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The ovine genome contains 15 to 20 copies of endogenous retroviruses (enJSRVs) highly related to the
oncogenic jaagsiekte sheep retrovirus (JSRV) and enzootic nasal tumor virus. enJSRVs are highly expressed
in the endometrial lumenal epithelia (LE) and glandular epithelia (GE) of the ovine uterus. The effects of
neonatal age, estrous cycle, pregnancy, and progesterone on expression of enJSRVs in the ovine uterus were
determined. Expression of enJSRV RNAs was absent from the uterus of ewes at birth, but enJSRV RNAs were
expressed specifically in the LE and developing GE from postnatal day (PND) 7 to PND 56. In adult ewes,
enJSRV RNAs were detected only in the epithelia of the uterine endometrium, as well as epithelia of the
oviduct, cervix, and vagina. In cyclic ewes, endometrial enJSRV RNA abundance was lowest on day 1, increased
12-fold between days 1 and 13, and then decreased to day 15. In pregnant ewes, levels of endometrial enJSRV
RNAs were high on day 11, increased to day 13, and then decreased to day 19. In day 17 and 19 conceptuses,
enJSRV RNAs were also detected in binucleate cells of the trophectoderm. Immunoreactive JSRV capsid and
envelope proteins were detected in the endometrial LE and GE, as well as in the binucleate cells of the
conceptus. In transfection assays utilizing ovine endometrial LE cells, progesterone increased transcriptional
activity of several enJSRV long terminal repeats. Collectively, these results indicate that transcription of
enJSRVs in the endometrial epithelia of the ovine uterus is increased by progesterone and might support a role
for enJSRVs in conceptus-endometrium interactions during the peri-implantation period and early placental
morphogenesis.

A distinctive feature of retroviruses is their presence as
inherited elements in the germ line of most eukaryotes. These
elements, known as endogenous retroviruses (ERVs), are
transmitted through the germ line as stable Mendelian genes,
yet they exhibit structural and sequence similarities to infec-
tious exogenous retroviruses (9). It is assumed that ERVs were
derived from integration events during the evolution of ancient
exogenous retroviruses (e.g., transmitted horizontally) into the
germ line of host animal species. In recent years, considerable
effort has been directed toward understanding the biological
significance of ERVs, particularly those present in the human
germ line (8, 30, 31). Generally, endogenous proviruses are
transcriptionally silent and are often defective, typically differ-
ing from the exogenous counterpart by deletions or point mu-
tations that render them incapable of forming infectious virus
(9, 11). However, several ERVs maintain at least some intact
open reading frames with expression associated with either
beneficial or detrimental effects to the host (9). Specific ex-
pression of some ERVs in the placenta has lead to various

hypotheses that these elements play a role in mammalian re-
production (6, 7, 23, 33, 42, 43, 54, 55).

Sheep represent an interesting model with which to study
the biology of ERVs and their interaction with host species.
The ovine genome contains 15 to 20 copies of endogenous
retroviruses (enJSRVs) (3, 24, 25, 36, 57) that are highly re-
lated to two oncogenic exogenous betaretroviruses, Jaagsiekte
sheep retrovirus (JSRV) and enzootic nasal tumor virus
(ENTV) (14, 40). enJSRV RNAs are highly expressed in the
epithelium of the uterus (38, 48), while the exogenous patho-
genic viruses JSRV and ENTV appear to have a strict tropism
for secretory cells of the respiratory tract (16, 36, 37). Expres-
sion of enJSRV RNAs in the ovine uterus was initially identi-
fied by differential display PCR and PCR-based subtraction
hybridization experiments (48). In situ hybridization analyses
discovered that enJSRV RNAs were restricted in expression
to the endometrial lumenal epithelium (LE) and glandular
epithelium (GE) (48). Indeed, the expression level of the
enJSRVs in the uterine endometrial epithelia is very high rel-
ative to a number of other genes expressed in the same epi-
thelia, as well as expression of enJSRVs in other sheep tissues
(35, 38). The high level and specificity of temporal and spatial
expression of enJSRVs in the endometrium of the ovine uterus
might suggest physiological functions of these elements in reg-
ulation of conceptus-endometrium interactions, as well as pla-
cental morphogenesis, during the peri-implantation period. On
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the other hand, tropism for the genital tract of the exogenous
viral ancestors of the current enJSRVs might also explain the
specific expression of the endogenous loci in the epithelium of
the uterus.

