation of the
ISGs by adenovirus since its appearance is delayed until 7 h

after infection (Fig. 2B). Previous studies have used cell
lines that either do not respond to interferon (e.g., HEC-1B)
or that lack the alpha/beta interferon genes (e.g., Reh) to
demonstrate a direct transcriptional response of the ISGs to
dsRNA transfection (3, 55, 56).
The DNA sequence within the ISGs that responds to

adenovirus and dsRNA appears to be the ISRE. A reporter
plasmid that contains the ISG15 ISRE cloned into a heter-
ologous promoter can be activated at early time points after
infection with adenovirus (Fig. 1B). In addition, indepen-
dently of interferon action, dsRNA induces the activation of
two preexisting factors termed DRAF1 and DRAF2 that
specifically bind to the ISRE. It should be noted that others
have described several ISGs that have a weak or undetect-
able response to dsRNA although they contain consensus
ISRE motifs (e.g., MxA and 2-5 OASE) (3, 55). It is possible
that the promoter context of the ISRE influences transcrip-
tional activation by dsRNA.

It seems likely that the activation of ISRE-binding factors
by adenovirus is due to the formation of viral dsRNA during
the course of infection. HeLa cells respond to adenovirus
infection or dsRNA transfection with the activation of the
same two factors, DRAF1 and ISGF3 (Fig. 2 and 3). The
kinetics of appearance of the factors is more rapid after
dsRNA transfection as would be expected if the virus needs
to uncoat and the viral genome needs to be transcribed
before activation can occur. In addition, the transcriptional
inhibitor actinomycin D blocks activation of ISRE-binding
factors by adenovirus (data not shown). Although the ade-
noviral VA RNAs possess significant double-stranded struc-
ture (32), they do not appear to be necessary for ISG
activation by adenovirus since infection with a viral mutant
lacking these genes still results in activation of the ISGs (41).
To eliminate any contribution of interferon during activa-

tion of ISRE-binding factors by dsRNA, the interferon-
resistant cell line HEC-1B was used. The basis for the lack of
response to interferon in these endometrial adenocarcinoma
cells is that they do not bind alpha/beta interferons (16).
Within an hour of dsRNA treatment, in the presence of
cycloheximide, two ISRE-binding factors, DRAF1 and
DRAF2, were induced. It is likely that the DRAF1 induced
by dsRNA is identical to the DRAFI induced by adenovirus
infection. DRAF1 isolated from either stimulated source has
an identical mobility in a gel shift assay and has a similar
DNA-binding specificity (Fig. 2 and 3). The effect of dsRNA
on cells that cannot produce interferon was also tested by
transfection of Reh cells that lack the alpha/beta interferon
locus (8). dsRNA induces the ISRE-binding activities,
DRAFM and DRAF2, that were seen in HEC-1B cells.
Although the DRAF2 complex from Reh cells has an appar-
ently faster gel mobility, its ISRE-binding specificity is
similar to that of DRAF2 induced in HEC-1B cells (data not
shown). The kinetics of appearance of the factors in different
cell lines may vary because of a difference in transfection
efficiency of the cells.
ISRE complexes with DRAFM and DRAF2 have gel shift

mobilities distinct from that of ISGF3 (Fig. 5). In addition, a
specific antiserum that recognizes the DNA-binding compo-
nent of ISGF3 (the 48-kDa ISGF3y [51]) does not react with
DRAF1 or DRAF2 in the DNA-binding reaction. We have
also found that treatment of cells with gamma interferon
prior to treatment with dsRNA does not result in an en-
hanced activation of DRAFM, as it does for ISGF3 (data not
shown). These experiments do not exclude the possibility
that DRAF1 contains the same 48-kDa DNA-binding subunit
as ISGF3 but strongly suggest that the DRAFM ISRE-binding
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component is unique. Since ISGF3 was not activated by
dsRNA treatment of HEC-1B or Reh cells, it suggests that
its activation in HeLa cells is due to the secondary action of
interferon. However, it is also interesting to note that
DRAF2 was not detected in the HeLa cells. Therefore, it
remains possible that the dsRNA activation pathway has
subtle differences in cell types, but the common factor
induced in all cells tested is DRAF1.
Recent work has established a clear requirement for

tyrosine phosphorylation in the activation of the interferon
signal transduction pathway (13, 17, 38, 46, 52). Following
stimulation of cells with interferon, the 84-, 91-, and 113-kDa
components of ISGF3 become phosphorylated on tyrosine
residues (13, 17, 46). In addition, there is evidence that the
Tyk 2 tyrosine kinase is specifically required for signaling by
alpha/beta interferon (52). The transcriptional response of
the ISGs to dsRNA also has been demonstrated to require
protein kinase activity (50, 57). We therefore tested the
effect of various kinase inhibitors on the ability of dsRNA to
activate transcription and the appearance of DRAF1 and
DRAF2.

It appears that tyrosine phosphorylation may be involved
in activation of ISG transcription by dsRNA since the
appearance of DRAF1 and DRAF2 is suppressed by the
addition of staurosporine or genistein (Fig. 4 and data not
shown). One kinase that is known to be activated by dsRNA
is the p68 kinase, also called dsRNA-dependent protein
kinase (32, 33). Previous work has shown that an inhibitor of
the dsRNA-dependent kinase, 2-aminopurine, blocks ISG
activation by dsRNA (50, 57). However, this kinase is a
serine/threonine kinase, not a tyrosine kinase. Currently,
there are no data indicating whether or not p68 is inhibited
by staurosporine or genistein. It is possible that the function
of more than one kinase is required for the activation of
DRAF1 and DRAF2. Elucidating the identity of potential
kinases activated during dsRNA transfection will require
further investigation.
dsRNA activates a unique pathway that stimulates tran-

scription of the ISGs. The existence of a pathway that is
distinct from the interferon signal pathway had been sug-
gested from earlier studies with dsRNA (6, 20, 50, 57). We
have identified two latent factors, DRAF1 and DRAF2, that
are activated upon transfection of dsRNA and gain the
ability to bind to the ISRE. The protein compositions of the
dsRNA-activated factors DRAF1 and DRAF2 remain to be
determined. Preliminary evidence suggests that they are
both activated in the cytoplasm of HEC-1B cells prior to
translocation to the nucleus.
The ability of cells to recognize dsRNA as a foreign

molecule has been well documented in the induction of
alpha/beta interferon genes. Upon dsRNA transfection or
viral infection, specific transcription factors that bind to the
promoters of the interferon genes are stimulated. This report
demonstrates that the defensive response of cells to dsRNA
is not limited to activation of the interferon genes but
includes activation of interferon-stimulated genes. The
dsRNA-activated factors DRAF1 and DRAF2 are induced
directly by dsRNA, independent of interferon action, and
bind to the ISRE within ISGs. This protective response does
not require the synthesis of interferon but immediately
activates antiviral genes within the infected cell as a funda-
mental defense mechanism.
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