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ABSTRACT

Interferon tau (IFNt) is the signal for maternal recognition
of pregnancy in ruminants. The positive effects of IFNt on IFN-
stimulated gene (ISG) expression are mediated by ISG factor 3
(ISGF3), which is composed of signal transducer and activator
of transcription (Stat) 1, Stat 2, and IFN regulatory factor-9 (IRF-
9), and by gamma-activated factor (GAF), which is a Stat 1 ho-
modimer. Induction of ISGs, such as ISG17 and 29,59-oligoad-
enylate synthetase, by IFNt during pregnancy is limited to the
endometrial stroma (S) and glandular epithelium (GE) of the
ovine uterus. The IRF-2, a potent transcriptional repressor of ISG
expression, is expressed in the luminal epithelium (LE). This
study determined effects of the estrous cycle, pregnancy, and
IFNt on expression of Stat 1, Stat 2, IRF-9, IRF-1, and IRF-2
genes in the ovine endometrium. In cyclic ewes, Stat 1, Stat 2,
IRF-1, and IRF-9 mRNA and protein were detected at low levels
in the S and GE. During pregnancy, expression of these genes
increased only in the S and GE. Expression of IRF-2 was detected
only in the LE and superficial GE (sGE) of both cyclic and preg-
nant ewes. In cyclic ewes, intrauterine administration of IFNt

stimulated Stat 1, Stat 2, IRF-9, and IRF-1 expression in the en-
dometrium. Ovine IRF-2 repressed transcriptional activity driv-
en by IFN-stimulated response elements that bind ISGF3, but
not by gamma-activation sequences that bind GAF. These results
suggest that IRF-2 in the LE and sGE restricts IFNt induction of
ISGs to the S and GE. In the S and GE, IFNt hyperactivation of
ISG expression likely involves formation and actions of the tran-
scription factors ISGF3 and, perhaps, IRF-1.

conceptus, gene regulation, hormone action, interferon, IRF, sig-
nal transduction, Stat, uterus

INTRODUCTION

Tau interferons (IFNt) are a unique subclass of the 172-
amino acid type I omega (v) IFNs produced exclusively by
the trophectoderm of ruminant (i.e., sheep, cattle, and goat)
conceptuses [1]. The mononuclear cells of the trophecto-
derm synthesize and secrete IFNt between Day 11 and
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Days 20–24 of pregnancy in sheep [2, 3], which then acts
in a paracrine manner on the endometrial luminal epithe-
lium (LE) and superficial glandular epithelium (sGE) to
suppress transcription of estrogen receptor alpha (ERa) and
oxytocin receptor (OTR) genes [4–6]. These actions pre-
vent development of the luteolytic mechanism by abrogat-
ing oxytocin-induced luteolytic pulses of prostaglandin F2a

[6–8]. In addition to suppressing or silencing transcription
of ERa and OTR genes, IFNt induces or increases expres-
sion of a number of IFN-stimulated genes (ISGs) in the
ruminant endometrium as well as in endometrial and fibro-
blast cell lines. These ISGs include signal transducer and
activator of transcription (Stat) 1 and 2 [9–11], b2-microg-
lobulin [12], IFN regulatory factor one (IRF-1) [6, 9, 10,
13], ISG17/ubiquitin cross-reactive protein [10, 14–16], Mx
protein [17], granulocyte chemotactic protein-2 [18], and
29,59-oligoadenylate synthetase (OAS) [19–22]. In the en-
dometrium of early pregnant ewes as well as cyclic ewes
receiving intrauterine injections of recombinant ovine IFNt,
ISG17 and OAS genes are up-regulated only in the stroma
(S) and middle- to deep uterine glands in the stratum spon-
giosum [15, 22, 23].

Induction and increases in ISG expression in response
to IFNt are mediated by an intracellular signal transduction
system involving Stats and IRFs [6, 9, 10, 11, 13, 24]. The
IFNt activates a signal transduction pathway similar to that
of IFNa/b in ovine endometrial cell lines [9, 10] and human
fibroblast cell lines [11]. In ovine endometrial LE cells,
IFNt stimulates tyrosine phosphorylation and nuclear trans-
location of Stats 1, 2, 3, 5a/b, and 6 within 30 min [10].
However, exposure to IFNt for more than 30 min extends
Stat 1 and 2 tyrosine phosphorylation, whereas Stats 3, 5a/
b, and 6 are rapidly dephosphorylated. The IFNt induces
homodimerization of Stat 1 to form the transcription factor
gamma-activated factor (GAF) as well as heterodimeriza-
tion of Stat 1 and Stat 2, which complex with IRF-9 (also
known as ISGF3g/p48) to form the transcription factor
complex IFN-stimulated gene factor 3 (ISGF3). The GAF
regulates transcription through g-activated sequence (GAS)
elements in the promoter region of selected ISGs such as
IRF-1 [25, 26]. The ISGF3 binds to IFN-stimulated re-
sponse elements (ISREs) to drive transcription of ISGs such
as ISG17 [27], Mx [28], and OAS [29]. Similarly, expres-
sion of Stat1, Stat2, IRF-9, and IRF-1 genes is induced or
increased by IFNt and other type I IFNs via the ISGF3 and
GAF transcription factor complexes [10, 11, 26, 30, 31].
The simultaneous induction of Stat 2 and IRF-9 gene ex-
pression by IFNt appears to shift transcription factor for-
mation from GAF toward predominantly ISGF3 [10, 11].

In the pregnant ovine uterus, ISGs including OAS and
ISG17 are induced or up-regulated in the endometrial S and
glandular epithelium (GE), but expression of these genes is
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1039IRF AND STAT EXPRESSION IN THE OVINE UTERUS

not detectable in the endometrial LE or sGE [15, 22]. The
lack of induction or increases in ISG expression in either
LE or sGE during pregnancy and in response to IFNt may
be due either to the lack of Stat 1, Stat 2, IRF-9, or, perhaps,
IRF-1 gene expression in the LE and sGE or the presence
of IRF-2, a transcriptional repressor of ISGs as well as type
I IFNs themselves [32–35]. In pregnant ewes, IRF-2 protein
is present in the LE and sGE on Days 13, 15, 17, and 20
[6]. Therefore, the objectives of the present study were to
determine effects of the estrous cycle, pregnancy, and in-
trauterine administration of recombinant ovine IFNt on ex-
pression of the Stat 1, Stat 2, IRF-9, IRF-1, and IRF-2
genes in endometrium of the ovine uterus and to determine
effects of ovine IRF-2 on transactivation of ISRE- and
GAS-driven promoters.

MATERIALS AND METHODS

Animals and Experimental Design

Mature ewes of primarily Rambouillet breeding were observed daily
for estrus using vasectomized rams. All ewes exhibited at least two estrous
cycles of normal duration (;16–18 days). Experimental and surgical pro-
cedures involving animals were approved by the Agricultural Animal Care
and Use Committee of Texas A&M University.

Study 1. At estrus, ewes were assigned randomly to cyclic or pregnant
status. Ewes assigned to pregnant status were bred to intact rams during
estrus. Ewes were then ovariohysterectomized (n 5 4 ewes/day) on Days
11, 13, or 15 of the estrous cycle and Days 11, 13, 15, or 17 of pregnancy
(Day 0 5 estrus/mating). Pregnancy was confirmed by presence of an
apparently normal conceptus in uterine flushings. At hysterectomy, several
sections (;0.5 cm) from the middle of each uterine horn were fixed in
fresh, 4% paraformaldehyde in PBS (pH 7.2). After 24 h, fixed tissues
were changed to 70% (v/v) ethanol for 24 h and then dehydrated and
embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO). Several
sections (1–1.5 cm) from the middle of each uterine horn were also em-
bedded in Tissue-Tek Optimal Cutting Temperature (OCT) compound
(Miles, Inc., Oneonta, NY), frozen in liquid nitrogen vapor, and stored at
2808C. The remaining endometrium was physically dissected from myo-
metrium, frozen in liquid nitrogen, and stored at 2808C for RNA extrac-
tion. In monovulatory pregnant ewes, uterine tissue samples were marked
as contralateral or ipsilateral to the ovary bearing the corpus luteum. No
contralateral uterine samples were used for this study.

