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Ubiquitin is physiologically induced by interferons in luminal epithelium
of porcine uterine endometrium in early pregnancy: global RT-PCR
cDNA in place of RNA for differential display screening
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Abstract Early in the course of pregnancy, at the preimplanta-
tion stage, the pig embryo is likely to exert a paracrine effect on
the tissue intended to receive it, via the secretion of interferons.
Our observations show that trophoblastic interferons induce an
increase of some mRNAs in the epithelial cells of the gilt
endometrium, which would illustrate this phenomenon. The
increase of four mRNAs, whose corresponding cDNAs are
dD1, dD2, dD3 and dD4, has been examined in this study. The
method used is similar to Northern blot analysis except that
mRNAs in the blot are replaced by cDNAs produced from total
cellular poly(A)* mRNAs by global reverse-transcription
polymerase chain reaction (RT-PCR). Northern blot hybridiza-
tion requires a considerable quantity of starting material — which
we estimate in this study to be several million porcine
endometrium cells — whereas the RT-PCR-based method gives
comparable results starting with only a few cells — about 200.
Using this method, the differential nature of dD1, dD2, dD3 and
dD4 was shown. dD2 and dD3 correspond to genes already
identified as interferon-induced: the P»-microglobulin and
Finkel-Biskis-Reilly murine sarcoma virus-associated ubiqui-
tously secreted protein (FAU). dD1 corresponds to a still
unidentified gene. dD4 encodes for the porcine UbA5, ubiquitin.
Up to now, the increase in ubiquitin mRNA as a result of
interferon effect has not been reported and is discussed in view of
recent publications.
© 1997 Federation of European Biochemical Societies
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1. Introduction

Mammalian placentas secrete interferon during pregnancy
[1,2]. Moreover, during the preimplantation stage of early
pregnancy, trophoblastic tissue may physiologically produce
interferon [3]. The secretion has been established in a number
of animals species including ovine, bovine and porcine species
[4]. Such an early interferon secretion has been reported, but
not confirmed in other species [5,6]. In ruminants, the phys-
iological role of trophoblastic interferon is essential: it allows
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Abbreviations: FAU, Finkel-Biskis-Reilly murine sarcoma virus-asso-
ciated ubiquitously secreted protein; RT-PCR, reverse transcription-
polymerase chain reaction; SDS, sodium dodecyl sulfate; SSC, saline
sodium citrate; SSPE, saline sodium phosphate EDTA; STAT, signal
transducer and activator of transcription.

The sequences reported in this work have been deposited in the
GenBank data base (accession no. U72496; U72543).

the maintenance of the corpus luteum. In other species, the
role of interferons at this developmental stage remains un-
known. Porcine trophoblast physiologically secretes two dis-
tinct interferons during early pregnancy: the spl (type I) and
the gamma (type II) interferons [7,8]. The secretion of these
interferons is detectable in uterine horns from the tenth day of
pregnancy and reaches a peak at day 16. Interferon concen-
trations achieved at this developmental stage are very high
and exceed those during immunological processes.

Considerable progress has been made concerning the early
action of interferons [9] at the target cell level [10,11] and
transcriptional induction of genes has been shown to be an
essential part of the cellular response to interferon. Excellent
models explain how transcription of certain genes is activated
[12,13]. Several induced genes have been characterized but the
established activities of corresponding proteins are not suffi-
cient to explain the wide-ranging field of interferons effects.
The present work aimed to identify novel interferon-induced
genes and especially in target tissues of physiologically se-
creted interferons.

The technique of differential display [14,15] allows the iso-
lation of cDNAs corresponding to differentially expressed
mRNAs from limited amounts of cells. However, these results
are usually confirmed by Northern blot hybridizations which
requires considerably greater amounts of starting material.
We show that global RT-PCR may, from a few cells, generate
cDNA for blot hybridization experiments with results com-
parable to those obtained by Northern blot hybridizations.
Using this approach we show that ubiquitin fused to a C-
terminal extension encoding for a protein of the large riboso-
mal subunit is induced by physiological trophoblastic interfer-
ons during the preimplantation stage of early pregnancy in the
uterine luminal epithelium of gilts.

