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ABSTRACT Interleukin 12 (IL-12)-induced T helper 1
(Th1) development requires Stat4 activation. However, anti-
gen-activated Th1 cells can produce interferon g (IFN-g)
independently of IL-12 and Stat4 activation. Thus, in differ-
entiated Th1 cells, factors regulated by IL-12 and Stat4 may
be involved in IFN-g production. Using subtractive cloning, we
identified ERM, an Ets transcription factor, to be a Th1-
specific, IL-12-induced gene. IL-12-induction of ERM oc-
curred in wild-type and Stat1-deficient, but not Stat4-
deficient, T cells, suggesting ERM is Stat4-inducible. Retro-
viral expression of ERM did not restore IFN-g production in
Stat4-deficient T cells, but augmented IFN-g expression in
Stat4-heterozygous T cells. Ets factors frequently regulate
transcription via cooperative interactions with other tran-
scription factors, and ERM has been reported to cooperate
with c-Jun. However, in the absence of other transcription
factors, ERM augmented expression of an IFN-g reporter by
only 2-fold. Thus, determining the requirement for ERM in
Th1 development likely will require gene targeting.

Protection from pathogens requires appropriate effector re-
sponses, which can be enhanced by emergence either T helper
(Th)1 or Th2 phenotype CD41 T cells (1, 2). For example, Th1
development characterized by production of interferon g
(IFN-g), but not interleukin 4 (IL-4), aids in elimination of the
intracellular pathogens Listeria monocytogenes and Leishmania
major (1). Th1 development in CD41 T cells requires IL-12,
which is produced by activated macrophages (3) or dendritic
cells (4, 5) and which, in murine T cells, uniquely activates the
transcription factor Stat4 (6, 7). The importance of Stat4 in
IL-12-induced Th1 development was demonstrated by the
diminished IFN-g response to IL-12 by Stat4-deficient T cells
(8, 9). Similarly, IL-4-induced Th2 development requires ac-
tivation of Stat6 (10–12).

Two transcription factors, c-Maf and GATA3, have been
found to be expressed selectively by Th2 cells (13, 14). These
factors influence IL-4 production by direct promoter interac-
tions (13) or by effects on the IL-4 locus (15, 16). In contrast,
no Th1-specific transcription factors have been identified that
clearly regulate IFN-g transcription. Whereas Stat4 is ex-
pressed by Th1 and Th2 cells (17), Stat4 activation by IL-12
occurs only in Th1 cells because of Th1-restricted expression
of the IL-12R b2 subunit (18). One study suggested that Stat4
may participate directly in IFN-g regulation by binding non-
consensus, low-affinity STAT sites in the IFN-g promoter and
first intron (19), but did not examine the role of these sites in
native IFN-g regulation. In this model, Stat4 would directly
augment IFN-g gene expression in Th1 cells either alone or in
cooperation with other transcription factors. In either case,

activated Stat4 would be required for cytokine expression in
fully differentiated Th1 cells.

Here we show that T cell antigen receptor (TCR)-induced
IFN-g transcription in differentiated Th1 cells does not require
Stat4 activation. We identify an Ets family transcription factor,
ERM, as an IL-12-induced, Stat4-dependent gene selectively
expressed by Th1 cells. However, ERM expression does not
restore IFN-g production in Stat4-deficient T cells, suggesting
that either it regulates some other aspect of Th1 behavior
besides IFN-g production or that ERM requires cooperation
with other Th1-specific factors in regulating IFN-g expression.

METHODS

T Cell Purification and Activation. Stat1- and Stat4-
targeted heterozygous founder mice, gifts of R. D. Schreiber
(20) and J. N. Ihle (9), were backcrossed three times to
DO11.10 TCR-transgenic BALByc mice before interbreeding
to generate Stat12y2 and Stat42y2 H-2d DO11.10 TCR-
transgenic animals. Splenocytes from DO11.10 or BALByc
mice were purified on a density gradient (Histopaque-1119,
Sigma) and activated by 0.3 mM of ovalbumin peptide 323–339
(OVA) (3) or 1 mgyml of Con A (Sigma), respectively. For
anti-CD3 stimulation, plates were coated with 5 mgyml of
500A2 (gift of R. D. Schreiber) overnight at 4°C. Transgenic
T cells (1.25 3 105yml) were reactivated with 0.3 mM of OVA
peptide by using irradiated BALByc splenocytes (2.5 3 106y
ml) for antigen-presenting cells (APCs) as described (21). On
day 7, T cells were washed, counted, and restimulated as
indicated. Supernatants or RNA was harvested at 48 hr of
stimulation or as indicated. The Th1 clone 3F6, described
previously (6), was maintained by biweekly antigen stimula-
tion. Media, cytokines, and antibodies were as described
previously (21, 22).

