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To identify genes induced during macrophage activation, a cDNA library was prepared from cultures of the
RAW 264.7 mouse macrophage cell line that had been treated with conditioned medium from mitogen-
stimulated spleen cells, and the cDNA library was screened by differential plaque hybridization. Eleven cDNA
clones, designated CRG-1 through CRG-11, corresponding to mRNA species inducible in RAW 264.7 cells by
the spleen cell conditioned medium, were isolated. Inductions were not blocked by cycloheximide. All of the
mRNAs were inducible by gamma interferon, and some were also inducible by alpha and beta interferons, by
lipopolysaccharide, by phorbol 12-myristate 13-acetate, and by the calcium ionophore A23187. Sequencing of
the cDNAs revealed that CRG-1, CRG-3, and CRG-5 are cDNAs of recently identified transcription factors
IRF-1, zif/268, and LRF-1 respectively. As previously reported, CRG-2 and CRG-10 (MIG) encode new
members of the platelet factor 4 family of cytokines. CRG-6 corresponds to a new member of a family of
interferon-inducible genes clustered on mouse chromosome 1, CRG-9 corresponds to a prostaglandin synthase
homolog, CRG-8 corresponds to B,-microglobulin, and CRG-4 corresponds to metallothionein II. CRG-11
contains sequences of a truncated L1Md repetitive element as well as nonrepetitive sequences. The nonrepet-
itive sequence of CRG-11 as well as the sequences of CRG-7 are not closely related to published sequences. The
CRG genes and proteins are of interest because of their involvement in macrophage activation, because of their
roles as mediators of the effects of gamma interferon and other pleiotropic agents, and because of their
usefulness as tools for studying the signal pathways through which gamma interferon and other inducers exert

their effects on gene and protein expression.

Monocytes/macrophages play a central role in immune
and inflammatory responses and as such are involved in the
pathogenesis of disorders as diverse as atherosclerosis (7)
and AIDS (24). Macrophages can be activated by endoge-
nous cytokines such as interferons (IFNs) (54, 61, 71),
granulocyte/macrophage colony-stimulating factor (26), and
tumor necrosis factor (61) as well as by exogenous factors
such as lipopolysaccharide (LPS) (15) and muramyldipeptide
(84). When activated, macrophages manifest enhanced ca-
pabilities in the presentation of antigens, phagocytosis, the
killing of intracellular pathogens, and the killing of tumor
cells (reviewed in reference 93). Macrophage activation is in
large measure the result of the induction of genes by mac-
rophage-activating factors, such as the induction of the
genes for the major histocompatibility class II antigens (53,
66) and the Fcy receptor-a (88) by IFN-y and induction
of the tumor necrosis factor gene by LPS (5). It is likely,
given the range and complexity of the responses in which
macrophages participate, that many activation-related in-
ducible genes have yet to be identified. Likewise, despite the
identification of IFN and LPS receptors (2, 82, 89), the
recognition of IFN- and LPS-responsive promoter elements
(23, 43, 74, 90), and the characterization of DNA-binding
proteins involved in the transcriptional regulation of IFN-
and LPS-responsive genes (13, 34, 74), many of the molec-
ular events important for activation-related changes in gene
expression, particularly in response to IFN-y, remain ob-
scure.

This report describes the use of differential screening of a
cDNA library prepared from lymphokine-treated mouse
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macrophage-like RAW 264.7 cells in order to identify genes
induced early in the response to macrophage-activating
factors. The protein products of such genes are likely to play
important regulatory roles, both in the programmed changes
in gene expression that accompany macrophage activation
and differentiation and in providing signals to other types of
cells that react in a coordinated fashion as part of immune
and inflammatory reactions. These genes and proteins are of
interest not only because of their roles in macrophage
activation but also as mediators of the effects of activating
factors such as the IFNs and LPS that influence a broad
range of biological processes. In addition, the inducible
genes can serve as suitable tools for investigations of the
signal pathways through which the macrophage-activating
factors exert their effects on gene expression.

The current studies describe the isolation of 11 cDNA
clones, designated CRG-1 through CRG-11 (for cytokine-
responsive genes), corresponding to mRNA species of in-
creased abundance in the early times following cytokine
activation of RAW 264.7 cells. Some of the cDNAs corre-
spond to genes that have been identified previously, while
others are novel. Full-length clones of two of the novel
cDNAs, designated here CRG-2 and CRG-10 (the latter
having been named MIG) and encoding members of the
platelet factor 4 family of cytokines, have been published
previously along with the patterns of expression of their
mRNAs (21, 83). Some of these published data on CRG-2
and CRG-10 are included here for purposes of comparison
with other members of the CRG collection.
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MATERIALS AND METHODS