2. Materials and methods

2.1. Interferons

Recombinant interferon spl was a gift from Dr. F. Lefevre (INRA,
France) and recombinant porcine interferon-y was purchased from
Genentech (San Francisco, CA).

2.2. Pregnancy
Gilts were observed daily for estrus and the first day of estrus was
designated day 0. Mating occurs at 12 h after detection of estrus.

2.3. Pseudopregnancy

Pseudopregnancy was induced by subcutaneous administration of
5 mg per day estradiol valerate (Sigma) on days 11-15 after the onset
of estrus [16].

2.4. Tissues
Endometrium (luminal epithelium+stroma) was aseptically collected
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from gilts on day 15 either of pregnancy (physiologically interferon-
induced) or pseudopregnancy (non-induced), placed in incomplete
Hanks’ buffered salt solution containing antibiotics, washed, then
digested for 20 min at room temperature by dispase (2.4 U/ml, Boeh-
ringer) in the culture medium. After addition of pancreatin from
porcine pancreas (1.25 g/100 ml, Sigma) tissues were further digested
for 3 h at room temperature. The cell suspension was washed three
times and pelleted by centrifugation. For primary cultures, cells were
cultured in RPMI 1640 supplemented with 2% Ultroser SF (Sepracor,
France) and antibiotics. This cell preparation contains a mixture of
epithelial and fibroblastic cells. The use of Ultroser in place of fetal
bovine serum permits selective adhesion of epithelial cells. To elimi-
nate fibroblastic cells, the wells containing 16 h old culture were gently
washed.

2.5. Global RT-PCR

Cells from primary cultures originating from pseudopregnant gilts
were used. Immediately after layering, half of the cells were treated
with both spl (1000 IU/ml) and porcine v (2000 IU/ml) interferons for
16 h. About 2000 cells were lysed using the acid guanidinium thio-
cyanate-phenol-chloroform method [17]. Total RNA was further iso-
lated by CsTFA gradient centrifugation (Pharmacia). The RNA pellet
was resuspended in water and poly(A)" RNA was isolated by adsorp-
tion to magnetic beads covalently attached to oligo d(T)s; (Dynal).
One-tenth of the poly(A)" RNA was submitted to reverse transcrip-
tion and tailing by poly(A) addition according to Brady and Iscove
[18] with modifications to the PCR cycles: 94°C for 20 s, 42°C for
2 min and 72°C for 4 min with 5 s extension per cycle for 25 cycles.
Amplified material was then purified using QIAquick columns (QIA-
gen) before performing 25 more cycles. For radiolabeling, PCR was
carried out as above, but with a second PCR run of 12 cycles only in
the presence of [a-*’P]dCTP in place of the cold dCTP.

2.6. Dot-blotting

40 ng of cDNA obtained by RT-PCR were applied per spot to
nitrocellulose filters (Schleicher and Schuell). Hybridizations were car-
ried out for 16 h at 42°C using 10 kBg/ml radiolabeled probe in a
solution containing 5Xsaline sodium phosphate EDTA (SSPE),
5X Denhardt’s reagent, 0.5% (w/v) SDS and 100 pg/ml herring sperm
DNA [19]. Post-hybridization washings were carried out at 60°C in
solutions of 2 Xsaline sodium citrate (SSC) and 0.1% SDS [19], then
in solutions of 0.1 XSSC and 0.1% SDS.

2.7. Northern blot analysis
Total RNA was isolated from porcine endometrium cells of either
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Fig. 1. Analysis of ¢cDNAs produced by global RT-PCR from
mRNA extracted from interferon-treated or untreated luminal epi-
thelium cells. (A) Electrophoretic analysis of global RT-PCR prod-
ucts from interferon-treated (lanes 3-5) or untreated cells (lanes 6—
8). Lanes: 1, A digested by EcoRI and HindIII; 3,6, 200 ng of glob-
al RT-PCR from poly(A)" RNA; 4,7, idem, but omitting the re-
verse transcriptase enzyme; 5,8, control global RT-PCR without
poly(A)"™ RNA. (B) Hybridization analysis of nucleic acids from the
agarose gel (A) transferred to a nitrocellulose membrane. The blot
was hybridized with the 3?P-labeled dD2 DNA probe originating
from interferon-induced cells.
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Fig. 2. Dot-blot analysis of ¢cDNA produced by global RT-PCR
from mRNA extracted from interferon-treated or untreated luminal
epithelium cells. 40 ng of RT-PCR products originating from inter-
feron-treated (A) or untreated (B) cells were blotted per spot and
probed with four 3?P-labeled DNA probes originating from interfer-
on-induced cells. Lanes: 1, dD1; 2, dD2; dD3, 3; 4, dD4.

