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FIG. 8. Cytoplasmic unwindase activity in P19 cells. Forty mi-
crograms of S100 cytoplasmic extract from P19 cells was incubated
at 30°C for 2 h with 1 fmol of labeled RNA duplex (c-jun; depicted
in Fig. 6B). After deproteinization, products were analyzed on a
native (left-hand panel) or denaturing (right-hand panel) polyacryl-
amide gel before (-) or after (+) RNase A and Ti treatment. The
control consisted of proteinase K digestion of the extract prior to the
addition of the substrate (lanes 1 and 2 and lanes 7 and 8). Lanes 5
and 6 contain antisense c-jun RNA, and lanes M contain 32P-labeled
BRL DNA Ladder.

duplex unwindase activity change during differentiation of
P19 EC cells. We determined that this activity was present in
the cytoplasm and the nucleus of P19 cells by using, as a
substrate, in vitro-made c-jun dsRNA (structure shown in
Fig. 6B). Because the modificase reaction operates in a
semirandom fashion, not all adenosine residues are con-
verted into inosine (72). The unwound products are, there-
fore, structurally heterogenous, and each modified dsRNA
molecule has a different buoyant density, not forming a
perfect duplex. When these products are subjected to elec-
trophoresis through a nondenaturing gel, they generate a
typical disperse pattern of migration. On the other hand, the
modified products exhibit an increased sensitivity to RNase
digestion, because mismatches (due to adenosine-to-inosine
conversions) have occurred. Results with a cytoplasmic
S100 extract from P19 EC cells are shown in Fig. 8. Control
samples that were treated with extract predigested with
proteinase K are seen in lanes 1 and 2 (native gel) and 7 and
8 (denaturing gel): the trimmed RNase-treated substrates
migrate slightly faster (15 nucleotides shorter) than the input
molecule, as expected. On the other hand, when the dsRNA
labeled c-jun substrate is treated with nondeproteinized
extract, the products migrate as a disperse smear on a native
gel (see lane 3 versus the control in lane 1). If the same
reaction products are electrophoresed in a denaturing gel
(lane 9), the sample migrates in a manner similar to that of
the input substrate (see lanes 9 and 3 [note that the disperse
pattern is resolved into one band]. The increased RNase
sensitivity of the unwound molecules can be observed by
comparing the amounts of intact (not modified) molecules
leftover after the reaction with that of the control (see the
arrows for lanes 10 versus 8). In addition, it is possible to see

FIG. 9. Decreased RNA unwindase activity in P19 RA-48 cells.
Duplex c-jun RNA (1 fmol left-hand panels; 10 fmol right-hand
panels) was incubated with whole-cell extracts containing 40 ,ug of
proteins from P19 EC cells or P19 RA-48 cells at 25 or 30°C for 2.5
h. Reaction products were analyzed on denaturing gels (upper
panels) or native gels (lower panels) before (-) or after (+) RNase
A and Ti treatment. The control consisted of proteinase K digestion
of P19 EC cell extracts prior to the addition of the labeled substrate
(lanes 1 and 2 and lanes 7 and 8). Lanes M contain 32P-labeled BRL
DNA Ladder.

new digestion products (arrowheads in lane 10), as might be
expected if mismatches in the duplex had occurred. These
forms were absent prior to RNase digestion (lane 9). We also
find this activity in whole cells (see below) and nuclear
extracts (not shown).

If the levels of unwindase activity drop during differenti-
ation, this drop could lead to the observed accumulation of
dsRNA structures in the RA-treated P19 cells. For compar-
ison of the unwindase activity in undifferentiated versus
differentiating cells, whole-cell extracts were used because
in agreement with what was reported by others, we found
that cytoplasmic S100 extracts were often contaminated with
variable levels of RNases, making quantitation very difficult.
By varying the substrate amount and the reaction tempera-
ture, we were able to obtain a qualitative assessment of the
level of unwindase based either on the levels of leftover
unreacted substrate detected after RNase treatment or by
the extent of the disperse pattern of migration on native gels
of the unwound products. Results are presented in Fig. 9.
The left-hand panels (lanes 1 to 6) represent data obtained
with 1 fmol of substrate, and the right-hand ones (lanes 7 to
16) represent data obtained with 10 fmol of substrate. The
top panels are denaturing gels and the bottom ones are native
gels. Results of control experiments (with deproteinized
extracts) can be seen in lanes 1 and 2 (1 fmol) and lanes 7 and
8 (10 fmol) before (lanes 1 and 7) or after (lanes 2 and 8)
RNase treatment. Positive controls can be seen in lane 3
(disperse pattern in native gel [lower panel]) and giving a
discrete band in the denaturing gel (upper panel); very little
unreacted substrate can be detected after RNase treatment
(lane 4, upper and lower panels) in comparison to the control
in lane 2, meaning that most of the substrate has been
unwound by the extract prepared from P19 EC cells. On the
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other hand, although there is clearly unwindase activity in
the extract prepared from P19 cells after 48 h of treatment
with RA (compare lanes 6 and 2 [upper panel], which show
a decreased amount of intact substrate), this extract is less
active that the one prepared from undifferentiated EC cells
(amount of leftover, unreacted substrate is more important
in lane 6 versus lane 4 [top panel]). The decrease in unwin-
dase activity in the P19 RA48 extracts at 30°C is more readily
perceived with 10 fmol of dsRNA substrate when one
compares the extent of the smear of the migrated products
obtained from EC versus RA48 cell extracts (lane 13 versus
15 [lower panel]) or the amount of unreacted substrate,
which is less with extract prepared from P19 EC cells versus
the one prepared from cells treated with RA for 48 h (lane 14
versus 16 [upper panel]). We thus conclude that the appear-
ance of dsRNA structures in P19 cells treated for 48 h with
RA correlate with a definite decrease in RNA unwindase
activity.