Cell culture, spleen cell conditioned medium, and cytokines
and other activators. RAW 264.7 cells (63) were obtained
from the American Type Culture Collection (Rockville, Md.)
and grown in RPMI 1640 supplemented with 10% fetal
bovine serum. For preparation of RNA following treatment
with lymphokines and other agents, the RAW 264.7 cells
were plated at 1.5 x 107 to 2.2 x 107 cells per 15-cm dish,
and the dishes were used 12 to 24 h later when the cells were
60 to 90% confluent. Lymphokine-rich conditioned medium
from concanavalin A (ConA)-stimulated spleen cells was
prepared from male C57BL/6 mice according to the proce-
dure of Marcucci et al. (50) as described previously (83),
with the harvested medium containing 10 pg of ConA per ml.
Control spleen cell conditioned medium was prepared from
cells cultured similarly except without ConA, and the me-
dium from control cells was made 10 pg of ConA per ml at
the time of harvesting. The spleen cell conditioned medium
contained <0.1 endotoxin unit per ml as determined by a
chromogenic Limulus amebocyte lysate test (Whittaker Bio-
products, Walkersville, Md.). IFN-y was mouse recombi-
nant protein either prepared from Chinese hamster ovary
cells with a specific activity of =107 U/mg (Amgen Biologi-
cals, Thousand Oaks, Calif.) or purified from Escherichia
coli to a specific activity of 1.2 x 107 U/mg and generously
provided as a gift from Genentech, South San Francisco,
Calif. IFN-y activities were determined by the suppliers by
cytopathic reduction assay, using mouse L cells challenged
with vesicular stomatitis virus. The IFN-a and IFN-B were
murine natural products purified to specific activities of 1.4
x 10° and 1.3 X 108 international reference units per mg,
respectively, assayed by the supplier in a cytopathic reduc-
tion assay on RtK rat kidney cells challenged with vesicular
stomatitis virus (Lee BioMolecular, San Diego, Calif.).
Phorbol 12-myristate 13-acetate (PMA) and A23187 were
from Sigma. Cells were treated with cytokines and other
activators in RPMI 1640 containing 10% fetal bovine serum.
Following treatment of the RAW 264.7 cells with each of the
IFNs, medium was stored at —70°C, and subsequent assays
for endotoxin gave levels of <0.5 endotoxin unit per ml of
medium. LPS was from E. coli O127:B8 prepared by the
Westphal method (Difco Laboratories, Detroit, Mich.).

Construction of the cDNA library. RAW 264.7 cells were
plated at 2 x 107 cells per 15-cm dish, and the following day
they were exposed for 3 h, in the presence of 10 pg of
cycloheximide (CHX) per ml, to 20% conditioned medium
from ConA-stimulated spleen cells. Poly(A)* RNA was
prepared from the RAW 264.7 cells, and oligo(dT)-primed
cDNA was synthesized. Following treatment with EcoRI
methylase, addition of EcoRI linkers, and cleavage with
EcoRI, the cDNA was inserted into the EcoRI site of Agt10
DNA as described previously (83). Five hundred thousand
recombinant phages were amplified in E. coli C600 AHfl to
yield a library that was used for subsequent screening.

Synthesis of complex cDNA probe and screening of the
¢DNA library. Synthesis of cDNA probe from poly(A)*
RNA from stimulated and control RAW 264.7 cells and
differential screening of the cDNA library were done as
described by Lau and Nathans (40), with minor modifica-
tions. Stimulated RAW 264.7 cells were treated for 3 h with
20% conditioned medium from ConA-stimulated spleen cells
in the presence of 10 pg of CHX per ml, while control cells
were exposed to medium with identical concentrations of
ConA and CHX but without spleen cell conditioned medium.
Complex cDNA probe was synthesized as described previ-
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ously (83). By using 1 pg of poly(A)* RNA, approximately 7
x 107 cpm was incorporated into the cDNA probe, and the
probe was used for hybridization screening at 1 x 10° to 2 x
10° cpm/ml.

Four hundred to eight hundred recombinant phages were
plated on agarose dishes (9 by 9 cm), using E. coli C600 AHfl.
Duplicate nitrocellulose lifts were made from each plate, and
the filters were processed and hybridized as described
previously (40, 60). Purification of plaques showing differen-
tial hybridization to the stimulated compared with the con-
trol cDNA probe was done as described in Results. The
EcoRlI inserts were isolated, and the purified fragments were
used to make probe and/or inserted into the pBlueScript KS
phagemid (Stratagene, La Jolla, Calif.).

Northern (RNA) blot analysis. Agarose-formaldehyde gel
electrophoresis was done with 1.2% agarose gels according
to the procedure of Goldberg (25), and nitrocellulose filters
were processed as described previously (83). 32P-labeled
cDNA probes were made by nick translation or by using
random primers with reagents and according to the protocols
provided by Pharmacia or Amersham. The probes had
specific activities in the range of 0.5 x 10° to 2 x 10° cpm/pg
and were used for hybridizations at 1 x 10° to 5 x 10°
cpm/ml. Autoradiography was done with Kodak XAR film,
and except as otherwise indicated, an intensifying screen
was used at —70°C.

Cloning and sequencing of CRG cDNA clones. The approx-
imate sizes of the cDNA clones isolated initially were as
follows: CRG-1, 1.5 kb; CRG-2, 0.6 kb; CRG-3, 1.2 kb;
CRG+4, 0.7 kb; CRG-5, 1.2 kb; CRG-6, 0.6 kb; CRG-7, 1.4
kb; CRG-8, 0.95 kb; CRG-9, 2.2 kb; CRG-10, 1.2 kb; and
CRG-11, 0.45 kb. Additional, longer cDNA clones were
subsequently isolated for CRG-1 (2.1 kb), CRG-2 (1.1 kb)
(83), and CRG-10 (1.4 kb) (21), and a 3.2-kb cDNA of zif/268
(CRG-3; see below) was obtained from B. Christy and D.
Nathans (Johns Hopkins University). Both the initial shorter
and the longer cDNA clones were used as probes in the
experiments described below. CRG-2, CRG-8, and CRG-9
cDNA clones contained internal EcoRlI sites, and the EcoRI
fragments were inserted into pBlueScript KS plasmid sepa-
rately and used individually or in combination as probes. An
aldolase A cDNA probe was prepared from a 1.4-kb cDNA
clone kindly provided by A. Levy, L. Sanders, and D.
Nathans (Johns Hopkins University). Sequencing was done
by the dideoxy method (69) on double-stranded substrates,
using T3 and T7 primers (Stratagene) and reagents supplied
by United States Biochemical Corp. (Cleveland, Ohio).

