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Introduction
Implantation is a coordinated series of events that include 

the development of the embryo and the differentiation of 
the uterus and epithelial cells to an adhesive state [1-4]. 
This process involves cell-to-cell contact via their respective 
apical cell membranes. It is regulated through the production 
of cytokines, growth factors, and hormones by the uterine 
epithelium and the embryo [5]. Implantation occurs only 
during a restricted time period during the uterine estrous 
cycle, known as the "window of receptivity" [6].

Implantation in domestic species (i.e., pigs, cattle, sheep, 
and horses) differs in several ways from implantation in 
rodents and primates [7]. In primates and rodents, the 
embryo immediately attaches to the uterine epithelium upon 
entering the uterus. In domestic livestock, there is a so-called 
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Abstract
Trophinin is an intrinsic membrane-bound protein that mediates homophilic cell adhesion by interacting with two 
cytoplasmic proteins, tastin and bystin. Trophinin is expressed in the uterus and embryos of primates, humans, and 
mice. The goals of our study were; 1) To determine whether the porcine uterus and embryo express trophinin transcripts 
and protein and 2) To determine whether ovarian steroids regulate uterine trophinin expression. Uterine tissue from 
pregnant and non-pregnant animals from various days of the reproductive cycle, liver, spleen, and heart were isolated 
from sexually mature gilts (n = 46) and analyzed for expression of trophinin mRNA transcripts. Ovariectomized gilts, 
given hormone replacement treatments, were examined for the presence of trophinin mRNA. Embryos were collected 
from bred pigs on days 7, 11, and 14 post-breeding. The embryos were tested for the presence of trophinin transcripts 
by RT-PCR analysis. Reverse Transcriptase (RT) PCR analysis demonstrated that trophinin mRNA was present in pregnant 
and non-pregnant porcine uteri. Over 80% of the DNA sequence of the porcine trophinin gene is homologous to human 
trophinin. Trophinin was expressed in all endometrial cells throughout the uterus, and the presence of an embryo did not 
affect trophinin expression by the uterus. Trophinin mRNA transcripts were detected at day 14 of the estrous cycle, and 
expression was maintained until day 24 in animals that established pregnancy. Porcine embryos showed high levels of 
trophinin expression around day 14 of development, which is during the window of implantation in the pig. Furthermore, 
this timeframe is when the filamentous embryo achieves superficial adhesion to the uterus. Progesterone induced the 
expression of trophinin in ovariectomized gilts given hormone replacement. Our results show that trophinin is expressed 
in the porcine uterus and blastocyst at the time of implantation, suggesting that it may be involved in the regulation of 
implantation in the pig.
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"pre-receptive period" for implantation [8]. During this period, 
there is migration of the embryo, spacing of the embryos 
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collected from normal cycling (non-mated) animals on day 3 
(n = 2), day 7 (n = 3), day 9 (n = 3), day 11 (n = 3), day 14 (n = 
3) and day 16 (n = 3). The non-mated animals were classified 
as non-pregnant. Endometrial tissue was also collected from 
mated animals on day 7 (n = 2), day 11 (n = 3), day 14 (n = 3), 
day 16 (n = 4), day 24 (n = 2) and day 40 (n = 3) after estrus. 
The bred animals were considered pregnant if embryos or 
fetuses were present in the reproductive tract at the time of 
tissue collection. Liver, spleen, and heart were collected from 
day 16 animals from both groups. Tissue for RNA isolation 
was placed in RNALater™ (Sigma chemical Co. St. Louis, MO) 
and stored at-80 °C until use.

Embryos were collected from mated animals on days 7, 9, 
11, and 14 of the estrous cycle.

Tissue collection from hormone replacement 
animals

Progesterone (P4, 6-methyl-17αβhydroxy-progesterone 
acetate), estrogen (E2, 17β-estradiol), and cottonseed oil 
were purchased from Sigma Chemical Company (St. Louis, 
MO). Twelve ovariectomized (OVX) crossbred (Yorkshire 
X Duroc) gilts were used in this experiment. Gilts were 
observed for behavioral estrus and were OVX on either day 
4 or 5 of the estrus cycle. Ovaries were removed through a 
mid-ventral incision while the animals were under halothane 
gas anesthesia. Animals were allowed to recover for one day 
and were then subjected to steroid hormone replacement. 
Subcutaneous injections of either, E2 (100 µg/day) (n = 3), P4 
(200 mg/day) (n = 3), or cottonseed oil vehicle (2 ml/day) (n = 
3) were administered for 10 days as described previously [27]. 
Animals classified as sham (n = 3) controls were subjected to 
mid-ventral laparotomy. The uterine tract was observed to 
confirm that the animal was in estrus but did not receive any 
hormones. Pig uterine tracts were harvested on days 15-18. 
Portions of the uterus were placed in RNALater™ and stored 
in-80 °C until use.