Study 2. Eight cyclic ewes were fitted with uterine catheters on Day 5
of the estrous cycle (Day 0 5 estrus) as described previously [23]. Ewes
(n 5 4 ewes/treatment) were then allotted randomly to receive intrauterine
injections of either control serum proteins (6 mg/day) or recombinant
ovine IFNt (roIFNt; 2 3 107 antiviral units/day) [36] on Days 11–15 after
estrus. For intrauterine administration, the uterine horns of each ewe re-
ceived injections of either roIFNt (5 3 106 antiviral units/horn per injec-
tion) or control ovine serum proteins (CX; equal amount of total protein/
horn per injection) twice daily. This regimen of roIFNt treatment has been
shown to mimic the antiluteolytic effects of the conceptus on the endo-
metrium during the pregnancy-recognition period [23, 37]. All ewes were
ovariohysterectomized on Day 16. The endometrium was dissected from
the myometrium, frozen in liquid nitrogen, and stored at 2808C for RNA
extraction.

Cloning of a Partial cDNA for Ovine IRF-9
and Full-Length cDNA for Ovine IRF-1 and IRF-2

Partial cDNAs for ovine IRF-1 and IRF-9 were amplified by reverse
transcription-polymerase chain reaction (PCR) of total RNA from Day 15
pregnant ovine endometrium using primers based on the human IRF-1
sequence (GenBank accession no. NM 002198; forward: 59-TCC ACC
CAC CAA GAA CC-39, reverse: 59-TTC TGG CTC CTC CTT ACA GC-
39) or human IRF-9 sequence (NM 006084; forward: 59-TGA ATT TAA
GGA GGT TCC-39, reverse, 59-GCA GCA GTG AGT AGT CTG-39).
Reverse transcription of endometrial total RNA was performed as de-
scribed previously [37]. The PCR was conducted as follows for IRF-1
using PCR Optimized Buffer A (Invitrogen, Carlsbad, CA): 1) 958C for 2
min; 2) 30 sec at 958C, 30 sec at 578C, and 30 sec at 728C for 30 cycles;
and 3) 728C for 10 min. For IRF-9, PCR was performed using PCR Op-
timized Buffer C (Invitrogen) as follows: 1) 958C for 2 min; 2) 30 sec at
958C, 1 min at 428C, 1 min at 728C for four cycles; 3) 30 sec at 958C, 1

min at 538C, and 1 min at 728C for 35 cycles; and 3) 728C for 10 min.
The amplified IRF-1 (502 base pairs [bp]) and IRF-9 (392 bp) PCR prod-
ucts were subcloned into pCRII cloning vector using a T/A Cloning Kit
(Invitrogen) and sequenced in both directions using an ABI PRISM Dye
Terminator Cycle Sequencing Kit and ABI PRISM automated DNA se-
quencer (Perkin-Elmer Applied Biosystems, Foster City, CA) to confirm
identity.

Full-length cDNAs for ovine IRF-1 and ovine IRF-2 were obtained by
conventional screening of a Lambda ZAP II cDNA library of Day 15
pregnant ovine endometrium (Stratagene, La Jolla, CA) at low stringency
using radiolabeled cDNA probes of an ovine IRF-1 partial cDNA and
murine IRF-2 cDNA. Positive clones containing entire ovine IRF-1 and
IRF-2 coding sequences were sequenced in both directions and deposited
in GenBank (GenBank accession no. AF331970 and AF228445, respec-
tively). Mammalian expression vectors for ovine IRF-1 and IRF-2 were
constructed by subcloning the EcoRV/NotI and BamHI/NotI fragments
containing full-length ovine IRF-1 and IRF-2 cDNA sequences into
BamHI (blunt end)/NotI-digested and BamHI/NotI-digested pEF1-Myc/
His-LacZ mammalian expression vector (Invitrogen), respectively.

RNA Isolation and Analyses

RNA isolation. Total cellular RNA was isolated from endometrium us-
ing Trizol reagent (Gibco-BRL, Bethesda, MD). The quantity of RNA was
assessed spectrophotometrically and the integrity of RNA examined by gel
electrophoresis in a denaturing 1% (w/v) agarose gel.

Slot blot hybridization analysis. Steady-state levels of Stat and IRF
mRNAs were assessed by slot blot hybridization using methods described
previously [37, 38]. Denatured total endometrial RNA (20 mg) from each
ewe was analyzed using a radiolabeled antisense human Stat 1 (M97935)
[39], human Stat 2 (NM005419) [40], ovine IRF-9, ovine IRF-1, or ovine
IRF-2 cRNA. To correct for variation in total RNA loading, a duplicate
RNA slot membrane was hybridized with radiolabeled antisense 18S
rRNA cRNA (pT718S; Ambion, Austin, TX). Following washing, non-
specific hybridization was removed by RNase A digestion [41]. The ra-
dioactivity associated with each slot was quantitated by electronic auto-
radiography using an Instant Imager (Packard Instrument Company, Me-
ridian, CT) and is expressed as total counts (TC).

In Situ Hybridization Analysis

The mRNAs for Stat 1, Stat 2, IRF-9, IRF-1, and IRF-2 were localized
in uterine tissue sections (5 mm) by in situ hybridization analysis as de-
scribed previously [38]. Deparaffinized, rehydrated, and deproteinated
uterine tissue sections were hybridized with radiolabeled antisense or sense
cRNA probes generated from linearized human Stat 1, human Stat 2, ovine
IRF-9, ovine IRF-1, or ovine IRF-2 cRNA cDNAs using in vitro tran-
scription with a-35S-uridine triphosphate. After hybridization, washing,
and ribonuclease A digestion, slides were dipped in NTB-2 liquid photo-
graphic emulsion (Eastman Kodak, Rochester, NY), stored at 48C for 1
wk (Stat 1, Stat 2, IRF-9, and IRF-1) or 3 wk (IRF-2), and developed in
Kodak D-19 developer. Slides were then counterstained with Harris mod-
ified hematoxylin (Fisher Scientific, Fairlawn, NJ), dehydrated through a
graded series of alcohol to xylene, and protected with a coverslip.

Generation of Polyclonal Antibodies to Ovine IRF-2
in Chickens

Single Comb White Leghorn hens (13 wk old) were used for produc-
tion of polyclonal antibodies against ovine IRF-2 protein. An IRF-2-spe-
cific peptide segment was selected based on the predicted amino acid
sequence of ovine IRF-2 (AAF34781.1) by use of the EMBL Predict-
Protein server. The selected antigenic sequence was NH2-CITQARVKSY-
COOH (IRF-2 CT) corresponding to the C-terminus of the native protein.
An N-terminal cysteine residue was added for ease of coupling to a carrier
protein. The peptide was synthesized by Sigma Genosys (Woodlands, TX)
and coupled to thyroglobulin (Sigma, St. Louis, MO) with m-maleimidob-
ezoyl-N-hydroysuccinimide ester (Pierce, Rockford, IL) using an approx-
imately 40-fold molar excess of peptide over protein (2 mg peptide and
15 mg of thyroglobulin). The conjugates (400 mg) were solubilized in 2
ml of PBS buffer (0.15 M), emulsified with 2 ml of Freunds Complete
Adjuvant (Sigma), and used to immunize four birds in the breast muscle,
with each bird receiving 100 mg of the conjugate. The chickens were
boosted at 2-wk intervals using the same dose and volume of the respec-
tive conjugates emulsified in Freunds Incomplete Adjuvant (Sigma). Eggs
were collected for purification of IgY from the yolks. Briefly, yolk lipids
were removed from the emulsified yolks by euglobulin precipitation, and
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1040 CHOI ET AL.