To further investigate the role of enJSRVs in sheep uterine
biology, studies were conducted to determine effects of neo-
natal age, day of the estrous cycle and early pregnancy, and
progesterone on expression of enJSRVs in the ovine uterus.
Expression of enJSRV RNAs was detected only in epithelia of
oviduct, uterus, cervix, and vagina. Changes in abundance of
enJSRV RNAs in the endometrium during the estrous cycle
and early pregnancy suggested that progesterone, acting via
the progesterone receptor, increases transcription of enJSRV
genes. Transient transfection assays established that progester-
one increased transcriptional activity of several enJSRV long
terminal repeats (LTRs). Immunoreactive JSRV capsid and
envelope proteins were detected in the endometrial LE and
GE as well as in binucleate cells of the conceptus trophecto-
derm that form syncytia with the epithelium of the uterus.

MATERIALS AND METHODS

Animals. Mature ewes of primarily Rambouillet or Suffolk breeding were
observed daily for estrus by using vasectomized rams. All ewes exhibited at least
two estrous cycles of normal duration (�16 to 18 days). Experimental and
surgical procedures involving animals were approved by the Institutional Agri-
cultural Animal Care and Use Committee of Texas A&M University.

Study 1: expression of enJSRVs mRNAs in the uterus of neonatal ewe lambs.
Rambouillet-Suffolk ewe lambs were assigned randomly at birth (postnatal day
[PND] 0) to be necropsied on PND 1 (n � 6), 7 (n � 5), 14 (n � 5), 21 (n � 4),
28 (n � 5), 42 (n � 5), or 56 (n � 5) as described previously (51). The uterus was
obtained and trimmed free of the broad ligament, oviduct, and cervix. Sections
(�1 cm) from the midportion of each uterine horn were fixed in fresh 4%

paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.2) and embedded in
Paraplast Plus (Oxford Labware, St. Louis, Mo.).

Study 2: expression of enJSRV RNAs in reproductive tract tissues of adult
ewes. Adult, cyclic ewes (n � 6) were synchronized to estrus and bred with fertile
rams as described previously (20). On day 9 postmating, ewes were necropsied,
and the entire reproductive tract was excised. Sections of the oviduct (ampulla
and isthmus), cervix, and vagina (anterior and posterior) were fixed in fresh 4%
paraformaldehyde for histology. Each uterine horn was flushed with 10 ml of
Dulbecco’s modified Eagle’s medium (DMEM)–F-12 medium (Sigma Chemical
Co., St. Louis, Mo.) and examined for the presence of a hatched blastocyst to
confirm pregnancy. The uterine horns were then separated, and sections from
each uterine horn (near the utero-tubal junction, the midportion, and uterine
body) were fixed in 4% paraformaldehyde and then processed and embedded in
Paraplast Plus.

Study 3: expression of enJSRV RNAs and protein in uterus of cyclic and
pregnant ewes. At estrus, ewes were assigned randomly to cyclic or pregnant
status. Ewes assigned to pregnant status were bred with intact rams at estrus (day
0) and then ovariohysterectomized (n � 4 ewes/day) on day 1, 3, 5, 7, 9, 11, 13,
or 15 of the estrous cycle and day 9, 11, 13, 15, 17, or 19 of pregnancy (day 0 �
estrus/mating) as described previously (45). Pregnancy was confirmed by the
presence of an apparently normal conceptus in uterine flushings. At hysterec-
tomy, several sections from the middle of each uterine horn were fixed in fresh
4% paraformaldehyde and then embedded in Paraplast Plus.

Several sections of each uterine horn were also embedded in Tissue-Tek
Optimal Cutting Temperature (OCT) compound (Miles, Inc., Oneonta, N.Y.),
frozen in liquid nitrogen vapor, and stored at �80°C. The remaining endome-
trium was physically dissected from myometrium, frozen in liquid nitrogen, and
stored at �80°C for RNA extraction. 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 in RNA and
protein analyses.

