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Abstract

Interferon-t is a major product of ovine and bovine conceptuses during the period before the
trophoblast makes firm attachment to the uterine wall and begins to form a placenta. Its primary
function is in preventing a return to ovarian cyclicity and hence ensuring the pregnancy continues,
although it undoubtedly has other roles in ensuring receptivity of the maternal endometrium. Despite
having properties similar to those of other Type 1, IFN-t is not virally inducible and functions in a
constitutive process unrelated to pathogenesis. The genes for IFN-t (IFNT), which are confined to
ruminant ungulate species, would appear to be the most recently evolved mammalian Type 1 gene
family and are primarily under the transcriptional control of Ets2 and signal transduction pathways
that target that transcription factor. The IFNT provide an illustration of how a gene control region
can be commandeered and then refined to provide a radically changed pattern of expression.
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Introduction

My entry into the field of interferon research was quite by chance and brought about by the
unexpected discovery that the factor responsible for “rescuing” the corpus luteum (CL) during
early pregnancy in sheep and cattle was a Type 1 interferon (IFN) (1-3). The CL is the normally
transitory structure that develops on the ovary from the ruptured ovarian follicle following
release of the oocyte and would normally regress if that oocyte failed to be fertilized and a
pregnancy did not ensue. Its primary function is to produce the steroid hormone, progesterone.
In most eutherian mammals, the functional lifespan of the CL must be extended during a
pregnancy to provide continued production of progesterone, a steroid hormone that acts on the
mucosal lining of the uterus (endometrium) to provide an environment in which the conceptus
(defined here as embryo plus its surrounding membranes) can continue to develop. Therefore,
the prevention of luteal regression is crucial if a pregnancy is to succeed and depends upon a
biochemical signal that originates from the conceptus. In the case of cattle and sheep and related
ruminants, the active factor is now known as IFN-t, which acts locally on the maternal uterine
endometrium to prevent the release of the luteolytic factor, prostaglandin F2a, at the end of
the ovarian cycle when the CL is poised on the point of regression. IFN-t probably also induces
local changes in the maternal uterus to provide a local environment friendly to subsequent
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conceptus development. In this short paper, | describe the discovery of IFN-t, how the genes
(IFNT) encoding these IFN appear to have evolved, and the nature of the cis-regulatory control
elements on the IFNT responsible for their unique pattern of expression. In closing, | speculate
that although the IFN-t would appear to provide a recently evolved mechanism for conceptus-
maternal signaling, there may be analogies in other mammalian groupings, including primates.

Background

By the late 1970s, it had become clear that there was no common mechanism to explain how
CL rescue occurred in different species (4,5). In primates, where the conceptus implants into
the uterine wall within a day or two of entering the uterus, a chorionic gonadotrophin (hCG in
the case of the human) is secreted by the invading trophoblast, gains access to the maternal
blood supply, and provides direct luteotrophic support to the CL. The situation in non-primate
species is quite different. No species of mammal outside the primate order, for example, appears
to even possess the gene for the B-subunit of CG. In addition, attachment of the conceptus to
the uterine wall in cattle, sheep and related pecoran ruminants does not occur until the third
week of pregnancy, and implantation, when it occurs, is superficial. Surprisingly, the
prospective mother “knows” she is pregnant and her CL is already programmed for extension
well before these placentation events are initiated. By 1980, it had become clear that the active
factor responsible for CL rescue and extension of the ovarian cycle was a protein produced by
the conceptus for a few days prior to when the conceptus attaches to the uterine wall, and only
effective if it were introduced into the uterine lumen rather than directly into the ewe’s blood
stream (4,6). At the University of Florida, my colleagues, Fuller Bazer and Jim Godkin, and |
reasoned that the protein factor was probably, therefore, secreted and produced transiently
during pregnancy. Advantage was taken of the fact that it is possible to flush conceptuses from
the surgically exposed uteri of early-pregnant ewes, and then to culture them as intact, whole
structures. Accordingly, conceptuses were cultured under serum-free conditions in presence
of a radioactive amino acid for about 24 hours, and proteins released into the medium analyzed
by two-dimensional PAGE. These experiments immediately revealed that the major secretory
product released by the unattached sheep conceptus was a protein of molecular weight
approximately 18,000, which consisted of several forms differing slightly in isoelectric point
(7). The production of this protein, which was maximal at about day 15, became undetectable
after the end of the third week of pregnancy. We were able to purify this conceptus product
relatively easily, show that it could be introduced into the uteri of non-pregnant ewes and cause
a temporary extension of CL function, and, after raising a specific antiserum, clone its cDNA
from a cDNA expression library prepared from polyadenylated conceptus RNA (reviewed in
(8)). The nucleotide sequence of this cDNA revealed that it encoded a protein that was likely
to be a Type 1 IFN. A parallel series of experiments with cattle embryos showed that a similar
IFN-like protein was responsible for maternal recognition of pregnancy in cattle. These IFN
eventually became recognized as a new family of Type 1 IFN, known as the IFN-t (see (8,9)).