RESULTS

Construction and screening of the cDNA library. Differen-
tial screening of a cDNA library was used to identify genes
and proteins induced during macrophage activation. The
cDNA library was prepared in the Agtl0 vector from oli-
go(dT)-primed cDNA made from cultures of the RAW 264.7
mouse macrophage cell line that had been treated for 3 h in
the presence of CHX with 20% conditioned medium from
ConA-stimulated mouse splenocytes. Complex, single-
stranded, radiolabeled cDNA probe was prepared from
RAW 264.7 cells that had been treated with conditioned
medium as described immediately above (stimulated cells) as
well as from RAW 264.7 cells that had been treated for 3 h
with identical concentrations of ConA and CHX but without
spleen cell conditioned medium (control cells). Duplicate
phage lifts were prepared and screened as described in
Materials and Methods with a cDNA probe from the stimu-
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lated and control RAW 264.7 cells. Filters containing a total
of approximately 40,000 plaques were screened, and initially
176 phages were identified that showed a greater signal after
hybridization to cDNA probe from the stimulated compared
with control cells. After elimination of phages with inserts
cross-hybridizing to the two most abundant species, the
remaining phages showing differential hybridization were
plated individually; from each plate, six phages were picked
to grow in grids from which lifts were prepared for a second
round of screening with a cDNA probe from stimulated and
control RAW 264.7 cells. Only phages showing differential
hybridization in the second screening were analyzed further.
EcoRlI inserts from these phages were isolated and used to
identify cross-hybridizing (i.e., related) phages within this
collection. Inserts from 23 unrelated phages were used to
synthesize probes for Northern blots of RNA prepared from
RAW 264.7 cells. Eleven cDNAs, CRG-1 through CRG-11,
hybridized to RNAs of greater abundance in stimulated cells
compared with the control RAW 264.7 cells, and these
cDNAs were inserted into the pBlueScript KS phagemid
(Stratagene) for use as described below (see Materials and
Methods).

Induction of the CRG mRNAs by spleen cell conditioned
medium. RAW 264.7 cells were treated for 3 h with 20%
conditioned medium from ConA-stimulated spleen cells or
with various control media both in the presence and in the
absence of CHX, and total RNA was harvested for analysis
by Northern blot using the CRG and aldolase A cDNA
probes. Figure 1 shows that when equal amounts of total
RNA were used for analysis, each of the CRG probes
hybridized to one or more mRNA species that accumulated
in RAW 264.7 cells treated with conditioned medium from
ConA-stimulated spleen cells compared with control RAW
264.7 cells. The approximate sizes of the mRNAs are noted
in the legend to Fig. 1. Control cells included RAW 264.7
cells treated with conditioned medium from spleen cells not
exposed to ConA, RAW 264.7 cells treated with ConA
alone, and RAW 264.7 cells that remained in growth medium
without additions. Hybridizing a representative blot with an
aldolase A cDNA probe demonstrated that the level of the
aldolase mRNA did not differ in stimulated versus control
RAW 264.7 cells. The panel showing hybridization to the
CRG-2 probe and portions of the panel using the CRG-10
probe have been published previously (21, 83) and are shown
here for the purpose of comparison with the patterns of
expression of the other members of the CRG collection.

For experiments to evaluate the role of new protein
synthesis, CHX (10 pg/ml) was added simultaneously with
the stimulating or control media. Treatment of RAW 264.7
cells with this dose of CHX resulted in a 93% inhibition of
protein synthesis after 5 min and a 96% inhibition after 1 h,
as measured by the incorporation of [>**S]methionine into
acid-precipitable material (data not shown). CHX alone led
to a decrease in the levels of the aldolase A control mRNA
as well as in the levels of those other mRNAs with readily
detectable signals in untreated cells, i.e., CRG-4 and CRG-8.
This overall effect precludes attributing lower mRNA levels
seen in some cases in the cells stimulated in the presence of
CHX compared with cells stimulated without CHX to an
inhibiting effect of CHX on induction. CHX alone led to a
significant increase in the levels of the CRG-3, CRG-5,
CRG-7, and CRG-9 mRNAs, and CHX resulted in superin-
duction of CRG-1, CRG-5, CRG-7, and CRG-10. For CRG-3
and CRG-9, significant accumulation of which occurred with
CHX alone, the data cannot be interpreted in regard to
whether induction by the spleen cell conditioned medium
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FIG. 1. CRG mRNAs in RAW 264.7 cells treated with spleen cell
supernatants. Twenty micrograms of total RNA from RAW 264.7
cells was loaded per lane, fractionated in a 1.2% agarose—formalde-
hyde gel, transferred to nitrocellulose, and hybridized to CRG
cDNA probes (see Materials and Methods). The RAW 264.7 cells
were treated for 3 h as follows (from left to right): 20% conditioned
medium (CM) from ConA-stimulated spleen cells, 20% conditioned
medium from unstimulated spleen cells plus ConA (10 pg/ml),
medium with ConA (10 pg/ml), and medium alone. Each of the
treatments was done in the presence or absence of CHX at 10 pg/ml,
as noted. Exposure for autoradiography ranged from 8 h without an
intensifying screen for CRG-2 to 8 days with an intensifying screen
for CRG-7 and CRG-11. The sizes of the hybridizing mRNAs were
approximated by comparisons with RNA markers (Bethesda Re-
search Laboratories, Gaithersburg, Md.) as follows: CRG-1, 2.3 kb;
CRG-2, 1.4 kb; CRG-3, 3.3 kb; CRG-4, 0.6 kb; CRG-5, 2.4 kb;
CRG-6, 4.2, 3.4, 2.8 (poorly seen here; see Fig. 2), and 1.7 kb;
CRG-7, 2.3 kb; CRG-8, 1.1 and 0.85 kb; CRG-9, 4.4 kb; CRG-10, 1.6
kb; CRG-11, 8.8 kb; and aldolase A (ALD), 1.6 kb. The panel
showing hybridization to the CRG-2 probe and portions of the panel
using the CRG-10 probe have been published previously (21, 83) and
are shown here for the purpose of comparison with the patterns of
expression of the other members of the CRG collection.