RNA isolation and slot blot analyses. Total cellular RNA was isolated from
endometrium by using Trizol (Gibco-BRL, Bethesda, Md.). The quantity of
RNA was assessed spectrophotometrically, and the integrity of RNA was exam-
ined by gel electrophoresis in a denaturing 1% agarose gel.

Steady-state levels of enJSRV RNAs were assessed by slot blot hybridization
as described previously (50). Denatured total endometrial RNA (20 �g) from

FIG. 1. In situ hybridization analysis of enJSRV mRNA expression in the developing neonatal ovine uterus. Cross-sections of the uterine wall
from neonatal ewes (PND 0 � birth) were hybridized with �-35S-labeled antisense or sense ovine enJSRV cRNA probes as described in Materials
and Methods. Protected transcripts were visualized by liquid emulsion autoradiography for 1 week and imaged under bright-field or dark-field
illumination. S, stroma; M, myometrium. Magnification, �260.
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each ewe was analyzed with a radiolabeled antisense ovine enJSRV cRNA probe
generated from a partial ovine endometrial enJSRV cDNA (DD54) that was
cloned by differential display (DD)-PCR as previously described (48). To correct
for variation in total RNA loading, a duplicate RNA slot membrane was hybrid-
ized with radiolabeled antisense 18S rRNA and cRNA (pT718S; Ambion, Aus-
tin, Tex.). Following washing, nonspecific hybridization was removed by RNase
A digestion (2). The radioactivity associated with each slot was quantified by
electronic autoradiography with an Instant Imager (Packard Instrument Com-
pany, Meridian, Conn.) and expressed as total counts (TCs).

In situ hybridization analysis. The enJSRV RNAs were localized in uterine
tissue sections (5 �m) by in situ hybridization analysis as described previously
(48). Deparaffinized, rehydrated, and deproteinated uterine tissue sections were
hybridized with radiolabeled antisense or sense cRNA probes generated from
linearized ovine endometrial enJSRV cDNA (DD54) (48) by in vitro transcrip-
tion with [�-35S]UTP. After hybridization, washing, and RNase A digestion,
slides were dipped in NTB-2 liquid photographic emulsion (Kodak, Rochester,
N.Y.), stored at 4°C for 1 week, and developed in Kodak D-19 developer. Slides
were then counterstained with Harris modified hematoxylin (Fisher Scientific,
Fairlawn, N.J.), dehydrated through a graded series of alcohol to xylene, and
protected with a coverslip.

Immunofluorescence analyses. JSRV protein was localized in frozen uterine
tissue sections by immunofluorescence by methods similar to those described
previously (26). Briefly, uterine tissues embedded in OCT compound from study
3 were sectioned with a cryostat (8 �m) and mounted on Superfrost/Plus micro-
scope slides (Fisher Scientific, Pittsburgh, Pa.). Frozen sections were fixed in
�20°C methanol for 10 min, permeabilized with 0.3% Tween 20 in 0.02 M PBS,
and then blocked in antibody dilution buffer (2 parts 0.02 M PBS, 1.0% bovine
serum albumin, 0.3% Tween 20 [pH 8.0], 1 part glycerol) containing 5% normal
goat serum for 1 h at room temperature. Sections were rinsed in PBS and
incubated overnight at 4°C with the primary antibodies towards the JSRV major
capsid protein or the envelope protein described below. Antibodies towards the
JSRV capsid protein (no. 1520) were kindly provided by J. M. Sharp (Moredun
Research Institute, Midlothian, Scotland) and produced as described previously
(37). Antiserum towards JSRV envelope (no. 1721 and 1723) was obtained by
injecting rabbits with synthetic peptides derived from the envelope region of
JSRV (M. Palmarini and H. Fan, unpublished results). Substitution of primary
antibody with normal rabbit serum (Sigma-Aldrich, St. Louis, Mo.) at the same
concentration was used as the negative control. Following three rinses in PBS for
10 min each, sections were incubated with fluorescein-conjugated goat anti-
rabbit immunoglobulin G (IgG) (Zymed, San Francisco, Calif.) for 1 h at room
temperature and again washed in PBS three times for 10 min each. Coverslips
were placed over a layer of Prolong antifade mounting reagent (Molecular
Probes, Eugene, Oreg.).