TABLE 1. Effects of day and pregnancy status on steady-state levels of
Stat 1, Stat 2, IRF-9, IRF-1, and IRF-2 mRNAs in ovine endometrium.a

Ewe

Day Statusb

Endometrial mRNA expression (total counts)

Stat 1 Stat 2 IRF-9 IRF-1 IRF-2

11
13
15
11
13
15
17
SEMc

C
C
C
P
P
P
P

18 317
15 874
11 123
12 574
18 612
43 591
28 951
1 450

2 205
1 944
1 955
1 689
2 883
4 654
3 983

157

8 535
8 091
4 552
7 737

10 872
17 387
15 632

555

9 346
10 525
12 565
8 388

13 304
34 388
18 347

850

18 668
15 549
12 461
12 963
13 501
15 699
12 540

512

a See text for description of statistical analyses.
b C, Cyclic; P, pregnant.
c Overall SEM.

FIG. 1. In situ localization of Stat 1 mRNA in the endometrium of cyclic and early pregnant ewes from study 1. Cross-sections of the uterine wall
from cyclic (C) and pregnant (P) ewes were hybridized with a-35S-labeled antisense or sense human Stat 1 cRNA probes. Protected transcripts were
visualized by liquid emulsion autoradiography and imaged under bright- or dark-field illumination. GE, Glandular epithelium; LE, luminal epithelium;
S, stroma; V, blood vessel. 3260.

chicken IgY was then further purified by ammonium sulfate precipitation
[42]. Peptide-specific antibodies were purified by immunoaffinity chro-
matography over a 1-ml SulfoLink Coupling gel (Pierce) derivatized with
950 mg of the respective peptides. Peptide-specific antibodies were eluted
with 50 mM glycine (pH 2.5). The purified fractions were collected in
Tris buffer (2.0 M, pH 8.0) for immediate neutralization and stored at 48C.

Immunocytochemical Analyses

Frozen sections (4–8 mm) of uterine tissues embedded in OCT com-
pound in study 1 were cut with a cryostat and mounted on Superfrost/

Plus microscope slides (Fisher Scientific, Pittsburgh, PA). Sections were
fixed in 2208C methanol for 10 min, permeabilized with 0.3% Tween-20
in 0.02 M PBS, and then blocked in antibody dilution buffer (two parts
0.02 M PBS, 1.0% BSA, and 0.3% Tween-20 [pH 8.0] to one part glyc-
erol) containing 5% normal goat serum for 1 h at room temperature. Sec-
tions were rinsed in PBS and incubated overnight at 48C with antibodies.
Antibodies were mouse anti-Stat 1 (#S21120) at 30 mg/ml and mouse anti-
IRF-9/ISGF3g (#I29320) at 20 mg/ml from Transduction Laboratories
(Lexington, KY); rabbit anti-Stat 2 (#sc-476) at 20 mg/ml and rabbit anti-
IRF-1 (#sc-497) at 20 mg/ml from Santa Cruz Biotechnology (Santa Cruz,
CA); chicken anti-IRF-2 at 20 mg/ml; and normal rabbit IgG (#I5006),
normal mouse IgG (#I5381), or normal chicken IgY (Sigma) at the same
concentrations as primary antibodies. Following three rinses in PBS for
10 min each, sections were incubated with fluorescein-conjugated goat
anti-rabbit IgG (Zymed, San Francisco, CA) for 1 h at room temperature
and again washed in PBS three times for 10 min each. Sections were then
overlaid with a coverslip and Prolong Antifade mounting reagent (Molec-
ular Probes, Eugene, OR).

Photomicroscopy and Digital Imaging

Images of representative fields of in situ hybridization and immunoflu-
orescence slides were recorded using a Zeiss Axioplan2 microscope (Carl
Zeiss, Thornwood, NY) fitted with a Hamamatsu C-5810 chilled three-
color CCD camera (Hamamatsu Corporation, Bridgewater, NJ). Digital
images were captured and/or assembled using Adobe Photoshop 4.0 (Ado-
be Systems, Seattle, WA) and a MacIntosh PowerMac G3 computer (Ap-
ple Computer, Cupertino, CA). Black-and-white prints were electronically
printed using a Kodak DS8650 color printer.
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1041IRF AND STAT EXPRESSION IN THE OVINE UTERUS

FIG. 2. In situ localization of Stat 2 mRNA in the endometrium of cyclic and early pregnant ewes from study 1. Cross-sections of the uterine wall
from cyclic (C) and pregnant (P) ewes were hybridized with a-35S-labeled antisense or sense human Stat 2 cRNA probes. Protected transcripts were
visualized by liquid emulsion autoradiography and imaged under bright- or dark-field illumination. See Figure 1 for abbreviations. 3260.

Transient Transfection Assays
Constructs. The 5xISRE-TK-LUC (pISRE-LUC) and TK-LUC (pTAL-

LUC) constructs were purchased from Clontech (Palo Alto, CA). The
3xGAS-TK-LUC constructs contain three copies of the rat IRF-1 GAS
element as described previously [10].

Transfection procedure. Immortalized ovine endometrial stromal cells
[9] were subcultured into 12-well plates (70–80% confluent) and transient-
ly cotransfected (n 5 4 wells per construct and treatment) with the indi-
cated LUC reporter construct (0.5 mg/well) and pEF1-Myc/His-LacZ (0.05
mg/well; Invitrogen) as a marker for transfection efficiency using the
GenePORTER transfection reagent (Gene Therapy Systems, Inc., San Di-
ego, CA) according to the manufacturer’s recommendations. After trans-
fection, the cells were left untreated as a control or were treated with
roIFNt (10 000 antiviral units/ml) for 24 h. Cells were then harvested
using Cell Culture Lysis Buffer (Promega, Madison, WI).

Luciferase and b-galactosidase assays. Luciferase expression assays
were conducted using the Promega Luciferase Assay System according to
the manufacturer’s recommendations and quantitated using a Packard Lu-
minometer. b-Galactosidase assays were performed using a Galacto-Light
Plus Kit (Tropix, Bedford, MA) according to the manufacturer’s recom-
mendations. For each experiment, luciferase expression was analyzed by
least-squares ANOVA procedures using the b-galactosidase values as a
covariate to correct for differences in transfection efficiency between wells
and plates within time points. Data are reported as fold-induction or fold-
suppression of IFNt based on least-squares mean relative light units. Each
transient transfection experiment was repeated a minimum of four times.

Statistical Analyses
Data from slot blot hybridization analyses were subjected to least-

squares ANOVA using the General Linear Models procedures of the Sta-

tistical Analysis System [43]. Slot blot hybridization data for Stat 1, Stat
2, IRF-9, IRF-1, and IRF-2 mRNAs (TC) were normalized for differences
in sample loading using the 18S rRNA data as a covariate in least-squares
ANOVA. Data from study 1 were analyzed for effects of day, pregnancy
status (cyclic or pregnant), and their interaction. Within pregnancy status,
least-squares regression analyses were used to determine effects of day on
endometrial mRNA levels. Data from study 2 were subjected to one-way
least-squares ANOVA. All tests of significance were performed using the
appropriate error terms according to the expectation of the mean squares
for error [44]. Fold-induction or fold-suppression data derived from each
transfection experiment were analyzed by one-way ANOVA to determine
effects of ovine IRF-1 and IRF-2 expression on activity of the promoter-
reporter constructs. A P value of 0.05 or less was considered to be statis-
tically significant. Data are presented as least-square means (TC) with
SEM.