RNA, Northern Blots, and cDNA Library. Total RNA was
purified by RNeasy system (Qiagen, Chatsworth, CA). Poly(A)
RNA was isolated by PolyA-Tract mRNA Isolation System IV
(Promega). Double-stranded cDNA and cDNA library was
synthesized by cDNA synthesis kit and ZAP-cDNA Gigapack
II gold cloning system (Stratagene). For Northern blots, 10 mg
total RNA was electrophoresed and transferred to Zeta Probe
membrane (Bio-Rad). For construction of cDNA libraries,
BALAyc splenocytes were activated by Con A with either
IL-12 or IL-4 to initiate Th1 or Th2 development, respectively,
and RNA was isolated after 2 days. The Th1 library was
screened by using RDA product D15 (described below) as
probe. Greater than 2 3 106 independent plaques were
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screened to obtain two separate, full-length murine ERM
cDNA isolates.

Immunoprecipitation and Western Blot Analysis. Stat4 was
immunoprecipitated with NB34 mAb as described (6, 23).
Proteins were separated by SDSyPAGE, probed with an-
tiphosphotyrosine RC20 (1:7,500; Transduction Laboratories,
Lexington, KY), and then stripped and probed with NB34 (1
mgyml).

Representational Difference Analysis (RDA). Splenocytes
from BALByc mice were stimulated by Con A plus either
IL-12 or IL-4 to initiate Th1 or Th2 development. RDA was
performed as described (24) with minor modifications. Dou-
ble-stranded cDNA from day 2 Th1 and Th2 cultures was
digested by Tsp509I or DpnII (New England Biolabs), and
RDA was done separately for each digest. The sequences of
R-12-Tsp509I, J-12-Tsp509I, and N-12-Tsp509I are 59-
AATTTGCGGTGA-39, 59-AATTTGTTCATG-39, and 59-
AATTTTCCCTCG-39, respectively. The remaining oligonu-
cleotides are as described (24). Three rounds of hybridization
subtraction were performed using by Tester (Th1)yDriver
(Th2) ratios of 1:100, 1:800, and 1:40,000, sequentially. Final
PCR products were digested with either Tsp509I or DpnII,
ligated into pBSSK vector at EcoRI (for Tsp509I) or BamHI
(for DpnII) sites, and transformed into DH5a-competent cells,
and individual colonies were isolated and RDA inserts were
recovered by PCR using T3 and T7 primers. PCR products
were dot-blotted onto duplicate filters and hybridized with
probes from Tester and Driver representations. Colonies with
selectively greater hybridization to Tester compared with
Driver were used as probes in Northern hybridization against
Th1 and Th2 RNA. Two hundred individual colonies were
screened, and 41 were equivalent to one designated D15.

Retroviral Constructs and Retroviral Transduction of
Naı̈ve T Cells. The vector GFP-RV has been described (15).
Phoenix-Eco packaging cells were from G. Nolan (Stanford
University, Stanford, CA). Viral supernatant was produced
according to Nolan’s protocol (http:yywww.stanford.eduy
groupynolanyNL-phnxr.html) except that T cell infection was
augmented by using RetroNectin (Takara Shuzo, Kyoto).
Two-day activated T cells were cultured with retroviral super-
natant on RetroNectin-coated plates for 2 days and transferred
to fresh plates and medium for 3 more days. T cells were sorted
for GFP expression on day 7.

IFN-g Promoter Reporter Analysis. IFN-g-promoter re-
porter constructs F and H have been described previously (16).
The full-length ERM cDNA was cloned into the BamHI and
XhoI sites of pcDNA3.1 expression vector (Invitrogen) to
produce pcDNAERM. Jurkat cells (107) were mixed with 20
mg IFN-g promoter reporter construct, 10 mg pcDNA or
pcDNAERM, and 1 mg CMV-Renilla luciferase plasmid (15)
in 1.2 ml RPMI 1640 medium. Cells were electroporated in
three 400-ml aliquots at 960 mF and 280 V by using a Bio-Rad
Gene Pulser, combined, and supplied with 1 ml fresh media.
After 12–14 hr, cells were divided into two parts and one was
stimulated with 50 ngyml of PMA and 1 mM of ionomycin for
4 hr before luciferase assay (25).