Transient transfection and luciferase assays. Immortalized ovine endometrial
LE cells described previously (27) were grown in DMEM with the addition of
10% charcoal-stripped fetal bovine serum. Transient transfections were per-
formed on ovine LE cells (2 � 105 to 4 � 105) plated on six-well plates approx-
imately 24 h prior to transfection. Each well of subcultured ovine LE cells was
cotransfected with 300 ng of firefly luciferase (luc gene) reporter plasmid, 1,000
ng of a human progesterone receptor (PR) mammalian overexpression vector
(53), and 50 ng of pRL-null (Promega, Madison, Wis.), a construct that expresses
the renilla luciferase gene, by using Fugene (Roche, Basel, Switzerland). Lucif-
erase reporter plasmids were described previously (36, 38). Briefly, pJS21-luc was
constructed by placing the JSRV21 LTR in front of luc. For construction of
penJS56A1-luc, penJS5F16-luc, and penJS59A1-luc, the LTRs of the endoge-
nous proviral clones enJS56A1, enJS5F16, and enJS59A1 were placed in front of
the luc gene. The ENTV-luc has the ENTV LTR placed in front of the luc gene.
The ENTV LTR was kindly provided by Cristina Cousens (Moredun Research
Institute). Transfected cells were then treated with vehicle as a control or with
progesterone (0.02 M) for 48 h. Cells were then harvested, and luciferase activity
was determined by using the dual luciferase reporter system (Promega) and a TD
20/20 luminometer (Turner Designs, Sunnyvale, Calif.). All assays were con-
ducted in triplicate with at least two independent experiments. Firefly luciferase
data were normalized by using pRL-null luciferase values. Data are expressed as
fold increase in relative light units of progesterone-treated cells compared to
values for untreated cells.

Photomicroscopy and digital imaging. Images of representative fields of in situ
hybridization and immunofluorescence slides were recorded with a Zeiss Axio-
plan2 microscope (Carl Zeiss, Thornwood, N.Y.) fitted with a Hamamatsu
C-5810 chilled three-color charge-coupled device (CCD) camera (Hamamatsu
Corporation, Bridgewater, N.J.). Digital images were captured and/or assembled
with Adobe Photoshop 4.0 (Adobe Systems, Seattle, Wash.) and a MacIntosh

PowerMac G3 computer (Apple Computer, Cupertino, Calif.). Black-and-white
prints were generated electronically with a Kodak DS8650 color printer.

Statistical analyses. Data from slot blot hybridization analyses were subjected
to least-squares analysis of variance (LS-ANOVA) by the general linear models
(GLM) procedures of Statistical Analysis System version 8.1 for Windows (SAS
Institute, Cary, N.C.). Slot blot hybridization data for enJSRV RNAs (total
counts) were corrected for differences in sample loading by using the 18S rRNA
data as a covariate in LS-ANOVA. Data from study 3 were analyzed for effects
of day and pregnancy status (cyclic or pregnant), as well as their interaction.
Within pregnancy status, LS regression analyses were used to determine effects
of day on endometrial mRNA levels. All tests of significance were performed by
using the appropriate error terms according to the expectation of the mean
squares for error (49). Data are presented as LS mean TCs with standard errors
(SE).