RESULTS

Effects of the Estrous Cycle and Pregnancy on Stat
and IRF Expression in the Ovine Endometrium (Study 1)

Slot blot hybridization analyses. Effects of day and preg-
nancy status on steady-state levels of Stat and IRF mRNAs
in the ovine endometrium are summarized in Table 1. In
cyclic ewes, Stat 1, IRF-9, and IRF-2 mRNA levels de-
creased (P , 0.05, linear) between Days 11 and 15 of the
cycle. Endometrial levels of Stat 2 and IRF-1 mRNA did
not decline in cyclic ewes (P . 0.10). Pregnancy affected
expression of Stat 1 (P 5 0.003), Stat 2 (P 5 0.03), IRF-
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1042 CHOI ET AL.

FIG. 3. In situ localization of IRF-9 mRNA in the endometrium of cyclic and early pregnant ewes from study 1. Cross-sections of the uterine wall
from cyclic (C) and pregnant (P) ewes were hybridized with a-35S-labeled antisense or sense human IRF-9 cRNA probes. Protected transcripts were
visualized by liquid emulsion autoradiography and imaged under bright- or dark-field illumination. See Figure 1 for abbreviations. 3260.

9 (P 5 0.05), IRF-1 (P 5 0.0001), and IRF-2 (P 5 0.05)
mRNAs in the ovine endometrium (day 3 status interac-
tion). In pregnant ewes, steady-state levels of Stat 1, Stat
2, IRF-9, and IRF-1 mRNAs increased in the endometrium
(P , 0.05; quadratic for Stat 1, Stat 2, and IRF-9; cubic
for IRF-1).

In situ hybridization analyses. The overall pattern of ex-
pression of Stat and IRF mRNAs during the cycle and early
pregnancy paralleled that found by slot blot hybridization
analysis of endometrial total RNA. During the estrous cy-
cle, Stat 1, Stat 2, IRF-9, and IRF-1 mRNA expression was
detected at relatively low levels in all cell types (Figs. 1–
4). In the intercaruncular endometrium, expression of these
mRNAs was higher in the stratum compactum S than in
the stratum spongiosum S, LE, or GE. In cyclic ewes, IRF-
1 mRNA increased in the LE between Days 11 and 15 (Fig.
4). In contrast, IRF-2 mRNA was expressed in the LE and
sGE to middle GE during the estrous cycle but was not
detected in S as compared to the background present in the
sense control (Fig. 5).

Expression of Stat 1, Stat 2, IRF-9, and IRF-1 mRNAs
increased in the endometrium during early pregnancy (Figs.
1–4). Relative levels of expression of these mRNAs were
not different in the endometrium of cyclic and pregnant
ewes on Day 11, except for IRF-1 mRNA, which was more
abundant in focal areas of S in the caruncular areas of the

uterus. On Day 13 of pregnancy, an increase in Stat 1, Stat
2, and IRF-9 mRNA expression was detected in the stratum
compactum S and middle GE. The IRF-1 mRNA increased
in stratum compactum S but not in GE on Day 13. By Day
15 of pregnancy, strong expression of Stat 1, Stat 2, IRF-
9, and IRF-1 mRNAs was detected throughout the S and
GE of the intercaruncular endometrium. No increase in ex-
pression of these Stat and IRF mRNAs was detected in the
LE or sGE. By Day 17 of pregnancy, relative levels of Stat
1, Stat 2, IRF-9, and IRF-1 mRNA expression declined in
the GE but remained higher in the S than observed in en-
dometrium from Day 11 of pregnancy.

During early pregnancy, IRF-2 mRNA was expressed in
LE and sGE (Fig. 5). No difference in endometrial expres-
sion of IRF-2 mRNA was detected in these epithelia be-
tween cyclic and pregnant ewes on Days 11 and 13. How-
ever, IRF-2 mRNA levels were greater in the LE and sGE
on Day 15 of pregnancy, and they remained elevated on
Day 17 of pregnancy.

Immunofluorescence Localization of Stat 1, Stat 2, IRF-9,
IRF-1, and IRF-2 Protein in Ovine Endometrium (Study 1)

Immunoflourescence localization of Stat and IRF pro-
teins was conducted to confirm Stat and IRF mRNA ex-
pression results obtained by in situ hybridization. As com-
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1043IRF AND STAT EXPRESSION IN THE OVINE UTERUS

FIG. 4. In situ localization of IRF-1 mRNA in the endometrium of cyclic and early pregnant ewes from study 1. Cross-sections of the uterine wall
from cyclic (C) and pregnant (P) ewes were hybridized with a-35S-labeled antisense or sense ovine IRF-2 cRNA probes. Protected transcripts were
visualized by liquid emulsion autoradiography and imaged under bright- or dark-field illumination. See Figure 1 for abbreviations. 3260.

pared to the IgG controls, immunoreactive Stat 1, Stat 2,
and IRF-9 proteins were not detected in either LE or GE
in endometrium from cyclic or early pregnant ewes (Fig.
6). However, a notable increase in Stat 1, Stat 2, and IRF-
9 protein expression in S and GE was detected between
Days 11 and 15 of early pregnancy (Fig. 6). These proteins
were detected in both the nucleus and cytoplasm. The rabbit
polyclonal IRF-9 antibody nonspecifically cross-reacted
with an unidentified antigen in the basal lamina of the en-
dometrial LE in all uterine samples regardless of day. All
antibodies used in this study have been used previously for
Western blot analyses of ovine endometrial cell lines as
well as human fibroblasts [10, 11].

The IRF-1 protein was present only in the S of Day 11
cyclic and pregnant ewes (Fig. 7). On Day 15 of the estrous
cycle, IRF-1 protein was detected in LE and sGE as well
as in S. Between Days 11 and 15 of pregnancy, IRF-1 pro-
tein increased in the S and the middle to deep GE. How-
ever, no increase in IRF-1 protein expression was detected
in the LE and sGE of pregnant ewes. In the middle to deep
uterine glands, a punctate pattern of immunoreactive IRF-
1 protein was observed in the uterine glands. Although
IRF-1 protein was present in the GE cells, expression was
predominantly located in the nuclei of intraepithelial cells,
which are presumed to be immune cells.

Chicken anti-ovine IRF-2 IgY detected only recombi-
nant ovine IRF-2, not recombinant ovine IRF-1 or IRF-6

proteins, in Western blot assays (data not shown). In ad-
dition, the purified chicken anti-ovine IRF-2 IgY detected
the appropriately sized protein in extracts of immortalized
ovine LE cells as well as Cos-7 cells overexpressing ovine
IRF-2, but in not ovine IRF-1 or ovine IRF-6 (data not
shown). Immunoreactive IRF-2 protein was detected in the
endometrial LE and sGE of cyclic and pregnant ewes (Fig.
7). As for immunoreactive IRF-1, abundant IRF-2 protein
was detected in intraepithelial immune cells in the middle
to deep GE regardless of day. On Day 15 of pregnancy,
levels of IRF-2 protein were higher in the nuclei of LE and
sGE cells on Day 15 of pregnancy compared to Day 11 of
pregnancy or Day 15 of the cycle. Preadsorption of the
antipeptide IRF-2 IgY with recombinant ovine IRF-2 elim-
inated L, GE, and immune cell staining, but it also revealed
low levels of nonspecific binding of the chicken anti-ovine
IRF-2 IgY to the basal lamina of the endometrial epithelia
as well as blood vessels in a manner similar to IgY alone
(data not shown).

Effects of Intrauterine Administration of Recombinant
Ovine IFNt on Stat and IRF mRNA Expression in Ovine
Endometrium (Study 2)

To determine if the effects of pregnancy on endometrial
Stat and IRF gene expression in vivo were due to IFNt
from the conceptus, cyclic ewes were fitted with uterine
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1044 CHOI ET AL.