RESULTS

We first asked whether IFN-g production by a differentiated
Th1 clone 3F6 required concurrent Stat4 activation (Fig. 1).
Treatment of 3F6 cells with anti-CD3, either with or without
added IL-12, led to marked induction of IFN-g mRNA (Fig.
1A, lanes 3 and 4). In contrast, treatment with only IL-12 led
to nearly undetectable IFN-g induction (Fig. 1 A, lane 2). To
ask whether the absence of IL-12-induced IFN-g was simply
due to an absence of IL-12 receptors on 3F6 cells, we examined
IL-12-induced Stat4 activation (Fig. 1B). 3F6 cells clearly
express IL-12 receptors because treatment with IL-12 induced
specific tyrosine phosphorylation of Stat4 (Fig. 1B). This

phosphorylation occurred both in the presence and absence
cycloheximide (Fig. 1B, lanes 4 and 5), but not in the presence
of a tyrosine kinase inhibitor, Genistein (lane 6), as expected
(6). In contrast, anti-CD3-treated 3F6 cells did not activate
Stat4 (lanes 7–9). Thus, anti-CD3-induced IFN-g production
in differentiated Th1 cells is independent of Stat4 activation,
and IL-12-induced Stat4 activation alone is insufficient for
IFN-g production.

These results suggest that Stat4 may control expression of
Th1-specific factors that could cooperate in regulating IFN-g.
To identify such factors, we used RDA (24) with mRNA from
Th1 and Th2 cells 2 days after primary activation (Fig. 2). To
verify that successive rounds of RDA subtraction amplified
Th1-specific genes, we probed the representations and succes-
sive subtraction products with an IFN-g cDNA (Fig. 2A).
IFN-g signal was detected in the Tester (Th1), but not Driver
(Th2), representation and increased through subsequent sub-
tractions DP1 (first difference product), DP2, and DP3. As a
negative control, we showed that the GAPDH signal was
extinguished, being virtually undetectable after the second
subtraction (Fig. 2 A). DP3s from DpnII and Tsp509I repre-
sentations were cloned into BamHI and EcoRI pBSSKII
vectors, and individual colonies were screened by dot-blot
probed with Tester and Driver representation (data not
shown). Colonies with differential hybridization were se-
quenced, and differential expression was verified by Northern
blot analysis of Th1 and Th2 RNA (data not shown).

Several identified RNA were known to be selectively ex-
pressed by Th1 cells, including IFN-g and granzyme B. How-

FIG. 1. IFN-g production induced by anti-CD3 stimulation in
differentiated Th1 cells is IL-12- and Stat4-indepenent. (A) 3F6 T cells
were stimulated (1) with anti-CD3 or IL-12 (10 unitsyml) as indicated
or left unstimulated (2) for 4 hr as described in Methods. Total RNA
was prepared and Northern blot analysis for IFN-g was performed
(17). The autoradiogram was overexposed to allow detection of the
faint band present in the IL-12-treated lane. The blot was stripped and
reprobed for GAPDH as a loading control as described (17). (B) 3F6
T cells were pretreated with Genistein (50 mgyml) (gen) or cyclohex-
imide (10 mgyml) (CHX) or left untreated (f), as indicated, for 30 min
and then stimulated with IL-12 (10 unitsyml) or anti-CD3 for 30 min,
or untreated (none) as indicated. Cells were lysed, and immunopre-
cipitation for Stat4 was performed by using NB34 as described (17).
Western detection of phosphotyrosine was performed with antiphos-
photyrosine RC20 (Transduction Laboratories), and blots were
stripped and reprobed with anti-Stat4 (Lower) to indicate uniform
Stat4 immunoprecipitation.
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ever, 41 of 200 independent isolates were identical, designated
D15, and were homologous to the 39 untranslated region of the
human ERM gene, a member of the PEA3 subgroup of Ets
transcription factors (26). We isolated a full-length, 4-kb
murine ERM cDNA from a Th1-specific cDNA library en-
coding a 510-aa ORF. Our clone contained three differences
in amino acid sequence compared with the previously reported
murine ERM cDNA, specifically 48Q.H, 271F.Y, and
283V.A (27). These differences lie outside of the ETS and
transactivation domains, and 271Y and 283A are identical to
the corresponding human residues (27). Murine and human
ERM are highly homologous, share 95% identity at the amino
acid level, and are identical within the ETS domain.