FIG. 2. In situ hybridization analysis of enJSRV mRNA expression
in different tissues of the adult ovine female reproductive tract. Cross-
sections of different regions of the female reproductive tract from day
9 pregnant ewes were hybridized with �-35S-labeled antisense or sense
ovine enJSRV cRNA probes as described in Materials and Methods.
Protected transcripts were visualized by liquid emulsion autoradiogra-
phy for 1 week and imaged under bright-field or dark-field illumina-
tion. Magnification, �260.
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RESULTS

Expression of enJSRV RNAs in the uterus of neonatal ewe
lambs (study 1). Previously, high levels of enJSRV RNAs were
detected in the endometrial epithelium of uteri from adult
ewes (48). In the present study, expression of enJSRV RNAs
was studied in the uteri of neonatal ewe lambs between PND
1 and PND 56, because this represents a period of active
uterine morphogenesis in which the endometrial GE differen-
tiates from LE (51, 52). As illustrated in Fig. 1, the endometrial
GE differentiates and buds into the underlying stroma from
the LE between PNDs 1 and 7. Between PNDs 14 and 56, there
is extensive coiling and branching morphogenesis of nascent
endometrial glands. By PND 56, the uterine wall appears to be
histoarchitecturally mature (52). During this period, PR is ex-
pressed by the LE and developing GE, but progesterone is
absent or below detectable limits in the peripheral blood (52).

In situ hybridization analyses revealed that enJSRV RNAs
were absent or below detectable limits in all uterine cell types
on PND 1 (Fig. 1). The white cells in the dark-field photomi-
crograph of the PND 1 uterine section are not positive for
enJSRV RNAs, but rather are darkly pigmented melanocytes
that appear white in dark-field photomicrographs. In contrast
to PND 1, expression of enJSRV RNAs was detected in the LE
and budding GE on PND 7 and was present in all epithelia to
PND 56. Thus, enJSRVs are expressed in uterine epithelia in
the absence of detectable progesterone in peripheral blood.
We cannot specify which enJSRV loci are specifically ex-
pressed, because the DD54 probe most likely cross-reacts with
most enJSRVs, given the high degree of homology of the
known sequences of these elements (3, 4, 38).

Expression of enJSRVs in tissues of the adult ovine repro-
ductive tract (study 2). In previous studies, enJSRV RNAs

were detected in several tissues, including the uterus and lung
(36, 48), but other tissues in the female reproductive tract were
not studied. In this study, expression of enJSRV RNAs was
surveyed in adult reproductive tract tissues of Müllerian duct
origin from day 9 pregnant ewes (Fig. 2). As expected, abun-
dant expression of enJSRV RNAs was detected in the endo-
metrial LE and GE of all regions of the uterus. In addition,
abundant expression of enJSRV RNAs was detected in the
epithelia of the ampulla and isthmus regions of the oviduct, as
well as in the cervix. Although expression of enJSRV RNAs
was detected in the posterior and anterior regions of the va-
gina, expression was very low compared to that in other repro-
ductive tract tissues.

Expression of enJSRV RNAs and proteins in the uterus of
cyclic and pregnant ewes (study 3). In order to determine the
effects of day of the estrous cycle and early pregnancy on
enJSRV expression in the endometrium, steady-state levels of
enJSRV RNAs were determined in ovine endometrial total
RNA by slot blot hybridization analysis with the DD54 partial
enJSRV env cDNA as a probe (48). As previously reported,
Northern blot analyses of ovine endometrial total RNA with
antisense DD54 cRNA detected two RNA species 7.5 and 2.4
kb in size (48). In analogy with the exogenous JSRV, the 7.5-kb
RNA transcript would represent the full-length enJSRV ge-
nome, whereas the 2.4-kb RNA transcript corresponds to the
correctly spliced env mRNA (32).

As illustrated in Fig. 3, steady-state levels of enJSRV RNAs
in the endometrium was affected (P � 0.01) by day of the
estrous cycle or pregnancy, but not by pregnancy status (P 	
0.10, day x status). In cyclic ewes, endometrial enJSRV RNAs
increased 12-fold between days 1 and 13 and then decreased to
day 15 (P � 0.01, cubic effect of day). The increase in endo-

FIG. 3. Effects of day of the estrous cycle or early pregnancy on expression of enJSRV mRNAs in the ovine endometrium. Slot blot
hybridization analysis of enJSRV mRNAs in endometrium from cyclic and pregnant ewes was performed as described in Materials and Methods.
Steady-state levels of enJSRV mRNAs are presented as LSM TCs with SE.
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metrial enJSRV expression was highly correlated with changes
in peripheral blood progesterone content (46). In pregnant
ewes, endometrial enJSRV RNA expression was high on day
11, increased to day 13, and then decreased to day 19 (P �
0.01, cubic effect of day).