FIG. 5. In situ localization of IRF-2 mRNA in the endometrium of cyclic and early pregnant ewes from study 1. Cross-sections of the uterine wall
from cyclic (C) and pregnant (P) ewes were hybridized with a-35S-labeled antisense or sense ovine IRF-2 cRNA probes. Protected transcripts were
visualized by liquid emulsion autoradiography and imaged under bright- or dark-field illumination. See Figure 1 for abbreviations. 3260.

catheters on Day 5 and given daily intrauterine injections
of either control proteins or roIFNt from Days 11 to 15.
As illustrated in Figure 8, intrauterine administration of
roIFNt into cyclic ewes induced an approximately 3-fold
increase (P , 0.01, CX vs. IFN) in steady-state levels of
endometrial Stat 1 mRNA. Similarly, roIFNt increased
steady-state levels of endometrial Stat 2 and IRF-9 mRNA
by approximately 2-fold (P , 0.01) and of IRF-1 mRNA
by approximately 1.4-fold (P , 0.10, CX vs. IFN). How-
ever, IRF-2 mRNA levels were not affected by roIFNt
treatment (P . 0.10).

Effects of Ovine IRF-1 and Ovine IRF-2 on Activity
of Promoters Containing ISRE or GAS Sequences
in Transient Transfection Assays

An immortalized ovine endometrial S cell line was tran-
siently transfected with mammalian overexpression vectors
for ovine IRF-1, ovine IRF-2, or the combination of ovine
IRF-1 and IRF-2 to determine their effects on transactiva-
tion of a promoter-reporter construct containing five con-
sensus ISRE-binding sites (Fig. 9). Ovine IRF-1 alone
transactivated (2 6 0.2-fold) the 5xISRE-TK-LUC reporter.
In contrast, ovine IRF-2 alone strongly repressed (24 6 3-
fold) transcriptional activity of the 5xISRE-TK-LUC re-
porter. Cotransfection of ovine IRF-1 with ovine IRF-2 also
resulted in repression (17 6 3-fold) of the 5xISRE-TK-

LUC reporter. Transcriptional activity of a reporter contain-
ing three IRF-1 GAS elements (3xGAS-TK-LUC) was not
affected by overexpression of either ovine IRF-1 or ovine
IRF-2 in the ovine LE cells (data not shown). Activity of
the minimal TK-LUC reporter was also not affected by
overexpression of either ovine IRF-1 or ovine IRF-2 (data
not shown).

DISCUSSION

To our knowledge, this is the first report of temporal and
spatial alterations in Stat 1, Stat 2, and IRF-9 gene expres-
sion in the ovine uterus. Results presented here confirm and
extend those of previous reports that these classical ISGs
are directly regulated by IFNt in the ovine endometrium
[9–11, 15, 22, 23]. Similar to expression of OAS, Mx, and
ISG17 [15, 17, 22], expression of Stat 1, Stat 2, IRF-9, and
IRF-1 in the ovine endometrial S and GE during early preg-
nancy was coordinate with temporal production of IFNt by
the conceptus [2, 3]. The increases in expression of these
ISGs during pregnancy can be attributed to IFNt from the
conceptus, because intrauterine infusion of cyclic ewes with
roIFNt alone increased Stat 1, Stat 2, IRF-9, and IRF-1
expression in the endometrium. Originally, Stats 1 and 2
and IRF-9 were discovered as ISGs and termed ISG factors
1 (p91), 2 (p113), and 3g (p48), respectively [45, 46]. Ex-
pression of these genes is increased by type I IFNs [31] via
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1045IRF AND STAT EXPRESSION IN THE OVINE UTERUS

FIG. 6. Detection of Stat 1, Stat 2, and IRF-9 protein in uterine endometrium from cyclic and pregnant ewes from study 1. Immunofluorescence
staining of frozen uterine sections from cyclic (C) and pregnant (P) ewes was conducted using specific antibodies or irrelevant IgG as a control. See
Figure 1 for abbreviations. 3230.

multiple ISREs in their promoter regions [47, 48]. Like-
wise, the 59 promoter/enhancer region of other ISGs in the
ovine uterus, including ISG17, Mx, and OAS, contain mul-
tiple ISREs that bind ISGF3 and induce or increase their
expression in response to type I IFNs [13, 27–30].

The relative abundance of Stat 1, Stat 2, IRF-9, and IRF-
1 is hypothesized to dictate the temporal and spatial influ-
ences of conceptus IFNt on ISG expression in the endo-
metrial S and GE as determined from studies in ovine en-
dometrial cell lines [9, 10] as well as human fibroblast cell
lines lacking specific IFN signaling components [11]. Col-
lectively, available results support the concept that the con-
tinual, elevated expression of ISGs in the endometrial S and
GE during pregnancy can be attributed to IFNt stimulation
of janus kinase (JAK), JAK1 and Tyk2, activation of Stats

1 and 2 by phosphorylation, formation of the transcription
factor complexes GAF and ISGF3, and increased expres-
sion of IRF-1 and then Stat 1, Stat 2, and IRF-9 (Fig. 10).
Similar to in vitro observations on IFNt signal transduction
pathways [9–11], IFNt activation of Stats 1 and 2 is pro-
posed to result in ISGF3 formation and hyperactivated ex-
pression of ISRE-containing target genes, such as Stat 1,
Stat 2, IRF-9, ISG17, and OAS, in the S and GE. Similarly,
activation of Stat 1 elicits formation of Stat 1 homodimers
or GAF that activates GAS-containing target genes, such
as IRF-1 [10, 25, 49]. The IRF-1 can bind to ISREs [50]
and may assist in maintaining activation of ISRE-contain-
ing target genes by type I IFNs [13, 27], because it contains
a transactivation domain [51]. The simultaneous induction
of Stat 2 and IRF-9 gene expression by IFNt appears to
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1046 CHOI ET AL.

FIG. 7. Detection of IRF-1 and IRF-2 protein in uterine endometrium from cyclic and pregnant ewes from study 1. Immunofluorescence staining of
frozen uterine sections from cyclic (C) and pregnant (P) ewes was conducted using specific antibodies or irrelevant IgG as a control (see Materials and
Methods). See Figure 1 for abbreviations. 3230.

FIG. 8. Effects of IFNt on steady-state levels of Stat and IRF mRNAs in
ovine endometrium from study 2. Slot blot analyses were conducted on
total endometrial RNA obtained from uteri of Day 16 cyclic ewes receiv-
ing intrauterine injections of roIFNt or control proteins from Days 11 to
15 (n 55 ewes/treatment). Note that levels of Stat 1, Stat 2, IRF-9, and
IRF-1 mRNAs were increased (P , 0.05) in endometrium from ewes re-
ceiving intrauterine injections of IFNt. In contrast, IRF-2 mRNA levels
were not affected by treatment (P . 0.10).

FIG. 9. Effects of ovine IRF-1 and ovine IRF-2 on activity of a promoter
containing ISRE in transient transfection assays. Ovine S cells were tran-
siently cotransfected with the 5xISRE-TK-LUC reporter construct and
pEF1, pEF-1-oIRF-1, and/or pEF1-oIRF-2 as indicated. Luciferase and b-
galactosidase activities were determined at 24 h after transfection. b-Ga-
lactosidase activity was used to normalize luciferase activity data. Data
are presented as the mean fold-effect from four independent experiments
with SEM.

shift transcription factor formation from GAF toward pre-
dominantly ISGF3 [10, 11]. The persistent formation of
ISGF3 would favor the expression of ISGs in the S and
GE.