RNA isolation and reverse transcriptase-
polymerase chain reaction analysis

RNA was isolated from various tissues and uteri 
using TRIzol (Life Technologies, Gaithersburg, MD). Five 
micrograms of total RNA were used to synthesize first-
strand cDNA (cDNA Cycle kit for RT-PCR, Invitrogen, San 
Diego, CA). The sequences for the trophinin primers were: 
(Forward) 5'-TAGCTTTGGTGGCATGCCTTGT-3', (Reverse) 
5'-AAAGCCAGGGTTGGTGATTGGT-3'. This primer set amplifies 
a 553 bp product from both genomic DNA and cDNA. PCR 
reaction was performed by heating at 94 °C for 5 min, 
followed by 30 cycles of 94 °C 1 min, 58 °C 1 min, 72 °C 1 min, 
with a final extension step at 72 °C for 5 min and then stored 
at 20 °C. Since our trophinin primers amplify both genomic 
and cDNA, our actin primers were designed to distinguish 
between genomic and cDNA. Actin primers were designed 
from the porcine beta-actin gene sequence with the following 
primer sequences: (forward) 5'-ATGGTGGGTATGGG-3', 
(Reverse) 5'-GCCATCTCGTTCTCGAAGTC-3', this primer set 
amplifies a 550 bp product from cDNA and a 790 bp fragment 
from genomic DNA. The authenticity of the PCR products was 

(seen in pigs), conceptus signaling for maternal recognition 
of pregnancy, and endometrial glandular secretion. There 
is no displacement or invasion of the luminal epithelia by 
trophoblast cells; instead, the embryos adhere superficially 
to the uterine epithelium [9].

Adhesion events in the pig uterus during implantation 
involve a highly coordinated set of sequential interactions that 
include the activation of adhesion molecules with distinct but 
interrelated functions. Conceptus attachment to the uterine 
wall does not occur until hormonally controlled events 
change the non-adhesive pre-receptive uterine epithelium to 
an adhesive receptive epithelial surface [10].

In 1995, Fukuda [11] and colleagues used two human 
carcinoma cell lines HT-H [12,13] and SNG-M [14], to mimic 
the mechanisms that are involved in implantation. HT-H 
cells were established from a testicular teratocarcinoma 
tumor and could differentiate into trophoblastic cells [15]. 
The SNG-M cell line was established from the metastatic 
region of an endometrial tumor and can respond to estrogen 
and progesterone as well as exhibit characteristics similar 
to those of uterine epithelial cells [14]. This model allowed 
the investigators to identify three novel proteins: trophinin 
[11,16], tastin [11,16] and bystin [16]. Trophinin, tastin, and 
bystin comprise a complex mediating a unique cell adhesion 
between trophoblast and endometrial cells at their respective 
apical cell surfaces [11,17,18].

Expression of trophinin has been reported in both the 
trophoblast and the human placenta [17] However, Nadano, 
et al., demonstrated that trophnin does not play a significant 
role in mouse implantation, which is evident by the fact that 
trophinin gene knockout mice are fertile [19]. Furthermore, 
the expression of trophinin in mice is independent of the 
presence of embryos [20], whereas in the human trophinin 
is only expressed in the presence of a blastocyst [21-24]. 
Recently, it has been reported that trophnin is up-regulated 
by hCG in the endometrium [25].

Nakano, et al. 2004 [26] has previously reported trophinin 
expression during estrous cycle days 8 and 20 in the pig. They 
reported that trophinin immunostaining was not different 
among the different days of the estrous cycle, although, 
trophinin gene expression was higher in the luteal phase 
similar to what is seen in humans [26]. The present report 
expands upon their observation, but in addition reports 
that trophinin mRNA transcripts are present in the uterus 
and embryos of the pig during specific times of the estrous 
cycle in both pregnant and non-pregnant swine and that this 
expression is regulated by progesterone.

Materials and Methods

Tissue collection from pregnant and non-
pregnant animals

Experiments involving the use of animals were conducted 
in accordance with protocols approved by the University of 
Illinois Animal Care and Use Committee (IACUC #99367). 
Cycling gilts were checked for estrus once a day, with the 
onset of estrus, denoted as day 0. Endometrial tissue was 
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confirmed by sending purified samples to the W. M. Keck 
Center for Comparative and Functional Genomics University 
of Illinois, Urbana, IL, for sequencing. Sequence comparisons 
were made with databases in the BLAST network program 
(National Center for Biotechnology Information, NIH 
Bethesda, MD). Our pig sequences were 75% homologous to 
humans and 65% homologous to mouse, confirming previous 
reported results [26].