required new protein synthesis. For the other CRG mRNAs,
induction by the spleen cell conditioned medium clearly
occurred in the presence of CHX, and in no case was there
evidence that induction required new protein synthesis.
Induction of the CRG mRNAs by IFNs and LPS. It was of
interest to determine the responses of the CRG mRNAs to
specific macrophage-activating factors. Among those factors
tested were LPS and IFN-q, -B, and -vy; the effects of these
agents on the CRG mRNA levels in RAW 264.7 cells are
shown in Fig. 2. The factors were present throughout the 3-
and 6-h incubations. The LPS inhibitor polymyxin B was
included as a control in some incubations to rule out the
possibility that contaminating LPS was contributing to the
responses to the IFNs. The panels showing hybridizations
with the CRG-2 and CRG-10 probes have been published
previously (21, 83) and are shown here for the purpose of
comparison with the patterns of expression of other mem-
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FIG. 2. CRG mRNAs in RAW 264.7 cells treated with LPS and with IFN-a, -B, and -y. Total RNA was prepared from RAW 264.7 cells
treated for 3 or 6 h with various stimuli as noted and analyzed by Northern blot as in Fig. 1. Polymyxin B (PB) was used at a concentration
of 5 pg/ml. For the 6-h blots, those probed with CRG-1 through CRG-4 and CRG-8 through aldolase (ALD) included RNA from RAW 264.7
cells treated with polymyxin B, while the corresponding lane was left blank on the blots probed with CRG-5, CRG-6, and CRG-7. Exposures
for autoradiography ranged from 12 and 33 h without an intensifying screen for aldolase and CRG-2, respectively, to 12 days with an
intensifying screen for CRG-9. The panels showing hybridizations with the CRG-2 and CRG-10 probes have been published previously (21,
83) and are shown here for the purpose of comparison with the patterns of expression of other members of the CRG collection.

bers of the CRG collection. Eight of the eleven CRG mRNAs
were induced by LPS, with CRG-1, CRG-8, and CRG-10
being the exceptions. As expected, polymyxin B inhibited
the responses to LPS, although incompletely. (For unknown
reasons, polymyxin B alone induced accumulation of the
CRG-4 mRNA.) In general, the responses to LPS were
delayed compared with the responses to the IFNs, with the
LPS responses significantly less impressive at 3 h but
comparable to the IFN responses at 6 h. An exception was
CRG-9, the response of which to LPS was uniformly greater
than the responses to the IFNs.

Eight of the eleven mRNAs showed significant responses
to IFN-« and -B, with CRG-4, CRG-9, and CRG-10 being the
exceptions. In most cases, the levels of induction were
higher with IFN-a than with IFN- when identical antiviral
units were used, particularly at the 10-U/ml dose. At 1,000
U/ml for 3 h, some mRNAs such as CRG-6 and CRG-11,
showed little differences in their responsiveness to IFN-a
versus IFN-B, while CRG-5 and CRG-7, for example,
reached significantly higher levels with IFN-a than with
IFN-B even at these high doses of the IFNs.

All the mRNAs accumulated in response to IFN-y, and
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induction was evident with both 10 and 1,000 U/ml at both 3
and 6 h. In general, the mRNAs were induced to higher
levels and/or in response to lower antiviral doses with IFN-y
than with IFN-a and -B. An exception was CRG-6, which in
general appeared more responsive to IFN-a than to IFN-y.
CRG-6 was notable for the multiple species of RNA induced
and for the variations in the relative abundance of these
species depending on the type of inducer, the dose of
inducer, and the duration of exposure. At 3 h of treatment
with IFN-a and -B, the third-largest CRG-6 species (2.8 kb)
is prominent, while after 3 h of treatment with IFN-y, this
2.8 kb species is difficult to appreciate. After 6 h, the 2.8-kb
species is more prominent than the 3.4-kb species immedi-
ately above it in cells treated with either IFN-a, -B, or -y,
although in other experiments, the 2.8-kb band remained the
least prominent species in cells treated with IFN-y, even
after 24 h. The differential effect of a given inducer depend-
ing on the dose is seen at 6 h with IFN-a and IFN-B, for
which the relative levels of the species differ with 10 U/ml
compared with 1,000 U/ml.

The dose responses of the CRG genes to the various
inducers differed. In response to 3 h of LPS treatment, for
example, CRG-2 responses reached a higher level with 1,000
ng/ml than with 10 ng/ml, while CRG-9 responded identically
to the two doses. In the case of IFN-y, CRG-1, CRG-3, and
CRG-8, for example, showed little differences in mRNA
levels at 3 h whether 10 or 1,000 U/ml was use, while CRG-5,
-9 and -10 showed marked differences in the responses at the
two doses. Similarly, in response to 3 h of exposure to
IFN-a, CRG-6 showed a modest difference at 1,000 versus
10 U/ml, while the differences in the responses of CRG-1,
CRG-5, and CRG-7 at the two doses were quite dramatic.

The time course of accumulation of a given CRG mRNA
differed depending on the type as well as the dose of inducer.
For CRG-1, for example, from 3 to 6 h, levels with IFN-«a
and -B fell, while the levels with IFN-y showed little change.
The dose effect of a given agent can be seen with CRG-3 and
CRG-11. For CRG-3, while there was little difference in the
10- and 1,000-U/ml IFN-y signals at 3 h, the signals were
significantly different at 6 h. For CRG-11, the signals with
IFN-a at 10 U/ml went down from 3 to 6 h, while the level
with 1,000 U/ml continued to rise.