ERM mRNA was expressed at high levels in Th1 T cells and
markedly reduced in Th2 cells (Fig. 2B Top), similar to the Th1
specificity shown by IFN-g (Fig. 2B Middle). In contrast,
GAPDH was expressed similarly by Th1 and Th2 cells (Fig. 2B
Bottom). Consistent with the reported expression of human
ERM (26), we found murine ERM expressed in brain, lung,
and in lymphoid tissues, but not liver (data not shown). To
confirm that our ERM cDNA was full-length and functional,
we carried out in vitro translation (not shown), obtaining a
single product of approximately 70 kDa, consistent with the
size reported for in vitro translation of human ERM.

To determine the basis for Th1-specific expression of ERM,
DO11.10 T cells (21) were activated with 0.3 mM of OVA
under several conditions, allowed to develop for 7 days, and
restimulated with and without IL-12, and ERM and IFN-g
expression was analyzed by Northern blotting after 2 days (Fig.
3A). In primary conditions known to induce IL-12 receptors
(lanes 1–4) (18), IL-12 addition in secondary stimulation
induced ERM. In contrast, in conditions that extinguish IL-12
receptor expression (lanes 5, 6), IL-12 addition in secondary
stimulation did not induce ERM. In contrast to ERM, IFN-g
expression was IL-12-independent if Th1 cells were exposed to
IL-12 in the primary culture. However, when primary cultures
contained only IFN-g and not IL-12, both ERM and IFN-g
induction required IL-12 in secondary stimulation. The results
confirm that ERM is an IL-12-inducible gene.

Because IL-12 activates both Stat1 and Stat4, we asked
whether these factors were required for ERM induction.
Stat1-deficient, Stat4-deficient, and wild-type DO11.10 TCR-
transgenic T cells were activated under various primary con-
ditions and ERM expression was analyzed by Northern blot-
ting (Fig. 3B). ERM expression in wild-type DO11.10 T cells
was dependent on addition of IL-12, but not IFN-g or IL4 (Fig.
3B, lane 1–4). In Stat1-deficient T cells, IL-12, but not IFN-g,
induced ERM expression (Fig. 3B, lanes 5 and 6). In contrast,
in Stat4-deficient T cells, IL-12 failed to induce ERM expres-
sion (lanes 7 and 8). These results suggest that ERM induction
by IL-12 is dependent on Stat4, but not Stat1 (Fig. 3B). No
changes in expression were seen among the cytokine condi-
tions analyzed above for Ets-1, Ets-2, ER81, Fli-1 (Fig. 3C), or
for other Ets members including PEA3, Elf-1, and PU.1 (data
not shown). Thus, ERM represents the first Th1-specific
transcription factor selectively induced by IL-12 through Stat4,
and this pattern seems unique among the Ets transcription
family.

TCR signaling was considered the primary pathway for
IFN-g induction in Th1 cells, but, recently, the combination of
IL-12 and IL-18 was shown to induce IFN-g in a TCR-
independent manner (28). Thus, we asked whether IL-12y
IL-18 treatment also induced ERM expression (Fig. 4). Rest-
ing DO11.10 Th1 cells were activated with combinations of
anti-CD3, IL-12 and IL-18, and ERM and IFN-g expression
analyzed by Northern blotting (Fig. 4). In the absence of
anti-CD3 stimulation, ERM expression was induced only by
the combination of IL-12 and IL-18 treatment, but not with
either cytokine alone, similar to the pattern of IFN-g expres-
sion (Fig. 4A, lanes 1–5). With anti-CD3 stimulation, ERM was
induced by the addition of IL-12 (Fig. 4A, lanes 7 and 9) but
not IL-18 (lane 8). In contrast, IFN-g was induced by anti-CD3
treatment alone, without the addition of IL-12 or IL-18, and
was only moderately augmented by cytokine addition. ERM is
induced rapidly by IL-12 and TCR stimulation (Fig. 4B), seen
after 2 hr, with the maximum between 4 and 10 hr, and is
diminished significantly by 3 days. Thus, like IFN-g, ERM can
be induced by IL-12yIL-18 treatment independently of TCR
signaling, but, distinct from IFN-g, ERM cannot be induced by
TCR signaling alone.