Results

Trophinin mRNA is expressed in the porcine 
uterus during the secretory phase

To determine whether trophinin is expressed in the 
porcine uterus, around the time of embryo implantation, we 
analyzed RNA isolated from the porcine uterus (day 16) as 
well as the liver, heart, and spleen. We monitored for the 
presence of the trophinin mRNA transcript by RT-PCR. The 
samples were reverse-transcribed and amplified by PCR using 
homologous regions in exon 12 of trophinin from both the 
mouse and human sequence. The results depicted in Figure 
1 demonstrate that there were no trophinin transcripts 
detected in the liver, heart, or spleen samples. The band 
that represents trophinin mRNA is seen in both pregnant and 
non-pregnant animals (Day 16). This time point is during the 
window of receptivity in pigs, which ranges from days 11-18. 
The present data are consistent with the trophinin mRNA 
expression reported in mice and humans, where trophinin 
transcripts are also only found in the uterus of these species.

The presence of an embryo did not affect the expression of 
trophinin in the porcine uterus. Unlike the human, where the 
presence of an embryo controls the expression of trophinin, 
mice and swine express trophinin as part of the reproductive 
cycle during the window of receptivity.

Trophinin mRNA present on specific days of the 
reproductive cycle in pigs

It had been previously reported that trophinin was 
transiently expressed during implantation in mice [20,26]. In 
humans, trophinin expression occurs in the maternal epithelial 
cells at the implantation site. Expression is dependent on 
the secretion of hCG secreted by the blastocysts [22] and 

continues to be expressed for up to ten weeks of pregnancy 
at the utero-placenta interface [11,16,17,23,24,28]. In the 
present study, using reverse transcriptase PCR, we show that 
trophinin transcripts are expressed during the window of 
receptivity around day 14 in the porcine uterus (Figure 2A). 
In the pregnant animals, trophinin transcripts were present 
at day 24 of pregnancy but were undetectable at day 40. To 
determine if transcripts were present earlier in the cycle in 
the porcine uterus, we performed nested-PCR. Trophinin 
transcripts were present as early as day 9, which would 
indicate that trophinin may be present but at very low levels 
and increase in subsequent days (Figure 2B).

Immunohistochemistry of the pig uterus at day 14 of the 
porcine estrous cycle shows trophinin is present in the luminal 
and glandular epithelium (Figure 3). These results indicate 
that trophinin is present in the porcine uterus throughout 
the estrous cycle and the expression of this protein is embryo 
independent.

Trophinin expression in porcine embryos
In non-human primates, it has been reported that there is 

expression of trophinin in blastocyst stage embryos [11,17]. In 
other species, the blastocyst stage embryo usually implants, but 
in the pig, implantation usually occurs with filamentous stage 
embryos [29,30]. The blastocyst stage embryo in the porcine 
usually happens around days 7-8 of the cycle. We examined 
pig embryos from various days of the reproductive cycle for the 
presence of trophinin mRNA transcripts by RT-PCR analysis. The 
presence of the trophinin mRNA transcript was only observed 
in embryos collected on day 14 (Figure 4A) of pregnancy. This 
timing coincides with the results observed in the endometrium 
examined earlier. However, the second round of nested PCR 
shows the transcripts are present in blastocyst stage embryos 
as early as day 7 of the cycle (Figure 4B).

Immunohistochemistry of a Day 14 porcine embryo 
demonstrates intense punctate staining for trophinin protein 
at the apical portion of the porcine embryo (Figure 5).

Trophinin expression in the porcine uterus is 
regulated by progesterone

Regulation of trophinin varies between species. In the 
mouse, expression is correlated with increased estrogen 

         

Figure 1: Results from the analysis of trophinin mRNA transcripts in various tissues from the porcine using RT- PCR. Total RNA was 
isolated from each tissue, liver (n = 3), heart (n = 3), spleen (n = 3), Day 16 pregnant (D16 PREG) [n = 3], and not pregnant-cycling 
(Cycling d16) [n = 3] were subjected to RT-PCR using trophinin specific primers (upper panel), or actin specific primers (lower panel) as 
described in "Materials and Methods."