pregnant or pseudopregnant gilts. Cells were prepared as described in
Section 2.4. Cellular RNA was extracted using the acid guanidinium
thiocyanate-phenol-chloroform extraction method [17], then poly(A)*™
RNA was isolated by using of oligo(dT)-cellulose columns (Pharma-
cia). Each sample containing 2 pg poly(A)™ RNA - corresponding to
~4x10% cells — was loaded onto an agarose gel under denaturing
conditions in the presence of formaldehyde. After electrophoresis, the
gel was transferred to nylon membranes (Hybond-N+, Amersham).
Hybridizations were carried out for 16 h at 65°C using 40 kBqg/ml
radiolabeled probe in a solution containing 0.5 sodium phosphate pH
7.2, 7% SDS (w/v), | mM EDTA and 1% non-fat dried milk. Wash-
ings were carried out as described in Section 2.6.

2.8. Radiolabeling
Labeling of cDNAs with [0-*?P]JdCTP was performed by oligonu-
cleotide-primed synthesis [19].

2.9. Differential cDNAs
cDNA isolation and cloning were performed according to standard
procedures [19,20].

3. Results

To mimic hormonal conditions of early pregnancy, gilts
were injected with estradiol which is the primary determinant
initiating maternal cell impregnation and recognition of preg-
nancy [21]. Luminal epithelium cells from uterine horns of
pseudopregnant gilt were isolated and layered as primary cul-
tures. Immediately after layering, half of the cells were treated
with both spl and porcine gamma interferons. Poly(A)"™ RNA
from treated or untreated cells was extracted. cDNAs corre-
sponding to the 3’ ends of putative differentially expressed
mRNA were isolated.

3.1. Analysis of global RT-PCR products with a radiolabeled
probe

The synthesis of a radiolabeled DNA probe corresponding
to one of these cDNAs (dD2) was carried out using [o-
32P]dCTP. Additionally, a method that combines reverse tran-
scription of all poly(A)* RNA and the polymerase chain re-
action (also termed global RT-PCR) [18], was used to gener-
ate cDNA from mRNA originating in interferon-induced and
non-induced cultured cells. The material generated by global
RT-PCR was subjected to electrophoresis through an agarose
gel. Ethidium bromide staining of DNA prior to transfer to
nitrocellulose membrane revealed cDNA lengths ranging from
400 to 900 bases with strong fluorescence at 500-600 bases.
Autoradiographs of the membrane hybridized with the dD2
probe show accumulation of cDNAs hybridizing with dD2 in
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Fig. 3. Analysis of four potentially differential cDNAs with 3?P-la-
beled cDNA probes produced by global RT-PCR from mRNA ex-
tracted from interferon-treated or untreated luminal epithelium cells.
(A) Electrophoretic analysis of mini-preps of potentially differential
cDNAs from interferon-treated cells. Lanes: 1, dD1; 2, dD2; 3,
dD3; 4, dD4; 5, A digested by EcoRI1 and HindIIl; 6, minipreps of
stable transcripts from untreated cells, BC; 7, EC. (B) Hybridization
analysis of mini-preps from the agarose gel (A) transferred to a ni-
trocellulose membrane. The blot was hybridized with the 32P global
RT-PCR probe from interferon-treated cells. (C) Rehybridization,
after washing, of the blot (B) with the 2P global RT-PCR probe
from interferon-untreated cells.

the sample corresponding to interferon-induced cells (Fig. 1B,
lanes 3,6). The two main strong bands (Fig. 1, lanes 3,6)
achieved after global RT-PCR appear to correspond to pref-
erential stops of the reverse transcriptase enzyme because
number, position and density are dependent on various pa-
rameters including the initial amount of RNA, the total
amount of nucleotides present in the reverse transcriptase re-
action and the type of the reverse transcriptase. In addition,
these bands cannot be resolved by polyacrylamide gel electro-
phoresis as can differential display bands (data not shown).