In this study, low levels of IRF-2 gene expression were
detected in the LE and sGE from ewes on Days 11, 13, and
15 of the estrous cycle. These findings conflict with those
of a previous report [6], perhaps due to differences in sen-
sitivities of antibodies or methods for immunohistochem-
istry. In the present study, a peptide-specific antibody gen-
erated to ovine IRF-2 was used in immunofluorescence
analyses of frozen ovine uterine tissue. Results indicated
that IRF-2 mRNA and protein expression increased in the
endometrial LE and sGE between Days 11 and 15 of preg-
nancy, as reported previously [6]. The increase in IRF-2

gene expression in the LE and sGE likely involves other
factors besides IFNt, because IFNt does not induce or in-
crease IRF-2 expression in the endometrium of cyclic ewes
(Fig. 8) or in bovine and ovine endometrial epithelial cell
lines [13, 52]. The decline in IRF-2 mRNA expression in
the whole endometrium between Days 15 and 17 of preg-
nancy is likely due to loss of some LE during initial sy-
nepithelial placentation [53].

Expression of Stat 1, Stat 2, and IRF-9 mRNA and pro-
tein was not detected in the LE and sGE on Days 11–19
of early pregnancy in this study. These results agree with
those reported for ISG17 and OAS expression in the ovine
uterus [15, 16, 22, 23]. The absence of these ISGs in the
LE and sGE during early pregnancy is hypothesized to re-
sult from expression of IRF-2, a potent repressor and at-
tenuator of IFNa/b-induced gene expression [33, 34, 54–
57]. In the present and a previous study [6], IRF-2 protein
was detected only in the LE and sGE on Days 13, 15, 17,
and 20 of pregnancy. Results from the transient transfection
studies presented here further support the hypothesis that
IRF-2 expression in the LE and sGE restricts and specifies
increases in ISG expression to the S and GE in response to
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1047IRF AND STAT EXPRESSION IN THE OVINE UTERUS

FIG. 10. Model for IFNt signaling in the
endometrial epithelium and stroma of the
ovine uterus. The IFNt, produced in large
amounts by the developing conceptus,
binds to the type I IFN receptor (IFNAR)
present on cells of the ovine endometri-
um. In cells of the S and middle to deep
GE (bottom), IFNt-mediated association of
the IFNAR subunits facilitates the cross-
phosphorylation and activation of two jan-
us kinases, Tyk2 and JAK1, which, in turn,
phosphorylate the receptor and create a
docking site for Stat 2. Then, Stat 2 is
phosphorylated, thus creating a docking
site for Stat 1, which is then phosphorylat-
ed as well. Both Stat 1 and Stat 2 are then
released from the receptor and can form
two transcription factor complexes. The
ISGF3 is formed by association of the
Stat1–2 heterodimer with IRF-9 in the cy-
toplasm, which translocate to the nucleus
and transactivate genes containing an
ISRE(s), such as Stat 1, Stat 2, IRF-9,
ISG17, and OAS. The GAF is formed by
binding of Stat 1 into homodimers, which
translocate to the nucleus and transactiva-
te genes containing a GAS element(s),
such as IRF-1. The IRF-1 can also bind and
transactivate ISRE-containing genes. The si-
multaneous induction of Stat2 and IRF-9
gene expression by IFNt appears to shift
transcription factor formation from GAF to-
ward predominantly ISGF3. Therefore,
IFNt activation of the JAK-Stat signal trans-
duction pathway allows for constant for-
mation of ISGF3 and GAF transcription
factor complexes and hyperactivation of
ISG expression. In the cells of the LE and
sGE, IFNt is prevented from activating
ISGs in the LE and sGE by IRF-2 (top). The
IRF-2, a potent and stable repressor pre-
sent in the nucleus, increases during early
pregnancy in LE and sGE. The continual
presence of IRF-2 inhibits ISRE-containing
target genes through direct ISRE binding
and coactivator repulsion.

pregnancy and intrauterine IFNt. Transient transfection as-
says revealed that ovine IRF-2 strongly inhibited transcrip-
tional activity of an ISRE-driven reporter construct, which
supports the results of Fleming et al. [52], who found that
ovine IRF-2 inhibited reporter constructs driven by closely
related IRF-binding elements or IRF-Es in transient trans-
fection assays.

Collectively, available in vitro and in vivo results sup-
port the hypothesis that IRF-2 prevents the induction of ISG
expression in ovine LE and sGE in response to IFNt (Fig.
10). The IRF-2, a unique member of the IRF family of
transcription factors, is a potent repressor of IFNa/b-in-
duced gene transcription [33, 34, 54–57]. Both IRF-2 and
ISGF3 bind to ISREs [58]. Unlike ISGF3 and IRF-1, IRF-
2 is a stable nuclear protein and is expressed in many cell
types [55]. Recently, it was demonstrated that IRF-2 com-
petes with IRF-1 for ISRE binding, and that IRF-1 and IRF-
2 formed a heterocomplex wherein IRF-2 decreased tran-
sactivation by IRF-1 [35]. The IRF-2 contains a repression
domain [59] and has a rapid on-off rate for ISRE binding
[34]. Senger et al. [35] provided strong evidence that IRF-
2 represses transcription by inhibiting recruitment of coac-

tivators into enhanceosomes by transcription factors. Hida
et al. [34] proposed that IRF-2 continuously interacts with
ISRE elements in promoter regions of ISGs to inhibit
ISGF3 transcription factor complex induction of ISGs. Al-
though the IRF-1 gene is not directly attenuated by IRF-2,
IRF-1 gene expression did not increase in the endometrial
LE and sGE during early pregnancy in the present study.
Increases in IRF-1 gene transcription in several cell lines
requires induction of the Stat 1 gene and formation of Stat
1 dimers, that is, Stat 1 homodimers or GAF, or Stat 1–2
heterodimers [10, 11, 24, 25]. Therefore, the lack of IRF-
1 induction by IFNt in the ovine uterine endometrial LE
may be explained by the lack of detectable increases in Stat
1 and Stat 2 gene expression in these cells. Another pos-
sibility is that IFNt activates other signal transduction path-
ways that are unrelated to the JAK-Stat pathway, such as
nuclear factor-kappa B by stimulation of phosphatidylinos-
itol 3-kinase and Akt [60], but that are involved in IFNt
regulation of LE gene expression. These signaling path-
ways are involved in other type I IFN effects on gene ex-
pression and warrant further investigation. A plausible hy-
pothesis is that activation of non-JAK-Stat pathways by
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IFNt and the consequent lack of ISG induction in the LE
relate to the higher levels of basal prostaglandin F2a secre-
tion in early pregnant ewes [7, 8].

In the present study, an increase in IRF-1 expression was
detected in the endometrium from ewes on Days 11–15 of
the estrous cycle. The precise cellular and molecular mech-
anism regulating this event is not known, but it correlates
with a decline in overall endometrial IRF-2 gene expression
in the present study as well as with increases in ERa and
OTR gene expression that are specific to the endometrial
LE and sGE [4–6]. The ovine ERa and bovine OTR genes
contain several IRF-Es [52, 61]. Recently, Fleming et al.
[52] found that the promoter/enhancer region of the ovine
ERa gene contains two functional IRF-Es and one ISRE.
Furthermore, overexpression of ovine IRF-2 inhibited tran-
scriptional activity of several regions of the ovine ERa pro-
moter containing a functional IRF-E or ISRE. Therefore,
the overall ratio of IRF-1 to IRF-2 protein in endometrial
LE and sGE may regulate ERa and, perhaps, OTR expres-
sion during development of the endometrial luteolytic
mechanism in cyclic ewes and during pregnancy recogni-
tion in pregnant ewes.

ACKNOWLEDGMENTS

The authors thank Mr. Todd Taylor and Dr. Shawn W. Ramsey of the
Texas A&M University Sheep and Goat Center for assistance with animal
husbandry and Drs. Curt Horvath and James Darnell (Rockefeller Uni-
versity) for provision of human Stat 1 and Stat 2 cDNAs.