To test the role of ERM in Th1 development, we introduced
ERM into Stat4-deficient, Stat4-heterozygous, and wild-type
naı̈ve DO11.10 CD41 T cells during primary activation by
using a retroviral expression system (15). Viral infection was
achieved in 20–40% of primary CD41 T cells, and infected T
cells were purified by sorting for expression of GFP and CD4,
expanded in vitro with OVAyAPCs and IL-12 as pure, trans-
fected populations for 7 days (Fig. 5A). T cells were restimu-
lated with OVA and APCs, and IFN-g production was ana-
lyzed by ELISA from 48-hr supernatants (Fig. 5B). Stat4-
deficient T cells transfected with empty vector produced very
low IFN-g (Fig. 5B), as expected (8, 9). In contrast, Stat4-
deficient T cells infected with Stat4-expressing retrovirus
produced significantly higher IFN-g, at levels similar to that

FIG. 2. Cloning of Th1-specific genes by RDA. (A) Two hundred-
microgram PCR products of Driver (Th1) and Tester (Th2), as well as
each difference subtraction product DP1, DP2, and DP3, were elec-
trophoresed on 1.5% agarose gel and transferred to Zeta membrane.
The membrane was probed by either IFN-g or GAPDH cDNA probe
as indicated. (B) Splenocytes from DO11.10 TCR-transgenic mice
were activated with OVA and APCs with either IL-12 or IL-4, as
indicated, to initiate Th1 development (lane 1) or Th2 development
(lane 2) for 48 hr. Total RNA was prepared and Northern blot analysis
was performed by using a full-length ERM cDNA as probe (ERM).
The blot was stripped and reprobed for IFN-g and GAPDH as
indicated.
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produced by a wild-type Th1 control (Fig. 5B), confirming this
system’s ability to restore a normal phenotype. However, ERM

expression by retrovirus into Stat4-deficient cells did not
restore normal IFN-g production. Thus, ERM either is unre-
lated to IFN-g regulation or requires cooperation with other
transcription factors such as Stat4. To address this possibility,
we examined Stat4-heterozygous DO11.10 T cells. First, we
found that Stat4-heterozygous DO11.10 T cells exhibit a minor
defect in IFN-g production relative to wild-type controls (Fig.
5B), suggesting that Stat4 may be limiting during Th1 devel-
opment. In Stat4-heterozygous T cells, retroviral expression of
ERM augmented IFN-g production to levels similar to wild-
type Th1 controls (Fig. 5B). This result may suggest an
interaction between ERM and Stat4, but this approach cannot
distinguish between other possibilities that involve indepen-
dent actions of ERM and Stat4.

To test for potential interaction of ERM at the IFN-g
promoter, we cotransfected ERM or control expression plas-
mid with IFN-g promoter luciferase reporter constructs F and
H (Fig. 5C) (16). Construct F, extending from 2202 to 137,
contains a potential Ets consensus between the 2158 and
2168 site, whereas construct H, extending from 258 to 137,
lacks this site and contains only the proximal region proposed
to bind AP1yATF2 and CREByATF1 (29). ERM coexpres-
sion led to an approximate doubling of luciferase activity from
IFN-g promoter construct F, but had no effect on H (Fig. 5C).
Thus, although ERM can influence the IFN-g promoter in a
minor way, it is unlikely to be the sole Th1-specific factor
leading to IFN-g production.

DISCUSSION

Intense efforts have been directed at understanding the mo-
lecular basis of Th1 and Th2 development (1, 2). The role of

FIG. 3. ERM expression is IL-12-inducible and Stat4-dependent.
(A) Wild-type DO11.10 TCR-transgenic splenocytes were activated
with OVA and APCs plus various combinations of IL-12, IL-4, and
IFN-g as indicated. On day 7, T cells were harvested and restimulated
with OVA and APCs, with (1) or without (2) the addition of IL-12
(10 unitsyml). Total RNA was isolated after 48 hr, and Northern blot
analysis for ERM, IFN-g, and GAPDH was performed as above. (B)
DO11.10 splenocytes from wild-type, Stat1-deficient, or Stat4-
deficient mice DO11.10 mice were activated by OVA in the presence
(1) or absence (2) of indicated cytokines for 48 hr. RNA was
prepared and Northern blot analysis of ERM, IFN-g, and GAPDH was
performed as described in A. (C) The indicated Ets family members
were obtained as expressed sequence tag clones from Genome Systems
(St. Louis), and their identity was confirmed by DNA sequencing.
Probes were derived from unique coding or 39 untranslated regions.