Relationship of IFN-T to other type 1 IFN

The IFN-t most resemble the IFN-o (~75 % identity), but are also quite similar to the IFN-a
and IFN-B (~50% and ~25 % identity, respectively) (9). Both the IFN-t and IFN-w are 172
amino acids in length, i.e. about six amino acids longer than IFN-a. However, the IFN-t have
quite similar biological activities to other Type 1 IFN and bind to the Type 1 IFN receptor,
through which they activate STAT transcription factors (10,11) and up-regulate genes known
to be implicated in an antiviral response (12,13). The three dimensional structure of ovine IFN-
14 (14) reveals that it possesses the compact 5-helix structure of IFN-a and -B (Fig.1).

Genes for the IFN-t have been identified by Southern genomic blotting in cattle, sheep, musk
oxen, goats and gazelle (all of which are Bovidae), giraffe (Giraffidae) and deer (Cervidae)
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(15). All of these ruminant species possess several IFNT, except for the giraffe, where it is
unclear whether there is a single gene or, most probably, a group of closely related genes.
Estimates of the number of IFNT in cattle ranged from a minimum of four to at least ten
(15-17) but estimates are of necessity inaccurate because of the inability to distinguish which
sequences represent distinct genes and which represent allelic forms. The latest version of the
partially annotated bovine genome sequence only lists three genes, all linked closely to the
IFNA, IFNW, and IFNB on chromosome 8 (Angela M. Walker and R. Michael Roberts,
unpublished data). However, it is possible that closely related sequences have been overlooked,
asthe IFNT appear to be continuing to duplicate rapidly, spawning many closely related copies.
For example, all the known bovine IFNT sequences have arisen within the last six million
years, and the majority much more recently than that (17). Matters are even more complicated
in the sheep where over 20 different sequences have been reported to GenBank. A full
accounting for the cattle genes will probably require a complete walk along the relevant BACs
overlapping the locus. Even then distinguishing genes with identical nucleotide sequences will
be a challenge.

As mentioned above, the IFNT are most closely related to the IFNW, which themselves evolved
from the IFNA about 130 million years ago, at about the time the mammals had their origins
(18). The IFNT/IFNW split occurred much more recently, only 36 million years ago, and
coincided with the time the ruminant artiodactyls themselves first emerged. A recent
comprehensive analysis of Type 1 IFN phylogeny (19) confirms the recent evolutionary origins
of the IFNT and the inference that these genes will not be found outside the ruminant order
and certainly not in either mouse or man (as has been occasionally and mistakenly reported).
The initial event that gave rise to the IFNT was most probably a duplication event from an
existing IFNW that provided the new tau gene with a reorganized promoter and a novel 3'-end.
This reorganization presumably opened up a new genetic context for transcriptional activation
that directly or indirectly led to the acquisition of trophoblast expression and the loss of viral
responsiveness (20).