REFERENCES

1. Roberts RM, Liu L, Alexenko A. New and atypical families of type
I interferons in mammals: comparative functions, structures, and evo-
lutionary relationships. Prog Nucleic Acid Res Mol Biol 1997; 56:
287–325.

2. Ashworth CJ, Bazer FW. Changes in ovine conceptus and endometrial
function following asynchronous embryo transfer or administration of
progesterone. Biol Reprod 1989; 40:425–433.

3. Farin CE, Imakawa K, Roberts RM. In situ localization of mRNA for
the interferon, ovine trophoblast protein-1, during early embryonic
development of the sheep. Mol Endocrinol 1989; 3:1099–1107.

4. Spencer TE, Bazer FW. Temporal and spatial regulation of uterine
receptors for estrogen and progesterone during the estrous cycle and
early pregnancy in ewes. Biol Reprod 1995; 53:1527–1544.

5. Spencer TE, Bazer FW. Ovine interferon tau suppresses transcription
of the estrogen receptor and oxytocin receptor genes in the ovine
endometrium. Endocrinology 1996; 137:1144–1147.

6. Spencer TE, Ott TL, Bazer FW. Expression of interferon regulatory
factors one (IRF-1) and two (IRF-2) in the ovine endometrium: effects
of pregnancy and interferon tau. Biol Reprod 1998; 58:1154–1162.

7. Spencer TE, Ott TL, Bazer FW. Tau interferon: pregnancy recognition
signal in ruminants. Proc Soc Exp Biol Med 1996; 213:215–229.

8. Bazer FW, Ott TL, Spencer TE. Endocrinology of the transition from
recurring estrous cycles to the establishment of pregnancy. In: Bazer
FW (ed.), Endocrinology of Pregnancy. Totowa, NJ: Humana Press;
1998: 1–34.

9. Johnson GA, Burghardt RC, Taylor KM, Fleming JGW, Bazer FW,
Spencer TE. Development and characterization of immortalized ovine
endometrial cell lines. Biol Reprod 1999; 61:1324–1330.

10. Stewart D, Johnson GA, Vyhlidal CA, Burghardt RC, Safe SH, Yu-
Lee L-Y, Bazer FW, Spencer TE. Interferon tau activates multiple
STAT proteins and has complex effects on interferon-responsive gene
transcription in ovine endometrial epithelial cells. Endocrinology
2000; 142:98–107.

11. Stewart MD, Johnson GA, Bazer FW, Spencer TE. Interferon tau
(IFNt) regulation of IFN-stimulated gene expression in cell lines lack-
ing specific IFN-signaling components. Endocrinology 2001; 142:
1786–1794.

12. Vallet JL, Barker PJ, Lamming G, Skinner N, Huskisson NS. A low
molecular weight endometrial secretory protein which is increased by
ovine trophoblast protein-1 is a b2-microglobulin-like protein. J En-
docrinol 1991; 130:R1–R4.

13. Perry DJ, Austin KJ, Hansen TR. Cloning of interferon-stimulated
gene 17: the promoter and nuclear proteins that regulate transcription.
Mol Endocrinol 1999; 13:1197–1206.

14. Hansen TR, Austin KJ, Johnson GA. Transient ubiquitin cross-reac-
tive protein gene expression in the bovine endometrium. Endocrinol-
ogy 1997; 138:5079–5082.

15. Johnson GA, Spencer TE, Hansen TR, Austin KJ, Burghardt RC,
Bazer FW. Expression of the interferon tau inducible ubiquitin cross-
reactive protein in the ovine uterus. Biol Reprod 1999; 61:312–318.

16. Johnson GA, Spencer TE, Burghardt RC, Joyce MM, Bazer FW. In-
terferon-tau and progesterone regulate ubiquitin cross-reactive protein
expression in the ovine uterus. Biol Reprod 2000; 62:622–627.

17. Ott TL, Spencer TE, Lin JY, Kim H-T, Gerami B, Bartol FF, Wiley
AA, Bazer FW. Effects of the estrous cycle and early pregnancy on
uterine expression of Mx protein in sheep (Ovis aries). Biol Reprod
1998; 59:784–794.

18. Teixieira MG, Austin KJ, Perry DJ, Dooley VD, Johnson GD, Francis
BR, Hansen TR. Bovine granulocyte chemotactic protein-2 is secreted
by the endometrium in response to interferon-tau. Endocrine 1997; 6:
31–37.

19. Mirando MA, Short EC Jr, Geisert RD, Vallet JR, Bazer FW. Stimu-
lation of 29,59-oligoadenylate synthetase activity in sheep endometri-
um during pregnancy, by intrauterine infusion of ovine trophoblast
protein-one, and by intramuscular injection of recombinant bovine in-
terferon-alpha II. J Reprod Fertil 1991; 93:599–607.

20. Short EC, Geisert RD, Helmer SD, Zavy MT, Fulton RW. Expression
of antiviral activity and induction of 29,59-oligoadenylate synthetase
by conceptus secretory proteins enriched in bovine trophoblast pro-
tein-1. Biol Reprod 1991; 44:261–268.

21. Schmitt RA, Geisert RD, Zavy MT, Short EC, Blair RM. Uterine
cellular changes in 29,59-oligoadenylate synthetase during the bovine
estrous cycle and early pregnancy. Biol Reprod 1993; 48:460–466.

22. Johnson GA, Gray CA, Stewart MD, Choi Y, Gray CA, Burghardt
RC, Yu-Lee L-Y, Bazer FW, Spencer TE. Effects of the estrous cycle,
pregnancy and interferon tau on 29,59-oligoadenylate synthetase ex-
pression in the ovine uterus. Biol Reprod 2001; 64:1392–1399.

23. Spencer TE, Gray CA, Ott TL, Johnson GA, Ramsey WS, Bazer FW.
Differential effects of intrauterine and subcutaneous administration of
recombinant ovine interferon tau on endometrial gene expression of
cyclic ewes. Biol Reprod 1999; 61:464–470.

24. Binelli M, Subramaniam P, Diaz T, Johnson GA, Hansen TR, Badinga
L, Thatcher WW. Bovine interferon-tau stimulates the janus kinase-
signal transducer and activator of transcription pathway in bovine en-
dometrial epithelial cells. Biol Reprod 2001; 64:654–665.

25. Pine R, Canova A, Schindler C. Tyrosine phosphorylated p91 binds
to a single element in the ISGF2/IRF-1 promoter to mediate induction
by IFN alpha and IFN gamma, and is likely to autoregulate the p91
gene. EMBO J 1994; 13:158–167.

26. Stark GR, Kerr IM, Williams BR, Silverman RH, Schreiber RD. How
cells respond to interferons. Annu Rev Biochem 1998; 67:227–264.

27. Kessler DS, Levy DE, Darnell JE. Two interferon-induced nuclear
factors bind a single promoter element in interferon-stimulated genes.
Proc Natl Acad Sci U S A 1988; 85:8521–8525.

28. Ronni T, Matikainen S, Lehtonen A, Palvimo J, Dellis J, Van Eylen
F, Goetschy JF, Horisberger M, Content J, Julkunen I. The proximal
interferon-stimulated response elements are essential for interferon re-
sponsiveness: a promoter analysis of the antiviral MxA gene. J Inter-
feron Cytokine Res 1998; 18:773–781.

29. Kumar S, Mitnik C, Valente G, Floyd-Smith G. Expansion and mo-
lecular evolution of the interferon-induced 29-59 oligoadenylate syn-
thetase gene family. Mol Biol Evol 2000; 17:738–750.

30. Bluyssen HA, Muzaffar R, Vlieststra RJ, van der Made AC, Leung
S, Stark GR, Kerr IM, Trapman J, Levy DE. Combinatorial associa-
tion and abundance of components of interferon-stimulated gene fac-
tor 3 dictate the selectivity of interferon responses. Proc Natl Acad
Sci U S A 1995; 92:5645–5649.