3.2. Dot-blot analysis of global RT-PCR products with four
radiolabeled probes

Hybridization experiments using dot-blots of global RT-
PCR products were carried out to investigate the differential
nature of four cDNAs named dD1, dD2, dD3 and dD4 (Fig.
2). After radiolabeling of each of these four cDNAs, probes
were separately hybridized to dot-blots of global RT-PCR
products from interferon-induced and non-induced cells. The
results confirm the experiment involving dD2 and reveal an
interferon effect. Moreover, the use of dot-blots reduces by a
factor of five the requirements for cDNA generated by RT-
PCR and radiolabeled probes in hybridizations.

3.3. Analysis of the four cDNAs with global RT-PCR probes

For easier screening by a similar approach of multiple po-
tentially differential clones, the same hybridizing samples were
retained, but the roles were reversed. Cloned cDNAs to be
tested were digested with restriction enzymes, the fragments
separated by agarose gel electrophoresis then the DNA frag-
ments transferred to a nitrocellulose sheet. In parallel, two
global RT-PCR experiments were carried out in the presence
of [0-*2P]dCTP in order to prepare two global cDNA probes
originating from poly(A)* RNA from interferon-induced or
from non-induced cells. Fig. 3 shows that a straightforward
mini-prep may be screened after blotting by performing two
successive hybridization experiments: first with the global
probe originating from induced cells (Fig. 3A), then after re-
moval of the probe from the blot, by checking with the global
probe originating from non-induced cells (Fig. 3B). These
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hybridization experiments were carried out in the presence
of two cDNAs designated as BC and EC, corresponding to
the 3’ ends of non-induced mRNAs isolated at random from
non-induced cells (Fig. 3, lanes 6,7).

3.4. Analysis of the four ¢cDNAs with Northern blots

For another set of experiments, mRNA extracted from lu-
minal epithelium cells collected at day 15 from pregnant gilts
and from pseudopregnant gilts (see Section 2) were analysed
by Northern blots with four specific radiolabeled probes cor-
responding to dD1-dD4. The autoradiographs of Northern
blots (Fig. 4) confirm previous results inferred from hybrid-
ization experiments carried out with products generated by
global RT-PCR.

3.5. Sequence analysis of the four differential cDNAs

Sequence data from the cDNAs corresponding to induced
genes allow characterization of three out of four of the iso-
lated cDNAs. Two of them have already been identified as
interferon-induced: (i) B2-microglobulin for dD2 and (ii) Fin-
kel-Biskis-Reilly murine sarcoma virus-associated ubiqui-
tously expressed gene (fau) for dD3. The B,-microglobulin
protein associates with histocompatibility antigens [22] and
they concomitantly increase upon interferon stimulation [23],
as part of the immune response modulation; the correspond-
ing sequence data is not shown because it is identical to Sus
scrofa  Bo-microglobulin - (gb_om:pigmicro2b/rev  L13854).
FAU is also a previously identified interferon-inducible pro-
tein [24] and its biological activity is linked to the presence of
a ubiquitin-like motif termed ‘monoclonal non-specific sup-
pressor factor B’ and responsible for its lymphokine activity
[25]. FAU inhibits generation of lipopolysaccharide-induced
immunoglobulin-secreting cells and thus also contributes to
the modulation of the immune response triggered by interfer-
ons.

The two other cDNAs are not related to already identified
interferon-induced genes: dD1 corresponds to the 3’ end of an
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Fig. 4. Northern transfer analysis of poly(A)" RNA from luminal
epithelium cells of pregnant (physiologically interferon-induced) or
pseudogestant (non-induced). Lanes 1, 3, 5 and 7 correspond to
cells originating from pregnant gilts and lanes 2, 4, 6 and 8§ corre-
spond to cells originating from pseudogestant gilts. (A) Blots hybri-
dized with four differential ®?P-labeled DNA probes originating
from interferon-treated cells. Lanes: 1,2, dD1; 3,4, dD2; 5.6, dD3;
7,8, dD4. (B) Rehybridization, after washing, of the blot (A) with
32P-labeled B-actin.
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A 10 30 50
ATGCAGCTCTTT
M Q L F
70 90 110
GTCCGCGCCCAGGAGCTACACACTCTC CGGCC GGTCGCCCAGATC
V RAQELUHTTULEUVTGOQETUV A QI
130 150 170
AAGGCTC; CTCGT A ATCGCTCCAGAAGATCAAGTCGTGCTCTTGGCA