Transcriptional control of IFNT expression

The expression of the IFNT is unique in at least three respects: lack of viral inducibility,
restricted localization to embryonic trophectoderm and sustained, high level, synthesis
sustained over several days. To our knowledge the IFNT are silent in the fetus, the placenta
after it forms, and in all tissue of the adult animal. By contrast, expression of related Type 1
IFN genes occurs in response to virus and other pathogens in a variety of tissues, and the
expression of these proteins is generally short-lived.

As with other Type 1 IFN, control of tissue and temporal expression lies in the 5/-flanking
region of the intronless IFNT (21). These control regions are highly conserved across the
ruminant species and lack the organized viral-response elements seen in genes for IFN-o.
(IFNA) and IFN-B (IFNB) (15). Two gene regions beyond the TATA box (-91 to —69, and —358
to —322) form complexes with nuclear extracts from Day 13 ovine conceptuses, a time when
IFNT transcription rate per cell is at its zenith (21). Transfection experiments confirmed that
the proximal-most site, is essential for gene expression. When part of this region was used as
atarget for yeast one-hybrid screening of a Day 13 conceptus library, the nuclear protein, Ets-2,
was identified as binding to this site and to activate transcription (22). This element is adjacent
to a putative AP1 site and two helical turns upstream of a binding site for the homeobox protein
DIx3. A combination of Ets2 and DIx3 promote expression synergistically, allowing a more
than 300-fold increase in expression in choriocarcinoma cells, a permissive trophoblast cell
line used for transfection experiments (23). Interestingly, the potential role of Ets-2 in
trophectoderm function is not limited to that of the ruminant. Mice deficient in Ets-2 exhibit
defective trophectoderm function during the peri-implantation period (24), and this defect can
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be rescued by ectopic expression of Ets2 through transfection of retroviral vectors at the pre-
implantation blastocyst stage of development (25). Moreover, Ets-2 regulates a large number
of genes whose expression is a typical “signature” of trophoblast (26). Ets2-transcriptional
regulation of the IFNT promoter is also silenced by Oct4, the hallmark transcription factor of
pluripotent cells. We have suggested a model in which the down regulation of Oct4 that
accompanies the emergence of trophectoderm releases constraints operating over the
expression of IFNT, thereby placing the promoter in a permissive state for subsequent up-
regulation by lineage-specific factors (27). Observations from this laboratory suggest that the
DIx3/Ets2/AP1 composite element is responsive to both the Rass/MAPK and cAMP/PKA signal
transduction pathways and hence to factors that operate through these pathways. For example,
Ets2-dependent transcriptional responses are regulated by both these pathways, and
particularly by PKA (23). We have speculated that the sharp increase in IFN-t production
occurring as the ovine and bovine conceptus begin to elongate is triggered by progesterone-
regulated growth factors released by the maternal endometrium that, in turn, bind to receptors
on trophectoderm and target Ets2. In this manner, the release of IFN-t by the conceptus is
coordinated with maternal hormonal state so that both systems remain in phase.