It is noteworthy to mention that the decrease of unwindase
activity cannot be the effect of increased levels of endoge-
nous dsRNA structures within the extracts at RA-48, since
predigestion of these structures with micrococcal nuclease
[followed by its inactivation with ethylene glycol-bis(3-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA)] had
no effect on the diminished unwindase activity (data not
shown).

Decreased A-I conversion activity in differentiating P19
cells. Since the biochemical basis of RNA unwinding has
been reported to be modification of adenosine to inosine
residues, with the concomitant loss of duplex stability, we
examined the levels of A-to-I conversion in cell extracts
from P19 and P19 RA-48 cells. The same substrates de-
picted in Fig. 6b but labeled with radioactive ATP were
incubated in the presence of whole-cell extracts. Following
incubation, RNA was digested with P1 nuclease and the
digestion products were analyzed by chromatography. The
appearance of labeled inosine was interpreted as reflecting
dsRNA modificase activity. As can be seen in Fig. 10, the
conversion of A to I in extracts from P19 RA-48 cells is
clearly less efficient (three to fivefold) than in P19 EC
extracts.

Biological activity of endogenous dsRNA. dsRNA is known
to be a potent biological effector (13). dsRNA can activate
certain enzymes and induce transcription of some genes (26).
dsRNA is also a potent inducer of the type I IFNs (42). If the
dsRNA in preparations of cytoplasmic RNA from differen-
tiating cells is biologically active, one could expect this RNA
to be capable of inducing IFN in heterologous fibroblasts. As
can be seen in Table 1, this is indeed the case. Treatment of
L-cell fibroblasts with cytoplasmic RNA from undifferenti-
ated P19 EC cells had no effect. On the other hand, treat-
ment with the RNA of cells treated for 48 h with RA (shown
to contain dsRNA) induced IFN in L cells as efficiently as 1
p,g of poly(I. C). The inducing activity was resistant to
RNase digestion (data not shown), indicating that this activ-
ity is double-stranded in nature. The IFN obtained was
neutralized by anti-MuIFN antiserum (Table 1), but not by
anti-human IFN-a or IFN-P antibodies (data not shown). In
addition, the RNase-resistant component of the RNA from
P19 cells was capable of activating the dsRNA-dependent
kinase (or DAI [31, 37, 62]; also Table 1).

DISCUSSION

The involvement of cytokines, such as growth factors, in
development is a well-established fact. Understanding the

pC pU
.pI
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.*S@ pA
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nil EC RA48

P19 extract

FIG. 10. Decreased levels of A-I conversion in extracts from
differentiating P19 cells. The modificase assay was performed as
described in Materials and Methods. The dsRNA used in the assay
is a 364-nucleotide c-jun sequence with both strands synthesized in
the presence of [32P]ATP. Extracts were prepared by the method of
Manley et al. (45). Following incubation, the modified dsRNA was
digested to mononucleotides with nuclease P1 (3 h at 37°C). Diges-
tion was stopped by cooling on ice and the digest was spotted onto
PEI-cellulose plates for thin-layer chromatography. The plates were
chromatographed until the front was 1 cm from the edge. The
positions of the various mononucleotides and the origin are indi-
cated. Lanes: nil, no extract; P19, extracts from P19 cells; EC, not
treated. pC, pU, pI, pG, and pA correspond to cytosine, uridine,
inosine, guanosine, and adenosine monophosphates, respectively.

complex cellular and molecular events which lead to the
formation of the multitude of cell and tissue types which
make up the higher organisms will depend at least in part on
the identification of such agents and understanding of their
mechanisms of action and production. Many instances of
involvement of the IFNs in the regulation of growth and
differentiation have been described previously (for reviews,
see references 9, 28, 34, 43, 57, 61, and 64).
We have shown that differentiating EC cells rapidly ac-

quire the ability to produce IFN in response to inducers (69).
At the same time, inhibition of IFN action by antisera or
replacement of conditioned medium causes a decrease in the
numbers of differentiated cells (Fig. 2). In both cases,
exogenous IFN can restore differentiation capacity. The
time when the IFN is active corresponds to the onset of
rapid loss of plating efficiency of the cells (69). This loss of
plating efficiency is much less pronounced in the presence of
anti-IFN antisera, which is an additional indication of the