K A HVA SUL EGTIA AZPETUDI GQV VL L A

190 210 230
GGCACGCCCC CCACTCTGGGCC 'CCTGACAACT

G T PL EDEATTULGIQCGVEA ATLTT

250 270 290
CTGGAAGTAGCCGGCC 'GCT AAGTTC: 'TCCCTGGCCCGTGCTGGG
L EV A GRMTULG G**K V HG S L A R AG

310 330 350
AA AGACTCCC. 'CAAAC: AGAAGAAGAAGAAGAC CGGC

K VR G Q TP KV A K Q E K K K K K T G

370 390 410
CGGGCCAAGAGA AGTACAACCGGCGCTTTGTCAAT 'CCACCTTTGGC

R A KRRMUOQYNUR RIRTFUVNUV V PTF G

430 450 470
AAGAAGAAGGGCCCCAATGCCAATTCTTAAgtcCt taaa
K K K G P N A N s *

490
gccacttagtccaatc

B 10 30 50
AGATCTT' AGACCCTGACGGGC
M Q I F V K T L T G

70 90 110
AAGACCATCACCCTTGAGGTCGAGCCCAGTGATACCATTGAGAATGTCAAAGCTAAAATC
K T I TULEVE®PSDTTIENVI KATI KTI

130 150 170
CAGGATAAGGAGGGCATCCCACCTGACCAGCAGCGTCTGATTTTTGCTGGCAAACAGCTG
Q DK EG I PPDOQOQRTILTITFASGTZ KOQTL

190 210 230
GAGGATGGCCGCACTCTCTCAGACTACAATATCCAGAAAGAGTCCACCCTGCACTTGGTG
E DGR TUL S DY NI QKE S TULHTILYV

250 270 290
CTTCGTCTGCGAGGTGGCATCATCGAGCCCTCCCTCCGCCAGCTCGCTCAGAAATACAAC
L RL RGGI I EP S LRIOQULAZGQZ K YN

310 330 350
TGCGACA. TGCCGC: TATGCTCGCCTGCATCCCCGCGC ACTGC
C DKMTIOCRI KT CYARTLHZPIRAUVNC

370 390 410
CGCAAGAAGA ‘CACACCAACAACCTGCGCCCCAAGAAGAAGGTCAAATAAgA

R K K K ¢C G HTTNNTILUZ RUPIEKEKIK V K *

430 450 470

490 510

Fig. 5. Nucleotide sequence of porcine fau and ubiquitin UbAj,
cDNAs. (A) Nucleotide sequence of the cDNA of fau clone dD3.
(B) Sequence of nucleotides in the cDNA of UbAs; clone dD4.
Non-coding regions are shown in lower-case letters. The putative
polyadenylation site is underlined. The translation is given under-
neath the sequence. The asterisk represents the stop codon and the
junction between ubiquitin and the C-terminal extension is shown
by a filled circle.

unidentified gene and will be published elsewhere, while dD4
corresponds to a fusion gene containing ubiquitin. This fusion
gene corresponds to the UbAj, subfamily of ubiquitin [26]
which encodes a single ubiquitin moiety fused in frame to a
carboxyl extension protein: the L40 protein [27] residing in
the large ribosomal subunit. Porcine FAU and UbAsj, share
23.5% throughout the nucleotide sequence and belong to the
same protein family [28]. Fig. 5 illustrates this relationship:
sequence identity increases to 36.1% after translation.

4. Discussion
As a result of the secretion of physiological interferons dur-

ing the preimplantation stage of early pregnancy, enhance-
ment of the level of specific mRNAs in cells of the luminal
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epithelium from endometrium of pseudopregnant gilts was
demonstrated. It constitutes evidence that this tissue is a tar-
get for interferons and that the embryonic trophoblast has a
paracrine effect on the tissue intended for embryo reception.