31. Der SD, Zhou A, Williams BR, Silverman RH. Identification of genes
differentially regulated by interferon alpha, beta, or gamma using ol-
igonucleotide arrays. Proc Natl Acad Sci U S A 1998; 95:15623–
15628.

32. Harada H, Taniguchi T, Tanaka N. The role of interferon regulatory
factors in the interferon system and cell growth control. Biochimie
1998; 80:641–650.

33. Mamane Y, Heylbroeck C, Genin P, Algarte M, Servant MJ, LePage
C, DeLuca C, Kwon H, Lin R, Hiscott J. Interferon regulatory factors:
the next generation. Gene 1999; 237:1–14.

34. Hida S, Ogasawara K, Sato K, Abe M, Takayanagi H, Yokochi T,

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/6
5
/4

/1
0
3
8
/2

7
2
3
3
3
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



1049IRF AND STAT EXPRESSION IN THE OVINE UTERUS

Sato T, Hirose S, Shirai T, Taki S, Taniguchi T. CD81 T cell-mediated
skin disease in mice lacking IRF-2, the transcriptional attenuator of
interferon a/b-signaling. Immunity 2000; 13:643–655.

35. Senger K, Merika M, Agalioti T, Yie J, Escalante RC, Chen G, Ag-
garwal KA, Thanos D. Gene repression by coactivator repulsion. Mol
Cell 2000; 6:931–937.

36. Van Heeke G, Ott TL, Strauss A, Ammaturo D, Bazer FW. High yield
cloning and expression of the ovine pregnancy recognition hormone
interferon-tau by Pichia pastoris. J Interferon Cytokine Res 1996;
166:119–126.

37. Spencer TE, Ing NH, Ott TL, Mayes JS, Becker WC, Watson GH,
Mirando MA, Bazer FW. Intrauterine injection of ovine interferon-tau
alters estrogen receptor and oxytocin receptor expression in the en-
dometrium of cyclic ewes. J Mol Endocrinol 1995; 15:203–220.

38. Stewart MD, Johnson GA, Burghardt RC, Schuler LA, Joyce MM,
Bazer FW, Spencer TE. Prolactin receptor and uterine milk protein
expression in the ovine uterus. Biol Reprod 2000; 62:1779–1789.

39. Schindler C, Fu X-Y, Improta T, Aebersold RH, Darnell JE. Proteins
of transcription factor ISGF-3: one gene encodes the 91- and 84-kDa
ISGF-3 proteins that are activated by interferon alpha. Proc Natl Acad
Sci U S A 1992; 89:7836–7839.

40. Bluyssen HA, Levy DE. Stat2 is a transcriptional activator that re-
quires sequence-specific contacts provided by Stat1 and p48 for stable
interaction with DNA. J Biol Chem 1997; 272:4600–4605.

41. Ausebel FM, Brent R, Kinston RE, Moore DD, Seidmen JG, Smith
HA, Struhl KA. Current Protocols in Molecular Biology. Philadelphia:
John Wiley and Sons; 1992.

42. Jensenius JC, Koch C. In: Johnstone AP, Turner MW (eds.), Immu-
nocytochemistry 1: The Practical Approach Series. New York: Oxford
University Press; 1997: 100.

43. SAS. SAS User’s Guide: Statistics, Version 6. Cary, NC: Statistical
Analysis System Institute; 1990.

44. Steele RGD, Torrie JH. Principles and Procedures of Statistics. New
York: McGraw-Hill; 1980.

45. Darnell JE, Kerr IM, Stark GR. Jak-STAT pathways and transcrip-
tional activation in response to IFNs and other extracellular signaling
proteins. Science 1994; 264:1415–1421.

46. Darnell JE. Studies of IFN-induced transcriptional activation uncover
the Jak-Stat pathway. J Interferon Cytokine Res 1998; 18:549–554.

47. Yan R, Qureshi S, Zhong Z, Wen Z, Darnell JE. The genomic structure
of the STAT genes: multiple exons in coincident sites in Stat1 and
Stat2. Nucleic Acids Res 1995; 23:459–463.

48. Weihua X, Kolla V, Kalvakolanu DV. Interferon gamma-induced tran-
scription of the murine ISGF3gamma (p48) gene is mediated by novel
factors. Proc Natl Acad Sci U S A 1997; 94:103–108.

49. Li X, Leung S, Qureshi S, Darnell JE, Stark GR. Formation of

STAT1-STAT2 heterodimers and their role in the activation of IRF-1
gene transcription by interferon-alpha. J Biol Chem 1996; 271:5790–
5794.

50. Harada H, Takahashi E, Itoh S, Harada K, Hori TA, Taniguchi T.
Structure and regulation of the human interferon regulatory factor 1
(IRF-1) and IRF-2 genes: implications for a gene network in the in-
terferon system. Mol Cell Biol 1994; 14:1500–1509.

51. Lin R, Mustafa A, Nguyen H, Gewert D, Hiscott J. Mutational anal-
ysis of interferon (IFN) regulatory factors 1 and 2. Effects on the
induction of IFN-beta gene expression. J Biol Chem 1994; 269:
17542–17549.

52. Fleming JGW, Choi YS, Bazer FW, Johnson GA, Spencer TE. Cloning
of the ovine estrogen receptor alpha promoter and functional regula-
tion by ovine interferon tau. Endocrinology 2001; 142:2879–2887.

53. Boshier DP. A histological and histochemical examination of implan-
tation and early placentome formation in sheep. J Reprod Fertil 1969;
19:51–61.

54. Fujita T, Sakakibara J, Sudo Y, Miyamoto M, Kimura Y, Taniguchi T.
Evidence for a nuclear factor(s), IRF-1, mediating induction and si-
lencing properties to human IFN-a gene regulatory elements. EMBO
J 1988; 7:3397–3405.

55. Harada H, Fujita T, Miyamoto M, Kimura Y, Maruyama M, Furia A,
Miyata T, Taniguchi T. Structurally similar but functionally distinct
factors, IRF-1 and IRF-2, bind to the same regulatory elements of IFN
and IFN-inducible genes. Cell 1989; 58:729–739.

56. Harada H, Takahashi E, Itoh S, Harada K, Hori TA, Taniguchi T.
Structure and regulation of the human interferon regulatory factor 1
(IRF-1) and IRF-2 genes: implications for a gene network in the in-
terferon system. Mol Cell Biol 1994; 14:1500–1509.

57. Nguyen H, Hiscott J, Pitha PM. The growing family of interferon
regulatory factors. Cytokine Growth Factor Rev 1997; 8:293–312.

58. Yamagata T, Nishida J, Tanaka S, Sakai R, Mitani K, Yoshida M,
Taniguchi T, Yazaki Y, Hirai H. A novel interferon regulatory factor
family transcription factor, ICSAT/Pip/LSIRF, that negatively regu-
lates the activity of interferon-regulated genes. Mol Cell Biol 1996;
16:1283–1294.

59. Nguyen H, Mustafa A, Hiscott J, Lin R. Transcription factor IRF-2
exerts its oncogenic phenotype through the DNA binding/transcription
repression domain. Oncogene 1995; 11:537–544.

60. Yang CH, Murti A, Pfeffer SR, Kim JG, Donner DB, Pfeffer LM.
Interferon alpha/beta promotes cell survival by activating nuclear fac-
tor kappa B through phosphatidylinositol 3-kinase and Akt. J Biol
Chem 2001; 276:13756–13761.

61. Bathgate RAD, Tillman G, Ivell R. Molecular mechanisms of bovine
oxytocin receptor gene regulation. Biol Reprod 1998; 58(suppl 1):
121(abstract 160).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/6
5
/4

/1
0
3
8
/2

7
2
3
3
3
7
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


