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The ITI (inter-trypsine inhibitor) gene family includes five genes (ITIH! to ITIH5) that encode proteins involved
in the dynamics of the extracellular matrix (ECM). ITIH5 was found inactivated by partial deletion in a case of
congenital uterovaginal aplasia, a human rare disease also called Mayer-Rokitansky-Kiister-Hauser (MRKH)
syndrome. The aim of the present study was to analyze the expression of ITIH5 in the uterus in adult life and
during embryogenesis in order to establish the involvement of this gene in both normal and pathological condi-
tions of uterus development. This was achieved in mice by reverse transcription-quantitative PCR, whole-mount
hybridization, and Western blot analysis. Itih5 expression was much stronger in female genital tract primordia
(Miillerian ducts) and derivatives than elsewhere in the body. This gene was strongly expressed during pregnancy
and development of the female genital tract, indicating that the encoded protein probably had an important
function in the uterus during these periods. Two different specific isoforms of the protein were detected in
Miillerian derivatives during embryogenesis and in adults. Although ITIH genes are expected to be predomi-
nantly expressed in the liver, ITIH5 is mainly expressed in the uterus during development and adult life. This
tends to indicate an additional and specific role of this gene in the female reproductive tract, and furthermore
reinforces ITIHS as a putative candidate gene for MRKH syndrome.
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INTRODUCTION WDs development into epididymides, vasa deferen-

tia, and seminal vesicles in the male, respectively. In

In higher vertebrates, the Wolffian ducts (WDs)
and the Miillerian ducts (MDs)—the anlagen of the
male and female inner genital tracts, respectively—
coexist in the undifferentiated embryo until genetic
sex triggers the differentiation of either ovaries or tes-
tes (3,13). After sexual differentiation, the production
of anti-Miillerian hormone (AMH) and testosterone
by the testes leads to the regression of the MDs and

the female, MDs differentiate into Fallopian tubes,
uterus, cervix, and the upper part of the vagina, while
WDs degenerate.The molecular cascade of MDs dif-
ferentiation can be altered at various stages of embry-
onic development, resulting in malformations of
various degrees of severity (26). MRKH syndrome is
one of the most frequent abnormalities occurring in
early development. It is characterized by congenital
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aplasia of the uterus and the vagina (17) and is the
second leading cause of primary amenorrhea after
gonadal dysgenesis (4,27).

It is now clear that MRKH syndrome has a genetic
origin, hence the many genetic studies of this condi-
tion already carried out and currently under way (18).
The chromosomal rearrangements associated with
MRKH syndrome include a recently described small
interstitial deletion on the short arm of chromosome
10, affecting only the ITIH5 gene (19). This gene
encodes a protein involved in extracellular matrix
(ECM) dynamics and is a candidate gene for involve-
ment in MRKH syndrome.

ITIHS is the most recently described member of
the inter-o-trypsin inhibitor (ITI) protein family. The
members of the ITI family are proteoglycans (ITIH-
1 to -5) that are able to bind hyalyronic acid (HA),
frequently referred to as hyaluronic acid-binding pro-
teins (HABPs) (2,31). This interaction with HA was
initially deciphered in the cumulus oocyte complex
in mice, and was shown to stabilize the extracellular
matrix (ECM) (6). The ITIH1, ITIH2, and ITIH3 gly-
coproteins were shown to assemble from a light chain
(bikunin) and a heavy chain: HCI (in ITIH1), HC2
(in ITIH2), or HC3 (in ITIH3) (9). ITIH4 consists
exclusively of HC4 (22). The ITIHI to ITIH4 genes
are transcribed principally in the liver, but the ITIH2
and ITIH3 genes are also weakly expressed in the
brain (5,22,23). Geisert et al. (10) described the
expression of the ITIHI, ITIH2, ITIH3, and ITIH4
genes in the endometrium of cyclic and pregnant gilts
and suggested that these proteins might play an
important role during pregnancy in pigs. The ITIHS
protein was initially identified and described as a
prognostic marker for breast cancer (12,28). More
recently, it has also been shown to be downregulated
in bladder cancer (16) and poorly differentiated thy-
roid carcinomas (21).

The aim of this study was to analyze the expres-
sion of ITIHS in the embryonic and adult female gen-
ital tract. This could help to understand its putative
involvement in both normal and pathological condi-
tions of uterus development. These studies were car-
ried out in mice.