Time courses of accumulation of the CRG mRNAs in
response to IFN-y. Because all the CRG mRNAs were
induced by IFN-v, the folds of induction versus time could
be determined for all of the mRNAs in response to this
agent. RAW 264.7 cells were incubated from 0 to 24 h with
100 U of IFN-y per ml, and the folds of induction compared
with values at time 0 were determined by densitometry
following autoradiography/fluorography using preflashed
film (Fig. 3). For CRG-2 and CRG-10, the data were derived
from experiments published previously (21, 83), and these
data are presented here for the purpose of comparison with
the time courses for the other members of the CRG collec-
tion. The levels of induction varied from slightly more than
2-fold for CRG-4 to more than 800-fold for CRG-2. The
patterns of accumulation also varied. Some mRNAs, like
CRG-2 and CRG-3, peaked early and declined significantly
over the 24 h. Some, like CRG-10 and CRG-1, reached
plateaus that were sustained over the 24 h. At 24 h, most
mRNAs did not exceed the levels that they had reached at 8
h, with the notable exception of CRG-9, whose accumulation
was delayed, with the 24-h signal about four times the signal
at 8 h. RAW 264.7 cells that were mock treated and
incubated without IFN-vy for 3 h showed no rise in the levels
of any of the CRG mRNAs compared with time 0 cells, nor
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FIG. 3. Time courses of inductions of the CRG mRNAs in RAW
264.7 cells treated with 100 U of IFN-y per ml. Cells were treated
with IFN-y continuously for the times noted, and total RNA was
prepared and analyzed by Northern blot as in Fig. 1. Folds of
induction were determined by densitometry of autoradiograms,
using film preflashed to an optical density at 540 nm of approxi-
mately 0.25, and an intensifying screen, which was found to give a
linear relationship between disintegrations per minute and signal
intensity, allowing for quantitative comparisons of signals of differ-
ent intensities and from different exposure times. For CRG-2 and
CRG-10, no signals could be detected at 0 h, and folds of induction
are expressed as = values calculated versus the minimum signal
detectable by the densitometer. For autoradiograms showing more
than one major species, e.g., for CRG-6 and CRG-8, the signals from
the various species were summed at each time. For CRG-2 and
CRG-10, the data were derived from experiments published previ-
ously (21, 83), and these data are presented here for the purpose of
comparison with the time courses for the other members of the CRG
collection.

was there any change with time in the level of the control
aldolase A mRNA (data not shown). Similar to the response
to the spleen cell conditioned medium, the inductions of the
CRG mRNAs by IFN-y when analyzed at 2 h were not
prevented by the simultaneous addition of 10 pg of CHX per
ml (data not shown).

Responses of CRG mRNAs to PMA and A23187. Because
increases in the intracellular concentration of calcium and
activation of protein kinase C have been implicated in the
actions of macrophage activators such as IFN-y and LPS
(reviewed in reference 28) and because phorbol ester and
calcium ionophore have been shown to provide a portion of
the signals required for macrcphage activation (8), it was of
interest to evaluate the effects of PMA and A23187 on the
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FIG. 4. CRG mRNAs in RAW 264.7 cells treated with PMA and
A23187. Total RNA was prepared from RAW 264.7 cells treated for
3 h with various stimuli as noted in medium with 10% fetal bovine
serum, and the RNA was analyzed by Northern blot as in Fig. 1.
PMA was used at 100 ng/ml, A23187 was used at 10 pM, and IFN-y
was used at 100 U/ml. Because A23187 was added in DMSO, control
cells were included that were treated with 0.1% DMSO alone. The
results with use of the CRG-2 and CRG-10 probes were reported
previously (21, 83), although the data were not shown, and these
data are shown here for the purpose of comparison with the patterns
of expression of the other members of the CRG collection.

levels of the CRG mRNAs. Figure 4 shows the levels of the
CRG mRNAs in RAW 264.7 cells following 3-h exposures to
100 ng of PMA per ml or 10 pM A23187 or the combination
of the two. Cells were exposed to 0.1% dimethyl sulfoxide
(DMSO) as a control since the A23187 was added in DMSO,
and the response, in the same experiment, to 100 U of IFN-y
per ml is included. The results with use of the CRG-2 and
CRG-10 probes were reported previously (21, 83), although
the data were not shown, and these data are shown here for
the purpose of comparison with the patterns of expression of
the other members of the CRG collection. Some of the
mRNAs, such as CRG-1, CRG-2, CRG-8, CRG-10, and
CRG-11, responded minimally or not at all to PMA and/or
A23187. CRG-3 responded to PMA and to A23187, with the
two together appearing to have an additive but not synergis-
tic effect. CRG-7 and CRG-9 responded only to A23187,
while CRG-4 responded minimally to A23187 alone but did
respond to PMA alone and responded synergistically to the
combination of PMA and A23187. Similarly, CRG-5 and
CRG-6 demonstrated the synergistic effects of the two
agents. CRG-6 is of particular interest in that PMA caused
the induction, albeit to a low level, of the largest (4.2-kb) and
smallest (1.7-kb) RNAs, while treatment with A23187 led to
the induction of these plus the next-to-largest 3.4-kb species.
Neither PMA nor A23187, alone or in combination, led to the
appearance of the third-largest 2.8-kb species that was
induced minimally in this experiment by IFN-y and that is
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prominent after 3 h of treatment with the IFN-a and IFN-B
(see above and Fig. 2).