FIG. 4. Regulation of ERM expression by IL-12 and IL-18. (A) Th1
cells were generated from DO11.10 TCR-transgenic splenocytes as
described above, restimulated with OVA and APCs, and, 7 days later,
restimulated with the indicated combinations of anti-CD3, IL-12 (10
unitsyml), IL-18 (50 ngyml), and IFN-g (100 unitsyml) for 48 hr. Total
RNA was prepared and Northern blot analysis of ERM, IFN-g, and
GAPDH was performed. (B) Resting 3F6 T cells were stimulated by
using anti-CD3-coated plates and IL-12 (10 unitsyml) for the indicated
times, total RNA was prepared, and ERM and GAPDH Northern blot
analysis was performed as described above.
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IL-12 and IL-4 in Th1 and Th2 development was recognized
first in in vitro developmental systems (3, 30, 31). These systems
emphasized the importance of cytokine-signaling pathways in
Th1 and Th2 development, but did not reveal the underlying
molecular mechanisms. Subsequent studies demonstrated that
the specific transcription factors Stat4 and Stat6 mediate the
phenotype-inducing effects of IL-12 and IL-4 (8–11, 32).
However, it is not clear whether Stat4 and Stat6 directly
mediate transcription of Th1- and Th2-specific cytokine genes
or whether they act only to initiate these specific developmen-
tal programs.

Studies of IL-4 gene regulation provide some understanding
of Th2 development. First, the transcription factor c-Maf was
found to be Th2-specific and to interact with the proximal IL-4
promoter augmenting expression (13). Second, the transcrip-
tion factor GATA-3 was shown to be Th2-specific and to
augment IL-4 as well as IL-5 gene expression (14). Subse-
quently, the basis for Th2-selective expression of GATA-3 in
T cells was shown to involve Stat6 for induction in Th2 cells and
Stat4 for repression in Th1 cells (16). Whereas c-Maf acts at
the MARE site in the proximal IL-4 promoter (13), GATA-3
may act at sites distant from the proximal IL-4 promoter (15),
but the nature of this mechanism is not yet clear.

In contrast, less is known about the mechanisms of Th1
development. IFN-g gene transcription appears to be under
complex control and induced by at least two distinct signaling
pathways (28). In Th1 cells, TCR signaling fully activates IFN-g
transpiration, but, in addition, a TCR-independent pathway
exists that can be activated by the combination of cytokines
IL-12 and IL-18 (28). Although many studies have aimed to
identify cis-regulatory elements important for IFN-g gene
regulation, most have used transformed tumor lines and
polyclonal or chemical activation, thus obscuring the role of
various signaling pathways for interactions with cis-acting
elements. Several transcription factors have been implicated in
IFN-g-gene regulation, including NF-AT, NFkB, YY-1,
CREByATF1, AP-1yATF2, GATA-3, and Stat4 (19, 33–36).
Of these, none appears to be expressed in a strictly Th1-
dependent manner. GATA-3, suggested previously to augment
the IFN-g promoter (36), is expressed selectively by Th2 cells,
which do not produce IFN-g, perhaps suggesting a repressive
role in the IFN-g promoter. However, we showed recently that
GATA-3 does not directly inhibit IFN-g when expressed in
fully developed Th1 cells, arguing against a direct promoter
effect (16). Stat4 has also been suggested to potentially reg-
ulate the IFN-g gene (19). Several low-affinity, nonconsensus
STAT sites were identified in the first intron of the IFN-g gene,
and these sites were shown to bind purified STAT proteins in
vitro (19). However, sites interacting with recombinant Stat1,
Stat4, as well as Stat6 were identified, and the particular role
of each STAT in regulation was not established. Moreover, the
functional role of these potential cis-acting elements in regu-
lating the native IFN-g gene has not yet been analyzed.