In situ hybridization analyses revealed that changes in the
abundance of enJSRV RNAs in the endometrial LE were
similar to changes in steady-state levels of enJSRV RNAs in
the endometrium (Fig. 4). As expected, enJSRV RNAs were
expressed predominantly in the LE and GE of the endome-
trium, whereas expression was not detected in the endometrial
stroma or myometrium. In pregnant ewes, enJRSV RNAs
were abundant in the LE on days 11 to 13, but declined to
almost undetectable levels between days 15 and 19. Interest-
ingly, the overall abundance of enJSRV RNAs was lower or
absent in the LE that appeared to be in contact with the
conceptus trophectoderm during this peri-implantation period

of pregnancy. Expression of enJSRV RNAs was abundant in
GE of the upper stratum compactum stroma, whereas expres-
sion in the GE in the stratum spongiosum near the myome-
trium was less abundant.

In addition to the endometrial epithelia, expression of en-
JSRV RNAs was detected in selected, specific trophectoder-
mal cell types of the developing placenta. Based on their mor-
phology, these cells appear to be the binucleate cells of the
conceptus trophectoderm. During synepitheliochorial placen-
tation in ruminants, the binucleate cells fuse with the endome-
trial epithelium and produce placental lactogen (56).

Immunofluorescence analyses of uterine sections from cyclic
and pregnant ewes for JSRV envelope and capsid protein
expression are presented in Fig. 5. As observed for enJSRV
RNA expression, immunoreactive JSRV envelope and capsid
proteins were detected specifically in the apical portion of the
endometrial LE and GE, but not in the stroma or myome-

FIG. 4. In situ hybridization analysis of enJSRV mRNA expression in the uteri of cyclic and pregnant ewes. Cross-sections of the uterine wall
from cyclic (C) and pregnant (P) ewes were hybridized with [�-35S]-labeled antisense or sense ovine enJSRV cRNA probes as described in
Materials and Methods. Protected transcripts were visualized by liquid emulsion autoradiography for 1 week and imaged under bright-field or
dark-field illumination. S, stroma; M, myometrium; TE, trophectoderm. Magnification, �260, except for the 17P panel at the bottom (�520).
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trium. The binucleate cells of the conceptus trophectoderm
were also positive. Thus, the cell types in the ovine uterus
expressing enJSRV RNAs also produce envelope and capsid
proteins.

enJSRV LTRs are activated by progesterone. In cyclic and
early pregnant ewes, expression of enJSRV genes in the endo-
metrial epithelia is highly correlated with circulating levels of
progesterone in peripheral blood and the presence of PR in
uterine epithelia. Therefore, a plausible hypothesis is that one
or more enJSRV LTRs, in which the retroviral promoter and
enhancers are located, are regulated by progesterone. Al-
though 15 to 20 copies of enJSRVs are present in the sheep
genome, the expression observed in the uterus might derive
from only one or a few loci. As illustrated in Fig. 6, transient
transfection experiments were utilized to determine the re-
sponsiveness of LTRs from three endogenous loci (enJS56A1,
enJS5F16, and enJS59A1) and exogenous JSRV21 (40) and
ENTV (14) to progesterone. Progesterone stimulated (P �
0.01) the expression of the enJS59A1 LTR almost 10-fold and
that of the enJS56A1 LTR about 4-fold. However, progester-
one had minimal effects on the enJS5F16 LTR and on the
LTRs from the exogenous viruses JSRV and ENTV. These
results support the idea that increased expression of some

enJSRV genes is mediated by increased transactivation of the
LTR by liganded PR.

The enJSRVs LTR used in this study are derived from
proviral clones. Future studies of LTRs derived from transcrip-
tionally active enJSRVs might be more appropriate in deter-
mining the response of these loci to hormones.

DISCUSSION

As a first effort to understand the significance of enJSRVs in
sheep reproductive biology, the present studies assessed the
influence of age, stage of the estrous cycle and pregnancy, and
progesterone on enJSRV expression in the ovine uterus. Avail-
able results suggest that, during evolution, a function for these
elements has been maintained that might be beneficial to the
host. At the very least, enJSRV expression in the ovine female
reproductive tract is apparently not detrimental to reproduc-
tion.