Sequences and identities of CRG ¢cDNAs. For CRG-2 and
CRG-10 (MIG), the complete cDNA sequences have been
published, demonstrating that the predicted proteins are
members of the platelet factor 4 family of cytokines (21, 83).
For the other cDNAs, sequences of several hundred nucle-
otides per cDNA have been determined and compared with
entries in the GenBank (Department of Health and Human
Services, release 69, September 1991) and EMBL Nucleo-
tide Sequence Library (updated through October 7, 1991)
data banks, using the NEWFASTA program from the Ge-
netics Computer Group, University of Wisconsin Biotech-
nology Center (14). Two of the cDNAs, CRG-8 and CRG-4,
represent mRNAs of well-established interferon-inducible
genes, B,-microglobulin (59, 85) and metallothionein II (22,
73), respectively. CRG-7 is related to an unpublished cDNA
sequence for human modulator recognition factor I (57), and
CRG-7 may represent the mouse homolog of the human
protein/gene. CRG-1, CRG-3, and CRG-5 correspond to
recently identified DNA-binding proteins with either pre-
sumed or demonstrated roles as regulators of transcription.
CRG-1 is IRF-1, which binds to the regulatory region of the
IFN-B gene (52) and is itself inducible by IFN-B (32). CRG-3
is zif/268, a zinc finger-containing protein induced as part of
the immediate-early response to growth factors and other
stimuli (10, 51) and for which a DNA recognition sequence
has been defined (11). CRG-5 matches almost precisely the
sequence of the rat LRF-1, a novel leucine zipper protein
that is induced as part of the initial events during liver
regeneration (33). The CRG-9 cDNA clone contains two
internal EcoRlI sites with EcoRI fragments of approximately
1.6, 0.3, and 0.17 kb, and with one end of the smallest
fragment having a poly(A) track preceded by a consensus
polyadenylation sequence. Sequence from the termini of the
1.6-kb fragment matches that of the 3'-most EcoRI fragment
of cDNA clone TIS10, a cDNA clone corresponding to a
phorbol ester-inducible mRNA from fibroblasts and encod-
ing a novel prostaglandin synthase homolog (37). The pub-
lished TIS10 cDNA clone terminates at an internal EcoRI
site, and the 0.3- and 0.17-kb fragments of CRG-9 presum-
ably correspond to the 3’ end of the mRNA that is missing
from the TIS10 sequence. Demonstration that the TIS10
protein is a functional prostaglandin synthase, as suggested
from the sequence, has not yet been reported.

CRG-6 is closely related to the IFN-activated gene 204 (9),
which is part of a cluster of IFN-inducible genes on mouse
chromosome 1 (58). Comparisons of segments of 218 and 293
nucleotides from the ends of the CRG-6 cDNA with the gene
204 cDNA sequence, using the BESTFIT program from the
Genetics Computer Group (14), revealed percent identities
of 86 and 92, respectively (data not shown), which together
with the complexity of the pattern of CRG-6 mRNA species
compared with the pattern of 204 expression (17) suggests
that CRG-6, though a member of the 204 family, is in fact a
different IFN-inducible gene. One hundred fifty base pairs at
one end of the CRG-11 cDNA, containing a poly(A) RNA
track preceded by a consensus polyadenylation sequence,
represent the 3’ end of an L1Md (20) repetitive element. In a
comparison with the sequences in the GenBank data base,
this segment of the CRG-11 sequence most closely matched
a portion of a LINE 1 repeat found in the second intron of a
major histocompatibility complex class II gene, with which it
showed 87.7% identity in a 154-bp overlap (data not shown;
47). The remaining 200 bp of sequence obtained from the
CRG-11 cDNA, both adjacent to the L1Md sequence and at
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the other end of the cDNA, showed no significant similarity
with sequences in the data bases.

DISCUSSION

The genes in the CRG collection encode transcription
factors and proteins predicted to be novel cytokines. It is
clear that at least some of these proteins, e.g., CRG-3
(zif/268), CRG-5 (LRF-1), and CRG-9 (TIS10), act in a
variety of biological contexts (10, 27, 33, 37). All of the CRG
mRNAs are inducible by the supernatants of ConA-stimu-
lated spleen cells and by IFN-vy, and in no case was induction
prevented by inhibiting new protein synthesis with CHX.
The accumulation of the mRNAs in an immediate-early
fashion independent of new protein synthesis was to be
expected given that the RAW 264.7 cDNA library and
probes were prepared from cells treated in the presence of
CHX. These results are consistent with those in the litera-
ture regarding the induction of the CRG and CRG-related
genes that have been identified previously, e.g., the induc-
tion of metallothionein II (CRG-4) by IFN-a (22), the induc-
tion of the CRG-2-related IP-10 gene by IFN-y (48), the
induction of TIS10 (CRG-9) by phorbol ester (45), and the
inductions of zif/268 (CRG-3) (41) and LRF-1 (rat CRG-5)
(33) by serum as well as other stimuli. The superinduction of
CRG-5 (mouse LRF-1) and of CRG-7 and CRG-10 (MIG)
mRNAs by spleen cell supernatants plus CHX (as well as by
IFN-y plus CHX, for which the data are not shown) was also
not surprising, since CHX has been shown to augment rates
of transcription (22, 39), the duration of transcriptional
activation (39, 41), and the stability of mRNAs (41) of
inducible genes in a variety of systems. Activation of tran-
scription by IFN-y and the superinduction of transcription
by CHX have been demonstrated directly for the CRG-10
(MIG) gene (90).

The responses of the CRG mRNAs to the IFNs and LPS
differed. CRG-1 (IRF-1) and CRG-8 (B,-microglobulin) re-
sponded to IFNs-q, -B, and -y but minimally or not at all to
LPS. CRG-9 (TIS10) responded to IFN-y and to LPS but not
to IFN-a or -B. A similar pattern was found for CRG-4
(metallothionein II). Metallothionein II has been found to be
IFN-« inducible in some cell lines (22) but not in others (38).
CRG-10 (MIG) was unusual in that it responded only to
IFN-y (21). The patterns of expression of the CRG genes
reflect the existence of overlapping yet distinct biological
activities for the IFNs and LPS. For example, both LPS (3)
and IFN-y (8) alone are capable of activating macrophages
for cytocidal activity, yet at appropriate doses they can be
shown to provide complementary and distinguishable signals
that are both required to produce a fully activated cell (1, 8).
Consistent with these effects, past work has shown that LPS
and IFN-y induce partially overlapping sets of proteins in
mouse macrophages (49), and recently a number of LPS-
inducible genes have been identified, a subset of which are
inducible by IFN-B and/or -y (30, 79). Likewise, while both
type I (o and B, which bind to the same receptor) and type 11
(v) IFNs have antiviral, antiproliferative, and immunoregu-
latory activities, the two types of IFN nevertheless have
clearly distinguishable sets of actions in terms of macro-
phage activation (54, 61) and against viruses (81) and tumor
cells (67). Also, the two types of IFN have been shown to
induce both similar (12, 65, 87) and unique (19, 65, 87)
proteins and genes.