The present work has been carried out by using endome-
trium cells treated ex vivo with interferons but not cells taken
from pregnant gilt, that is physiologically under the effect of
interferons, to avoid the effect of secretions, other than inter-
ferons, possibly present in uterine horns at this moment of
pregnancy.

This increase of some mRNAs was revealed by a novel
screening method, adapted to a limited number of cells, and
based on global RT-PCR, a method enabling amplification of
the entire poly(A)" mRNA population from a few cells while
preserving their relative representation in the cDNA popula-
tion. This quantitative aspect of the methodology has been
previously postulated by others [29,30], but is demonstrated
here by parallel comparisons with Northern blots. After trans-
fer to membranes, the global RT-PCR products provide hy-
bridization signals giving the quantitative profile of the
mRNA corresponding to the sample under investigation.
The two cDNAs corresponding to genes whose transcription
is interferon-induced [23,24] together with the two cDNAs to
constitutively expressed mRNAs act as positive and negative
controls, respectively.

From the methodological point of view, an essential change
in the original global RT-PCR protocol [29] was made, con-
cerning the mRNA isolation. In previous work [18], nucleic
acids were released from cells by Nonidet P-40 treatment
without a further mRNA purification step. When tested as
described, this cell breaking method did not lead to consistent
results comparable with those from Northern blots and in
addition, in controls performed by omitting the reverse tran-
scriptase enzyme prior to the PCR step, DNA amplification
was seen by ethidium bromide staining (data not shown).
Owing to these observations, mRNA purification steps com-
patible with a reduced number of cells were carried out (see
Section 2). The negative controls in Fig. 1 (lanes 4,7) show the
lack of contaminant DNA in the samples.

With the improved protocol including the essential mRNA
purification step, the methodology allows one to consider new
areas of investigation, such as the search for transcriptional
activation in samples containing only a few cells. Until now,
such samples were difficult to analyse because the amount of
mRNA isolated was markedly insufficient for Northern blots.
Moreover, this methodology suits the fast and simultaneous
screening of a number of cDNAs isolated by differential dis-
play, since both global RT-PCR and differential display gen-
erate cDNA corresponding to the 3’ ends of poly(A)*
mRNA.

Recent works concerning ubiquitin may need to be recon-
sidered with regard to the interferon effect, for example, that
concerning the p36 protein [31]. p36 is a 36 kDa interferon-
induced protein associated with human lupus inclusions and
isolated on two-dimensional gels from the human B lympho-
blastoid Raji cell line. On completion of their work, Rich et
al. [31] merely indicate the strong homology between the gene
encoding p36 and the CELF25B5.4 gene from Cenorhabditis
elegans, but do not give a name to the gene. In fact,
CELF25B5.4 encodes ubiquitin. Nevertheless, because p36 is
larger than ubiquitin, and because only half of the peptides
isolated and sequenced by Rich et al. correspond to the prod-
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uct of the CELF25B5.4 gene (gb_in:u23172), p36 does not
correspond to ubiquitin alone. p36 probably corresponds to
the covalent association of two proteins, one of which is ubig-
uitin, i.e. a ubiquitinated protein [32].

The increase of ubiquitin mRNA, as a result of the inter-
feron effect, agrees with recent work on the regulation of the
phosphorylated Signal Transducer and Activator of Tran-
scription 1 (STAT) protein by the ubiquitin-proteasome path-
way [33]. STAT proteins are transcription factors pre-existing
in the cell cytoplasm. The binding of interferons to their spe-
cific cell surface receptors induces the phosphorylation and
translocation of STATI proteins into the nucleus and subse-
quent activation of a set of genes including ubiquitin. In turn,
after the delay necessary for protein synthesis, ubiquitin is
likely, by taking part in the proteasome-mediated degradation
of the phosphorylated STAT]I protein, to decrease the amount
of this factor which controls its transcription. In this way, the
chain of events initiated by interferons may exert a negative
feedback regulation.

Although the interferon induction of ubiquitin fits well with
the previous report on the regulation of the STAT1 protein, it
may not be its only function. It was neglected that ubiquitin is
a multifunctional polypeptide characterized by other major
biological activities: the control of DNA replication by way
of binding to H2A and H2B histones [34] and a cytokine
function by affecting lymphocytes and platelet differentiation
[35,36].
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