The overall pattern of enJSRV expression in the ovine en-
dometrial epithelia and results of transient transfection exper-
iments strongly suggest that enJSRV LTR(s) are responsive to
ligand-activated PR. Levels of expression of enJSRV RNAs
were low on day 1 of the estrous cycle and increased to max-

FIG. 5. Immunoreactive JSRV capsid (A) and env protein (B) expression in the ovine endometrium. Immunofluorescence staining of frozen
uterine sections from cyclic (C) and pregnant (P) ewes was conducted with specific antibodies or irrelevant IgG as a control as described in
Materials and Methods. TE, trophectoderm. Magnification, �230.
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imal levels on day 13 in the endometrium of both cyclic and
pregnant ewes. In situ hybridization analyses revealed that
changes in the expression of enJSRV RNA occurred in both
the LE and GE of the endometrium. Overall, these changes in
steady-state enJSRV RNA levels closely paralleled the ontog-
eny of ovarian progesterone in the peripheral circulation as
well as expression of the PR in endometrial epithelia (46). The
initial increase in enJSRV RNAs between days 1 and 13 of the
estrous cycle correlates with an increase in progesterone due to
formation of the corpus luteum after ovulation. As illustrated
in Fig. 7, PR expression is abundant in the LE and GE between
days 5 and 11 of the estrous cycle in the ovine uterus. However,
continuous exposure of the ovine uterus to progesterone for 8
to 10 days down-regulates expression of the PR (47). Expres-
sion of the PR declines in the LE to undetectable levels be-
tween days 11 and 13, whereas PR expression in the GE is
progressively lost between days 13 and 19 of early pregnancy
(46). Transient transfection experiments presented here indi-
cate that the LTRs of several enJSRVs are transactivated by
the liganded PR. However, the LTRs of the same enJSRVs do
not require progesterone for basal expression. This contention
is supported by the detection of enJSRV RNAs in endometrial
epithelia of the developing uterus of neonatal ewes. Although
the LE and GE express the PR throughout neonatal endome-
trial development, progesterone is below detectable limits in
the peripheral circulation (52).

During early pregnancy, maximal expression of enJSRV
genes was detected during the preimplantation period. The
progressive decline in expression of enJSRVs in the epithelium
likely results from the loss of PR expression in the LE and GE
(46). In addition, loss of the LE itself occurs during synepithe-
liochorial placentation as the trophectoderm fuses with the LE
and forms a syncytium beginning on day 16 of pregnancy. Of
great interest for comparative physiology is the expression of
enJSRVs in the binucleate cells of the conceptus trophecto-
derm. Binucleate trophectodermal cells fuse with the endome-
trial LE in both caruncular and intercaruncular areas to form

a syncytium (56). Only the binucleate cells display invasive
properties in the placenta of ruminants as well as other species.
Indeed, retroviral particles have been observed in the placenta
of many animal species, including ruminants (28). The pres-
ence of enJSRV gene expression in the developing placenta is
strikingly similar to that observed for the human endogenous
retrovirus, HERV-W (6). HERV-W is specifically expressed in
the syncytiotrophoblast of the human placenta, which is
formed by fusion of the trophoblast with the epithelium of the
maternal uterus. HERV-W envelope protein, as for many ret-
roviral envelope proteins, is able to induce formation of syn-
cytia when expressed in vitro, thereby advancing the hypothesis
that HERV-W is involved in human placental morphogenesis
(7, 33). Similarly, ERV-3, another human retrovirus (10, 12), is
also abundantly expressed in the syncytiotrophoblast, although
the presence of a stop codon before the membrane anchor
domain of the ERV-3 env gene would probably inhibit cell
fusion mediated by the envelope protein (13). Collectively,
these observations support the theory that an ancient retroviral
infection had profound consequences for mammalian evolu-
tion (23). The presence of enJSRV RNAs as well as envelope
and capsid protein expression might suggest involvement of
this betaretrovirus in synepitheliochorial placentation in sheep.