While receptors for IFN-a (82), IFN-y (2), and LPS (89)
have been molecularly cloned, the signal transduction mech-
anisms whereby the IFNs and LPS induce changes in gene
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expression are complex and only partly understood. For
IFN-a and -B, reports have indicated roles for cyclic AMP
(70), protein kinase C (18, 64, 92), and intracellular calcium
(91) in producing changes in gene expression and/or biolog-
ical effects. For IFN-y, reports have implicated protein
kinase C (29), a novel protein kinase(s) (44), increases in
intracellular calcium (35), and Na*/H* exchange (62) in
signal transduction. For all of the IFNs, however, in cases in
which alterations in these signal transduction pathways have
been found to be involved, these alterations commonly have
been found to be necessary but not sufficient to induce
changes in biological behavior and/or gene expression (18,
35, 64, 91). In addition, it is clear that for a given IFN,
different pathways are involved in the regulation of different
effects (35, 70), and it is difficult to generalize from studies of
the induction of a single gene or biological activity. LPS has
also been reported to act through protein kinase C (28, 86)
and/or through changes in intracellular calcium (28), and
PMA or A23187 alone has been found capable of inducing a
subset of LPS-inducible genes in macrophages (79). Other
LPS-inducible genes do not respond to these agents (79), and
it is clear from other evidence that LPS acts through more
than one pathway, at least depending in part on the dose of
LPS used (72, 89).

As expected, the responses of the CRG collection of genes
to the protein kinase C activator PMA and the calcium
ionophore A23187 revealed no simple relationships between
the IFNs and/or LPS and these two major pathways for
signal transduction. It is clear that a number of IFN- and
LPS-inducible genes can be induced by PMA or A23187
alone, that some genes fail to respond to either agent, and
that some respond additively or synergistically to the action
of both agents together. The induction of a subset of IFN-
y-responsive genes by PMA and/or A23187 is consistent with
the ability of these pharmacological agents to mimic at least
a portion of the effects of IFN-y as an activator of macro-
phages for tumor cell cytotoxicity (8, 31), and the products
of these genes are therefore candidates as participants in the
cytotoxic response. Although the data are limited in terms of
the number of genes studied and doses and times of treat-
ment with the activators that were analyzed, mRNAs that
were inducible to significant levels only by the IFNs, namely
CRG-1 (IRF-1), CRG-8 (B,-microglobulin), and CRG-10
(MIG), did not respond to PMA and/or A23187. This finding
is consistent with the hypothesis of Levy and Darnell (42)
that signals following receptor binding by polypeptide li-
gands, and the IFNs in particular are mediated not by global
changes in the intracellular concentrations of small-molecule
messengers but rather through direct interactions of specific
signal-transducing proteins. The CRG genes that responded
to PMA and/or A23187 are all inducible by LPS, a potent and
pleiotropic, nonpolypeptide activator.

Of particular note regarding the CRG responses to PMA
and A23187 was the pattern of response of the CRG-6 RNAs.
As noted above, the sequence of the CRG-6 cDNA clone
indicated that CRG-6 is a member of a family of IFN-
inducible genes of unknown function on mouse chromosome
1 (9, 58). While the sequence of the CRG-6 cDNA indicates
that it is related to the 204 gene as described by Lengyel and
coworkers, the complexity of the pattern of expression of
the CRG-6 RNAs is reminiscent of the pattern obtained by
using a 203 gene probe (17, 58). The 203 gene is one of at
least three related genes in the same cluster with the 204
gene, but it does not cross-hybridize with members of the
204 gene family. In addition, the CRG-6 cDNA probe, a
partial cDNA of 0.6 kb from the presumed 3’ end of the
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mRNA, hybridized to four major RNA species, the largest
running just below the 28S RNA, while the 203 probes
identified five species, the largest running above the 28S
RNA (17). The multiple CRG-6-hybridizing RNAs might
arise by any number of possible mechanisms from a single
gene or from multiple genes. The observation that the largest
4.2-kb CRG-6 species can be induced by CHX alone, as seen
with difficulty in Fig. 1 but more clearly in other experiments
not shown, or by low-dose IFN-B (Fig. 2) with no or barely
detectable amounts of the smaller species, while the smaller
species have not been seen in the absence of the largest
4.2-kb band, is most readily understandable by assuming
that the smaller species are derived from the largest one,
either by alternative splicing or through an ordered pathway
of degradation. The patterns of expression seen in response
to the IFNs in Fig. 2 and in response to PMA and A23187 in
Fig. 4 suggest that the processing of the CRG-6 RNAs is
differentially regulated depending on the species, dose, and
duration of the physiologic inducer and that part but not all
of the physiologic response can be mimicked by the phar-
macologically induced activation of protein kinase C and/or
increases in intracellular calcium, again with differential
effects depending on which signal transduction pathway is
activated. If the regulation of the levels of CRG-6-hybridiz-
ing RNA species by IFNs is occurring at the level of mRNA
processing, it complements previous observations of post-
transcriptional regulation of the levels of inducible mRNAs
by both IFN-a (22, 44) and IFN-vy (80). It will be of interest
to determine the mechanisms whereby the multiple CRG-6
species are generated and regulated and the structures and
functions of the proteins that they encode.