Citation: Jackson KS, Fukuda MN, Nowak RA, et al. (2022) Trophinin Expression and Regulation in the Porcine Uterus and Embryo during the 
Time of Embryo Implantation. Adv Anim Biotechnol 1(1):1-8

Jackson et al. Adv Anim Biotechnol 2022, 1(1):1-8 Open Access |  Page 4 |

and analyzed for trophinin mRNA transcripts on day 16 of the 
estrous cycle (Figure 4). Trophinin transcripts were present in 
endometrial tissue from control animals (sham) and animals 
treated with progesterone (Figure 6). In contrast, animals that 
were administered corn oil or estrogen showed no trophinin 
mRNA transcripts. These results demonstrate that trophinin 
is a progesterone-regulated protein, which shows a similar 
expression pattern as other progesterone-regulated proteins 
(i.e., uteroferrin).

production in the uterus [20]. In the human, expression is 
linked to hCG production by the embryo [21]. To determine 
which steroid hormon-regulates trophinin in the porcine 
uterus, we used an ovariectomized model. Normal cycling 
animals were ovariectomized on day 4 (estrus denotes day = 
0). The ovariectomized animals received exogenous estrogen 
(n = 3), progesterone (n = 3), or corn oil (n = 3), for 10 days. 
Non-ovariectomized control animals did not receive any 
hormone treatments [27]. Endometrial tissue was isolated 

         

Figure 2: The results of RT-PCR (A) and nested-PCR (B) analysis of trophinin RNA transcripts in the porcine uterine tissues using specific 
trophinin (top) and actin primers (bottom). Numbers below each band represent the day of the estrus cycle on which uterine tissue 
and RNA were isolated (n = 3 for each day). Day 40 represents a pregnant animal.

         

Figure 3: Immunolocalization of porcine trophinin in the pig uterus during the estrous cycle day 16 (early pregnancy) Photographs 
taken at magnification of X 400. The tissue section was incubated with a polyclonal antibody against human trophinin. LE: Luminal 
Epithelium; GE: Glandular Epithelium.
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Figure 4: The results of RT-PCR (A) and nested-PCR (B) analysis of trophinin RNA transcripts in porcine embryos using specific trophinin 
and actin primers (bottom). Numbers represent the day of the cycle from which the embryos were collected. Numbers indicate which 
day of the cycle the embryos were collected.

         

Figure 5: Immunolocalization of the trophinin protein in day 8 porcine blastocyst embryo. The arrows depict positive staining of 
trophinin at the apical end of a blastocyst-stage embryo.

         

Figure 6: RT-PCR analysis for trophinin transcripts in uterine tissue from ovariectomized pigs given hormone replacement therapy for 10 
days. Uterine tissue harvested from ovariectomized pigs (n = 3 for each group), which were given estrogen (E2), progesterone (P4), corn 
oil (CO), or sham (Sh) control, were subjected to RT-PCR analysis for trophinin and β-actin transcripts.
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spherical but filamentous and does not invade the uterine 
epithelium as some other species [30]. At the blastocyst stage, 
we observed the presence of trophinin mRNA by nested 
PCR (Figures 4 and Figure 5). Analysis of day 14 filamentous 
embryos demonstrated that there was more trophinin 
mRNA transcript being expressed at this time than at days 
7 or 9. Others have also reported that trophinin transcripts 
are present in the placentas of human and non-human 
primates throughout early pregnancy [17,35]. Expression of 
trophinin by the embryo may serve other roles in addition to 
facilitating attachment at implantation and this merits further 
investigation.

Generalizations regarding the mechanisms of embryo 
implantation in different species are restricted by the wide 
variation in uterine shape, blastocyst size and morphology, 
timing of implantation, and invasive vs. non-invasive methods 
of implantation used by different mammalian species [32]. 
Generalizations regarding the role of trophinin during 
implantation need to consider such species variation. Trophinin 
protein has been implicated to be an essential implantation 
factor in humans and non-human primates [17,21]. In the 
mouse and pig, it seems that trophinin expression does 
coincide with the timing of implantation but may not be 
essential for implantation [18-20,26]. It would be interesting 
to determine if other domestic species (e.g., sheep and cow) 
express trophinin around the time of embryo implantation. 
Are there differences between the pig and mouse which are 
polytocous species, and the human, horse, and cow which are 
usually single-bearing species? The likelihood that trophinin 
is being utilized by other species during embryo implantation 
and its potential functions warrants more extensive studies.

In summary, our findings demonstrate that trophinin is 
expressed in the uterus of pregnant and not pregnant pigs and 
also in pig embryos. Trophinin expression in the uterus of the 
pig is regulated by progesterone and peaks at days 16-24 of 
pregnancy when porcine embryos would be implanting. The 
specific roles of trophinin in porcine implantation remain to 
be determined. Expression patterns of trophinin throughout 
the cycle suggest that porcine trophinin expression is estrous 
cycle-dependent, similar to what is observed in the mouse. 
Reports focusing on implantation in humans have shown 
that this adhesion molecule plays an important role in 
embryo implantation [18]. Studies in domestic animal species 
will likely yield additional insights into its functions during 
implantation.
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