Immunofluoresence analyses in the present study indicated
that expression of enJSRV genes in the pregnant ovine uterus
was not limited to RNA, because both JSRV envelope and
capsid proteins were detected in the endometrial epithelia and
trophectodermal binucleate cells. The expression of enJSRV
genes in the newborn lamb may explain some aspects of the
pathogenesis of ovine pulmonary adenocarcinoma (OPA) and
enzootic nasal tumor (ENT) induced by the highly related
exogenous viruses JSRV and ENTV. Sheep affected by OPA

FIG. 6. Effects of progesterone on activity of several enJSRV LTRs
in transient transfection assays utilizing ovine endometrial LE cells.
Results are expressed as fold increases relative to activity of the re-
porter constructs without the addition of progesterone. All assays were
conducted in triplicate with at least two independent experiments.
Results are presented as mean fold activation with SE.

FIG. 7. Schematic representation of progesterone levels in the pe-
ripheral blood relative to expression of the PR protein in the LE and
GE in cyclic and early pregnant ewes. The relative amount of PR
protein in the LE and GE is noted as absent (open circles), low
abundance (partially [gradient] filled circles), and abundant (solid cir-
cles).
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or ENT do not have a humoral immune response towards
JSRV or ENTV (34, 44). Thus, it appears that the enJSRVs
elements are recognized as self-antigens due to their basal
expression, and sheep are tolerized towards infection by the
exogenous JSRV. Indeed, preliminary experiments detected
expression of enJSRV RNAs in the uterus, lungs, and gut of
fetal sheep (T. E. Spencer, P. J. Griebel, and M. Palmarini,
unpublished results). How the induction of tolerance to an
exogenous retrovirus could be beneficial for its host is not
readily apparent, although this might be the price of utilizing
enJSRVs in ovine uterine function. In the present study, en-
JSRV expression was detected in all reproductive tract tissues
of Müllerian duct origin. This is in accord with the hypothesis
that ancestors of the modern JSRV and ENTV did not have a
tropism for the respiratory apparatus, but rather for the genital
tract, and were probably transmitted from sheep to sheep dur-
ing the process of mating (38). Thus, these exogenous viruses
might have been the cause of immunomediated disorders so
that the induction of tolerance might have proved beneficial
for sheep. These speculations would be very difficult to address
experimentally.

In addition to trophectodermal binucleate cell biology, ex-
pression of enJSRVs in the endometrial epithelia may play
another role in placental morphogenesis. Expression of
enJSRVs in uterine epithelia between days 11 and 19 of preg-
nancy is highly correlated with tau interferon (IFN-
) produc-
tion by mononuclear cells of the trophectoderm (19, 22). In
sheep, implantation is preceded by elongation of the conceptus
from a tubular to filamentous form between days 12 and 15
(19), an event that involves trophoblast cell rearrangement and
proliferation (22). Conceptus elongation is concomitant with
production of the pregnancy recognition hormone, IFN-
,
which prevents transcriptional up-regulation of the estrogen
receptor and oxytocin receptor genes in the endometrial LE (5,
46). The expression of IFN-
 genes is unusual, because they are
not induced by virus (15, 29), only transcribed in the mononu-
clear cells of the trophectoderm (18, 22), and are sustained
over several days (1) rather than limited to a few hours (17).
Given the proliferation of the trophectoderm during the im-
plantation period, the enJSRV envelope proteins might also
stimulate cell division in these cells, analogous to transforming
properties induced by the exogenous JSRV envelope (32, 41),
although the enJSRV sequences known so far lack the putative
phosphatidylinositol 3-kinase (PI-3K) docking site in the trans-
membrane region that has been found to be necessary for
transformation in vitro (39).

In conclusion, the results of this study support the hypothesis
that enJSRVs may play key roles in the reproductive physiol-
ogy of sheep during the peri-implantation period. Sheep can be
used as a model to understand the biological significance of
endogenous retroviruses with respect to conceptus (embryo
and associated extraembryonic placental membranes) develop-
ment, implantation, and pregnancy recognition signaling.
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