MATERIALS AND METHODS
Animals

Animals were used in compliance with European
Commission guidelines and with the approval of the
“Haut Conseil des Biotechnologies” (#5450), and of
the “Direction Départementale des Services Vétéri-
naires” (#35-44). We used female CDI1-Swiss mice
reared in the Experimental Animal Department of the
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University of Rennes. For embryo staging, the morn-
ing on which a vaginal plug was first observed was
designated embryonic day 0 (EO). Vaginal smears
were used to stage the estrus cycle.

RT-PCR and RT-qPCR

RNA Extraction and cDNA Synthesis. Total RNA
was extracted from tissue samples with the RNeasy®
Mini kit (Qiagen S.A, Courtaboeuf, France), accord-
ing to the manufacturer’s protocol. We reverse-tran-
scribed total RNA with the Moloney Murine Leukemia
Virus (M-MLV) reverse transcriptase (Promega, Char-
bonniére, France) to generate cDNA, which was sub-
sequently used for RT-PCR and RT-quantitative PCR.

PCR Amplification. Complementary DNAs were
amplified with Tag DNA polymerase (GoTag® DNA
polymerase, Promega), according to standard proce-
dures. Primers were designed with Primer 3" software
(http://frodo.wi.mit.edu/primer3/). All the primers
had a similar (60°C) melting temperature (7,,). Vari-
ous pairs of primers were designed to bind to various
sites along the length of the cDNA sequence, to
strengthen our results and to facilitate the detection
of mRNA isoforms. The sequences of these primers
are available on request.

Reverse Transcription-Quantitative PCR (RT-gPCR).
We used the Power SYBR Green PCR master mix
(Applied Biosystems, Villebon-sur-Yvette, France)
for qPCR with an ABI Prism 7000 Sequence Detec-
tion System (Applied Biosystems), as recommended
by the manufacturer. Each sample was tested in tripli-
cate. The yield of each cDNA produced was analyzed
by the comparative Ct (threshold cycle) method of
gPCR. The values were normalized with respect to
the Ct obtained for amplification of the internal stan-
dard, the Hprtl gene (hypoxanthine phosphoribosyl-
transferase 1). The expression of this gene was
considered to be stable and similar in all cell types.
Primer sequences are available on request.

Whole-Mount In Situ Hybridization (WISH)

Preparation of Samples. Female genital tracts
were dissected out from embryos at stages E16.5 and
E18.5. Tissues were fixed by incubation overnight at
4°C in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) and dehydrated in a series of
methanol solutions of increasing concentration.

Synthesis of Riboprobes. A 463-bp cDNA probe
corresponding to exons 14 and 15 of the Itih5 gene
was inserted into pSPT18 (Roche, Mannheim,
Germany). Primer sequences and the recombinant
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plasmid are available on request. The recombinant
plasmid was linearized by digestion with EcoRI. The
antisense riboprobe was synthesized from the linear-
ized plasmid in the presence of digoxigenin-labeled
UTP, with a DIG-RNA labeling kit (Roche) and the
SP6 RNA polymerase promoter, according to the man-
ufacturer’s instructions. Sense riboprobe synthesis
required linearization of the plasmid by HindIIl diges-
tion and the use of the T7 RNA polymerase promoter.

Hpybridization. Tissues were rehydrated and treated
with proteinase K according to standard procedures.
Hybridization was performed at 65°C for 12 h in
hybridization buffer (50% formamide, 5 x SSC pH 7,
100 pg ml™! tRNA, 100 pg ml™ sodium heparin, 0.5
M EDTA, 10% CHAPS, 20% Tween 20) to which
we added 200 ng/ml of one of the sense or antisense
riboprobes. Samples were washed and incubated
overnight at 4°C with anti-digoxigenin alkaline phos-
phatase Fab fragments (Roche), at a dilution of 1:
5,000. They were then thoroughly washed and incu-
bated with BM purple solution (Roche) for signal
detection. Once optimal signal intensity had been
achieved, the samples were washed in PBT (0.1 %
Tween 20 in PBS) supplemented with | mM EDTA
and fixed in 4% PFA in PBS. They were then dehy-
drated in a series of methanol solutions of increasing
concentration and stored in 100% methanol at —20°C.