TABLE 1. Induction of IFN in L cells by poly(I C) and
cytoplasmic RNA from P19 cells

Titer (IU/ml)W Activation of
Treatment ~~~~~dsRNA-Treatment Without With dependent

antibody antibody kinaseb

Mock induced' <6 <6 ND
RNA from P19 EC cells <6 <6

(100 p.g/ml)
RNA from P19 RA-48 cells 210 <6 +

(100 pLg/ml)
Poly(I C) (1 ,ug/ml) 168 <6 +

a International units determined with reference MuIFN preparation. G-200-
904-511. Each value is the average of four separate titrations.

b See Materials and Methods for details. ND, not determined; -, no
activation; +, activation.

C Cells treated with medium containing no RNA.
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FIG. 11. Model of involvement of autoinduced IFN in the differentiation of P19 cells. See the text for explanation.

effect of endogenous IFN on differentiation (69). If antibody
is removed prior to 24 h or added after 48 h, no effect is seen,
indicating that the endogenous IFN acts for a short time.
IFN-specific mRNA also accumulates within the cells during
this time (Fig. 3). These observations raise two points: why
inhibition of differentiation is not complete and why no IFN
can be detected in the cultures at the times that the antibody
and PCR results indicate that IFN should be present. One
possible explanation for both of these questions is that low
levels of IFN produced are very rapidly internalized by the
cells. In this case, some cells would escape the blocking
action of the antibodies, and accumulation in the medium
would be very low, escaping detection. Another possible
explanation is the existence of more than one differentiation
pathway.
Another interesting question is that of the precise role of

the autocrine IFN in differentiation. The levels of IFN
produced are sufficient to cause activation of ISRE-binding
activity (Fig. 4). In view of the coincidence of profound
changes in the growth characteristics of the cells within the
time of action of the anti-IFN, it is tempting to speculate that
the role of IFN is to bring the cells out of cycle in order to
allow differentiation to occur.
The IFNs are strictly inducible genes: under normal

conditions, the IFN genes are inactive, and transcription
occurs only after induction by exogenous agents (56). The
question of which signal leads to endogenous production of

IFN has not been addressed to any significant extent in any
system. We show here that differentiating P19 cells accumu-
late dsRNA in their cytoplasm starting at 24 h of RA
treatment (Fig. 7). The dsRNA is biologically active, as
shown by its capacity to induce IFN in heterologous cells
and to activate the DAI (Table 1). This result, along with the
appearance of activated NF-KB at the appropriate times
(Fig. 5), leads us to propose that this endogenously produced
dsRNA is the inducer of IFN in this system. In general,
dsRNA is a potent biological effector and causes induction
and/or activation of the expression of other genes (56). For
example, phosphorylation of eIF-2a, which leads to inhibi-
tion of protein synthesis is carried out by the enzyme known
as DAI (also known as P1, dsI, and PKds) (37). This enzyme
is activated by dsRNA containing perfect duplex regions of
at least 50 bp long (31). Inhibition of protein synthesis may
take place in a localized fashion within the cell (17). It is
noteworthy to mention that another research group has
previously detected the existence of dsRNA structures in
RNA preparations of certain cell lines by its ability to
activate in vitro phosphorylation of eIF-2ac (59). The biolog-
ical relevance of these structures is underlined by the fact
that genes with potential cytokine activity and identified as
platelet-derived growth factor inducible were also shown to
be regulated by dsRNA (63, 75). However, induction of
some of these genes by dsRNA appears to be mediated by a
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different pathway than when platelet-derived growth factor
is the inducer (26).
The accumulation of dsRNA in differentiating P19 cells is

paralleled by a significant decrease in the levels of a previ-
ously described RNA unwindase or modificase activity (3,
60, 71). The high levels of dsRNA unwindase or modificase
activity in EC cells coincide with the absence of dsRNA in
these cells. dsRNA accumulates when levels of the modify-
ing activity drop. We cannot, however, state at this time
whether this is a causal effect. Loss of plating efficiency,
action of anti-IFN, and accumulation of IFN-j mRNA and
of dsRNA all follow a similar time course. On the basis of
these observations, we propose the following model (Fig. 11)
for the involvement of IFN in the differentiation of P19 EC
cells: the undifferentiated, freely proliferating cells are in-
competent for IFN induction. These cells also contain high
levels of RNA unwindase or modificase activity, which do
not allow the accumulation of dsRNA structures. During the
course of differentiation, the levels of unwindase activity
drop and dsRNA accumulates in the cytoplasm, leading to
autoinduction of IFN, which in turn removes the cells from
the proliferative cycle and permits the cells to terminally
differentiate. This model is a tentative one, which links
together all of the currently available data. Several points
and predictions which arise from the model can be veri-
fied experimentally, and we are currently continuing our

studies in view of confirming or completing the picture of the
role of IFN in the differentiation of EC cells and in devel-
opment.
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