In contrast to direct Stat4 regulation of IFN-g, we show here
that Stat4 activation alone is not sufficient to induce IFN-g
gene transcription (Fig. 1). Because Th1 development in CD41

T cells is dependent on Stat4 activation (8, 9), this suggested
to us that Stat4 may be required to induce additional factors
that may directly influence cytokine transcription. Here we
report the identification of a transcription factor induced in an
IL-12- and Stat4-dependent manner. This factor, ERM, is
selectively expressed by Th1 cells after activation in the
presence of IL-12.

ERM is a member of the Ets family of winged helix–turn–
helix transcription factors, which bind the purine-rich DNA
core consensus GGAAyT through a highly conserved DNA-
binding domain (37). The Ets family is involved in numerous
developmental processes (37, 38). The prototypical Ets factor
Ets-1 selectively participates in natural killer cell development
(39), and PU.1, a related Ets factor, participates in lymphoid–
myeloid differentiation (40, 41). Ets transcription factors bind
DNA as monomers and rely heavily on interactions with other
transcription factors for exerting their unique regulatory ac-
tivities (37). Importantly, human ERM binds a consensus
nucleotide core sequence GGAA and can cooperate with the
AP-1 family member c-Jun for transcriptional activation (42–
44). ERM only recently was identified and is a member of the
PEA3 subfamily of Ets proteins (44, 45). In all PEA3 family
members, domains inhibiting DNA binding have been identi-
fied adjacent to the ETS domain, thought to imply that DNA

FIG. 5. Effects of ERM expression on IFN-g production in Stat4-
deficient and Stat4-herterozygous T cells. (A) Stat4-deficient, Stat4-
heterozygous, and wild-type DO11.10 TCR-transgenic T cells were
activated in vitro by using OVAyAPCs and infected on day 1 after
primary activation with either empty vector (GFP-RV), Stat4-
expresing retrovirus (Stat4-RV), or ERM-expressing retrovirus
(ERM-RV). Infected cells were purified by cell sorting on day 7 for
GFP (FL1) and CD4 expression by using anti-mouse-CD4-
Phycoerythrin (PharMingen). Sorted GFP1yCD41 T cells were reac-
tivated with OVA, APCs, and IL-12 (see Methods), and stable
transfection was confirmed by GFP expression by FACS analysis 3 days
later. Data shown are single color histograms of the indicated sorted
transfectant populations. The negative control (Neg) is an uninfected,
Stat4-deficient DO11.10 T cell population activated concurrently
under the same conditions. (B) Retrovirally infected T cells from the
indicated populations described in A were harvested, washed, and
restimulated at 1.25 3 105yml with 0.3 mM of OVA and irradiated
BALByc splenocytes as APCs. Supernatants were harvested after 48
hr, and IFN-g production was determined by ELISA. Similar results
were obtained in three similar independent experiments. (C) Lucif-
erase reporter assays were performed as described in Methods by using
the IFN-g promoter constructs F and H. Transfected cells were treated
with phorbol 12-myristate 13-acetate and ionomycin (PI1) or left
untreated (PI2) as described (25). Data are presented as relative light
units after normalization for transfection efficiency by using CMV-
Renilla luciferase.
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binding will be regulated. However, a specific role of ERM
during development has not yet been established.

This study reports a Th1-specific transcription factor spe-
cifically induced by IL-12 and Stat4. We show that expression
of ERM in a Stat4-deficient T cell context is not sufficient for
restoring IFN-g production to normal Th1 levels. Thus, ERM
is not likely to be the sole IL-12-induced transcription factor
responsible for high IFN-g production in Th1 cells. However,
ERM overexpression augmented IFN-g production in Stat4-
heterozygous T cells. That Stat4-heterozygous T cells showed
diminished IFN-g production suggests that Stat4 may be
limiting during Th1 development. Thus, ERM could cooperate
with Stat4, or some Stat4-induced factor, in the regulation of
IFN-g gene transcription. ERM only minimally augments
IFN-g promoter activity in coexpression studies. However, the
lack of greater augmentation implies either that relevant
targets lie outside of this promoter region or that ERM
requires additional factors for strong IFN-g promoter trans-
activation. Thus, genetic disruption of ERM may be required
to determine fully its role in Th1 development.
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