Western Blot Analysis

Protein  Purification. Proteins were extracted
from frozen (—80°C) genital tracts and livers from
E18.5 mouse embryos, and from the genital tracts
from pregnant and nonpregnant mice. Tissues were
homogenized in F9 lysis buffer (0.1 M Tris pH 7.5,
0.15 M NaCl, 0.1% SDS, 1% sodium deoxycholate,
1% Triton) and sonicated on ice (4°C) for 5 min.
Lysates were centrifuged at 10,000 X g for 5 min at
4°C, and the supernatants were collected in fresh
tubes. Protein concentration in the supernatants was
determined with a bicinchoninic acid protein assay
kit (QuantiProTM BCA assay, Sigma-Aldrich, Lyons,
France), according to the manufacturer’s protocol.
Protein solutions were mixed with an equal volume
of 2 x Laemmli buffer containing 100 mM Tris-HCl
pH 6.8, 20% glycerol, 3% SDS, 5% [B-mercaptoetha-
nol, heated for 5 min at 95°C, and stored at —20°C
until analysis.

Production of the GST-Itih5 Fusion Protein. A
pCMV-SPORT plasmid (Invitrogen, Cergy Pontoise,
France) containing the full-length cDNA encoding mouse
Itih5 was obtained from RZPD (ImaGenes Gmbh, Berlin,
Germany). A cDNA fragment corresponding to amino

acids 219-952 of the ItihS protein was inserted into
pGEX-3X (GE Healthcare, Saclay, France) and the
resulting recombinant plasmid was used to produce a
GST-fusion protein, GST-Itih5. E. coli cells were
grown at 37°C in 10 ml of LB medium supplemented
with ampicillin (50 pg ml™), until the culture reached
an ODgg of 0.8 (about 3 h). Synthesis of the GST-
Itih5 fusion protein was induced by adding isopropyl
B-D-thiogalactoside (IPTG) to a final concentration of
1 mM. The cells were incubated for a further 3 h at
37°C and then harvested by centrifugation at 2,000 X
g for 10 min at 4°C. Proteins were released by resus-
pending the wet cell pellets in Laemmli lysis buffer
and subjecting them briefly to sonication. The proteins
were denatured by heating for 5 min at 95°C and then
subjected to SDS-PAGE. The GST-Itih5 fusion protein
was approximately 105 kDa in size, consistent with its
deduced molecular weight.

Antibody Production. A rabbit polyclonal anti-
Itih5 antibody was generated at Eurogentec (Seraing,
Belgium), with a synthesized peptide corresponding
to amino acids 475-490 of the mouse protein
(YDEIRTPLLSDIRIDY).

Western Blot. Proteins were separated by electro-
phoresis in an 8.5% polyacrylamide gel supplemented
with 0.1% SDS, in a MiniProtean II electrophoresis
system (Bio-Rad, Ivry sur Seine, France). They were
transferred onto a nitrocellulose membrane (Millipore
S.A.S, Molsheim, France), which was then saturated
by incubation in PBT supplemented with 5% nonfat
milk powder for 1 h at room temperature. The mem-
brane was subsequently incubated at 4°C, for 90 min
with rabbit polyclonal anti-ItihS antibody at a dilution
of 1:500 and washed five times in PBT. It was then
incubated with PBT supplemented with a secondary
antibody [horseradish peroxidase (HRP)-conjugated
goat anti-rabbit antibody] at a dilution of 1:20,000, for
1 h at 4°C, and washed five times in PBS. Immunore-
active proteins were detected by chemiluminescence,
with an ECL kit (Amersham ECL™ Western Blotting
Detection kit, GE Healthcare).

RESULTS

Itih5 Gene Expression in the Mouse Female Genital
Tract During Development

RT-PCR and RT-gPCR. We first analyzed Itih5
mRNA expression by RT-PCR between E11.5 and PO,
in the female genital tract and in the liver. Itih5 was
expressed in both tissues at each embryonic stage stud-
ied. Similar results were obtained with all primer pairs
used (Fig. 1A and B shows RT-PCR products obtained
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Figure 1. Itih5 mRNA levels in the female genital tract and liver during development. RT-PCR analysis of /tih5 mRNA (A) in the female genital
tract and (B) in fetal liver. Equal amounts of total RNA from each tissue, without the addition of reverse transcriptase (—), were used as negative
controls. The position of the expected transcript (316 bp) is indicated by an arrow. (C) RT-qPCR analysis of Itih5 mRNA levels. The values for
the expression of the gene was normalized to Hprtl, used as an internal control, and are plotted on the y-axis as multiples of the lowest value
for this gene (that in the liver at E14.5). The figure shows one experiment among three independent ones leading to similar results. Error bars
reflect variations between triplicates of PCR. E, embryonic day; ITIH, inter-o-trypsin inhibitor heavy chain; PO, day O post partum.

with the Ex6-8 primers). RT-qPCR was used to mea-
sure changes in Itih5 mRNA levels during embryogen-
esis in the female genital tract and, for comparison, in
the liver. The amount of /rih5 mRNA in the female
genital tract increased considerably during embryogen-
esis, with relative levels increasing by a factor of about
five between E11.5 and E18.5 (Fig. 1C). Furthermore,
Itih5 mRNA was markedly more abundant in the
female genital tract than in the liver, particularly after
E16.5 (10 times higher): Ifih5 gene expression
remained stable, at low levels, throughout embryogen-
esis in liver (Fig. 1C).