Unique features of the IFN-T

Ungulate species, in general, have placentae that are superficial and minimally invasive
compared, for example, to those of rodents and higher primates. Although it may appear
counter-intuitive, such placentae are a more recent innovation than the hemochorial
placentation of the human and mouse (28) and highly efficient. However, as the structure of
the placental barrier has evolved, so has the manner in which the conceptus signals to the
mother. Some years ago we suggested that the IFN-t had arisen in conjunction with the non-
invasive synepitheliochorial placentation of ruminant artiodactyl species (10), possibly as an
antiviral barrier, initially to protect the conceptus against infection (13), but eventually evolving
to act as mediators of maternal recognition of pregnancy. The question that must be posed is
whether the role of IFN-t as a hormone of pregnancy has been achieved by their acquiring
unique, or, at the very least, specialized biological properties. Alternatively, is the key to IFN-
1 physiology their local production in emerging trophoblast at a critical time that allow them
to intervene in the normal ovarian cycle and prevent the loss of CL function that would
otherwise end the pregnancy? Certainly, the IFN-t bind the same IFNAR1/IFNAR2 receptor
used by other Type 1 IFN (29). Experiments comparing the potency of an ovine IFN-t against
another sub-type of ovine IFN, however, are not easily performed, but this laboratory has found
little difference between an ovine IFN-t and an ovine IFN-a. in their respective abilities to
extend estrous cycle length when infused into the uterine lumen of non-pregnant ewes (30). In
cattle, limited IFN-a / IFN-t comparisons have been attempted, but equivalent amounts of
protein, rather than comparable quantities of antiviral activity, have been tested (see (31,32).
IFN-t have excellent antiviral activities, at least the equivalent of corresponding IFN-o. from
the same species (33,34). It still remains possible that IFN-t have some specialized function,
an ability for example to regulate a complement of genes in its target, the maternal
endometrium, that make the action of this cytokine especially adapted to pregnancy signaling
and the shut down of prostaglandin release. At present there is no convincing evidence that the
IFN-t have acquired such a specialized function. One question that has been addressed is
whether the six amino acid extensions at the carboxyl tail of the IFN-t have any significance.
A recombinant form of ovine IFN-t in which this tail had been deleted was no less potent in
its ability to extend estrous cycle length than its normal length counterpart (35). The amounts
used to achieve CL maintenance were comparable or lower than those secreted daily by
individual conceptuses at the time of peak production (36).
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Type 1 IFN and pregnancy

Although the IFN-t are unique to the Ruminantia, a sub-order within the much larger
Avrtiodactyla order, there are hints from transcriptional profiling experiments that a partial
interferon-response occurs in humans and mice as the trophoblast makes intimate contact with
the maternal endometrium and induces the formation of adeciduum, in which stromal fibroblast
proliferate and form an edematous structure adjacent to the site of implantation (37-39). This
response does not involve a full-blown up-regulation of many interferon-stimulated genes
(ISGs), as noted in the sheep endometrium during early pregnancy (12,13,40), but is instead
more limited. The notion that there are one or more signaling pathways common to the onset
of early pregnancy across diverse taxonomic groups is an attractive one, because a process as
fundamental to mammalian development as trophoblast implantation, although subject to
maternal-fetal conflict and hence rapid evolutionary change(5,41), would be expected to
exhibit some vestiges of conservation. Krause & Pestka (19) in their recent review suggest
that, in species of mammal that do not possess IFNT, production of another cytokine, possibly
evenaType 1 IFN, suchas IFN-¢, could provide the crucial signal from the growing trophoblast
that prompts the local maternal endometrium to become a receptive site for the conceptus to
grow and develop. What may be the conserved process in implantation is the downstream
signaling pathway rather than the signaling molecule itself.

Closing comments

The discovery of IFN-t can be considered important for several reasons. First, it described a
Type 1 IFN functioning in a constitutive biological process unrelated to pathogenesis. Second,
the find provided the first example of a cytokine involved in trophoblast signaling, plus an
example of how a defined trophoblast product might intervene in maternal immune responses.
Finally the IFNT would appear to be the most recent mammalian Type 1 gene family to have
arisen; they provide a clear illustration of how a gene control region can be commandeered
and then refined to provide a radically changed pattern of expression.
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Fig. 1.

A structure comparison of human IFN-o2b and ovine IFN-t. Shown is a ribbon diagram of
IFN-a2b (a-helices cyan, loops gold) and IFN-t (a-helices green, loops blue). Disulfide bonds
are shown with sulfur atoms colored yellow. The carboxyl (Ct) and amino (Nt) termini are
indicated for both structures. Note the six-residue longer carboxyl terminus of IFN-t. Residues
known to participate in IFNAR2 and IFNAR1 interactions are shown in red and magenta
spheres, respectively. The figure illustrates the close similarity in the placement of the alpha
helices, but the likely different conformation of the inter-helical loop regions. The figure was
obtained from Dr. Mark Walters, University of Alabama-Birmingham.
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