As noted above, 150 bp at one end of the CRG-11 cDNA
clone correspond to the 3’ end of a truncated L1Md repeti-
tive sequence, where a full-length repeat contains 6 to 7 kb
(20). Previous studies have documented that LINE 1 se-
quences are transcribed by RNA polymerase II to yield a
heterogeneous population of nuclear RNAs as well as dis-
crete poly(A)* RNA cytoplasmic species (16, 36, 75). One of
these discrete species, identified in murine lymphoid cell
lines, could be detected only when cytoplasmic RNA was
analyzed apart from nuclear RNA, and the discrete species
was presumed to represent the transcript of a full-length
repeat, since it hybridized to probes that spanned the LINE
1 element (16). In experiments not shown, a 250-bp CRG-11
cDNA fragment lacking L1Md sequences was used to probe
a Northern blot of RAW 264.7 RNA, and this probe hybrid-
ized to the same inducible CRG-11 band as seen when the
complete CRG-11 probe was used. The failure of the com-
plete CRG-11 cDNA probe to identify a heterogeneous
population of related but presumably nonidentical L1Md
RNAs in the Northern blots shown above may have been
due to the limited length of L1Md sequence in the CRG-11
cDNA. The CRG-11 mRNA is not derived from a full-length
L1Md repeat but contains a severely truncated repeat,
apparently determining the site for polyadenylation of the
CRG-11 mRNA and constituting the CRG-11 mRNA’s 3’
end. An unpublished cDNA sequence of mouse integrin
alpha-4 has also been found to contain a truncated L1Md
repeat (55) with partial homology to the repeat sequence in
CRG-11, although in the case of the integrin cDNA, the
repeat is in the reverse orientation and does not constitute
the 3’ terminus of the cDNA.

Of primary interest are the functions of the CRG proteins,
i.e., the roles that they play as mediators of the effects of
their inducers and as participants in biological processes,
including macrophage activation. B,-Microglobulin (CRG-8)
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and metallothionein II (CRG-4) have well-defined functions.
IRF-1 (CRG-1), zif/268 (CRG-3), and LRF-1 (rat CRG-5) are
all recently discovered presumed transcriptional regulators
whose physiologic roles are under active investigation. Zif/
268 and LRF-1 were identified initially by differential screen-
ing, but in systems very different from the one used here.
Zif/268 has been found to be induced following a range of
stimuli, after growth factor treatment of growth-arrested
fibroblasts (41, 78), and in in vitro models of neuronal (51)
and cardiac (27, 77) differentiation. IFN-y treatment of RAW
264.7 cells represents another differentiation pathway
whereby zif/268 (CRG-3) is expressed, and with a delayed
time course of accumulation compared with serum stimu-
lated fibroblasts (41). LRF-1 (rat CRG-5) was identified on
the basis of its accumulation during liver regeneration,
peaking at 2 h and almost disappearing at 4 h posthepatec-
tomy (33). This was in contrast to the delayed and more
sustained accumulation of CRG-5 following IFN-vy treatment
of RAW 264.7 cells (Fig. 2 and 3). It is of interest that the
same transcriptional regulators can be induced very rapidly
and transiently by growth factors, but with different kinetics
and presumably with different effects on gene expression in
response to IFN-y, an antiproliferative and differentiation
factor.

CRG-9 has also been identified as TIS10, one of a collec-
tion of immediate-early genes in response to phorbol ester
stimulation of quiescent fibroblasts, and is predicted to
encode a new prostaglandin synthase (37). Previously, sur-
veys had shown expression of the TIS10 mRNA limited to
astrocytes (4) and fibroblasts (37). In fibroblasts, the level of
the TIS10 (CRG-9) mRNA peaks in the initial hours follow-
ing treatment with phorbol ester, serum, and other mitogens,
in line with the time course of induction of prostaglandin
synthesis in these cells but very different from the time
course of CRG-9 (TIS10) in RAW 264.7 cells during treat-
ment with IFN-y (Fig. 3). In contrast to the response to
platelet-derived growth factor in quiescent fibroblasts (46),
for example, treatment with IFN-y alone has not been
reported to increase the secretion of prostaglandins by
macrophages. Several reports have, however, documented
that pretreatment of monocytes/macrophages with IFN-y
significantly enhances the production of prostaglandins in
response to a subsequent stimulus such as phorbol ester (6)
or LPS (56). In contrast, IFN-a and -B have been found to
have either no effect or an inhibiting effect on prostaglandin
secretion (6). The dramatic induction of the CRG-9 (TIS10)
mRNA by IFN-y but not by the other IFNs (Fig. 2) may
represent the basis for the previously noted differential
effects of the IFNs on prostaglandin synthesis. The function
of the second signal, necessary to demonstrate the augmen-
tation of macrophage prostaglandin secretion by pretreat-
ment with IFN-y, might be to increase the availability of
substrate, i.e., arachidonic acid, and/or to produce an active
prostaglandin synthase by inducing translation or posttrans-
lational modification.

CRG-2 and CRG-10 (MIG) are new members of the
platelet factor 4 family of cytokines (21, 83). CRG-2 is
closely related to the human IP-10 (48), and the two may be
homologs (83). The members of the platelet factor 4 family,
many of which have been identified only recently, are
chemotactic factors, immune cell activators, and positive
and negative regulators of cell growth (76). CRG-2 and
CRG-10 (MIG) presumably act as mediators of the effects of
the IFNs, and the specific induction of CRG-10 (MIG) by
IFN-y raises the possibility that CRG-10 (MIG) mediates a
biological activity peculiar to IFN-y. Preliminary analysis of
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the MIG gene promoter has suggested that a novel sequence
may mediate the specific response to IFN-y (90). Studies of
the CRG-2 and MIG genes and proteins are ongoing, partic-
ularly in regard to the biological functions of the predicted
cytokines.

Since the partial sequence available for the CRG-11 cDNA
has not been informative, additional cDNA clones and
sequence will be obtained to determine whether the CRG-11
gene and encoded protein contain known structural motifs.
Investigations of the regulation and functions of the CRG
collection of inducible genes and proteins hopefully will shed
light on molecular mechanisms underlying a range of biolog-
ical responses, including growth, differentiation, and im-
mune and inflammatory reactions, and such studies may
provide tools for manipulating these complex cellular pro-
cesses.
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