WISH Analysis. We used whole-mount in situ
hybridization at E16.5 and E18.5 to investigate the pat-
tern of Itih5 gene expression in the female genital tract.
Itih5 expression was clearly detected, at both embry-
onic stages, in the cranial part of the uterine horns
(Fig. 2).

Itih5 Gene Expression in the Adult Mouse Uterus
During Pregnancy and the Estrus Cycle, as Analyzed
by RT-qPCR Analysis of ItihS mRNA (Fig. 3)

Itih5 was found to be expressed in the uterus during
gestation and during the estrus cycle. Itih5 mRNA was
more abundant in the uterus of pregnant animals than

in the placenta (1.5 to 4 times more abundant, depend-
ing on the stage of gestation). /tih5 mRNA levels in
the uterus of pregnant mice peaked twice: one peak
was at the ES5.5 stage, with a larger peak observed
between E12.5 and E13.5. By contrast, /tih5 mRNA
was much less abundant in the cyclic uterus than in the
placenta, with little variation during the course of the
estrus cycle.

The Genital Tract of Female Embryos and Adult
Mice Produce Different Isoforms of 1tihS Protein

We first checked the specificity of the polyclonal
antiserum, by Western blot experiments with the GST-
Itih5 fusion protein (Fig. 4A). We then used this antise-
rum to characterize the Itih5 protein isoforms produced
at E18.5, of both female genital tract and liver samples
(Fig. 4B) and in adult uterus during pregnancy and in
the quiescent organ (Fig. 4C). Two strong, specific
bands were detected for the female embryonic genital
tract: the 105-kDa band corresponding to the expected
size of the ItihS precursor and a lower molecular
weight (about 50 kDa) band possibly resulting from
tissue-specific posttranslational processing and corre-
sponding to an isoform smaller than the 73-kDa form
found in the liver (Fig. 4B). By contrast, only the
mature form of Itih5 protein (73 kDa) was detected in
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the uterus of adult mice, whether or not they were
pregnant (Fig. 4C). Note that these results can only be
considered on a qualitative point of view, due to poor
affinity to ItihS protein of the polyclonal antiserum.

DISCUSSION

We found that the Ifih5 gene was expressed in the
mouse uterus during pregnancy and during female gen-
ital tract development. Furthermore, whereas endome-
trial levels of expression of the Itihl to Itih4 genes
remain constant throughout all stages of the estrus
cycle and early pregnancy (10), our results clearly
demonstrate that levels of [fih5 gene expression in the
female genital tract vary considerably with the physio-
logical state of the uterus.

Itih5 mRNA was much more abundant in the uterus
of pregnant adult mice than in the uterus of adult mice
that were not pregnant. Our results are consistent with
those of a previous study in humans showing ITIH5

El8 5

E18.5

expression levels in the placenta to be about 12 times
those in the uterus (12). Interestingly, we found that
the level of Itih5 expression in the uterus of pregnant
mice was up to 50 times the maximal levels observed
during the estrus cycle. This strongly suggests that
ItihS plays a key role during gestation, probably in
implantation and uterus growth, as previously shown
for other ECM components (25). In particular, we
observed two peaks of expression, when the embryo
was at stages E5.5 and E12.5, corresponding to specific
stages of pregnancy in the mouse. Indeed, the period
around E5.5 is regarded as the “implantation window””:
it corresponds to the physiological preparation of the
endometrium for implantation and coincides with the
arrival of the embryo for implantation (7). During this
period, uterine cells proliferate and/or differentiate in
a particular spatiotemporal manner (7). Furthermore,
implantation seems to be regulated locally by interac-
tions involving ECM components (1,29). Invasive tro-
phoblasts adhere to, spread, and migrate on ECM

Figure 2. In situ hybridization analysis of /tih5 mRNA in the female genital tract of embryonic mice at E16.5 and E18.5 (ventral views). Itih5
expression was detected only in the cranial part of the Miillerian ducts (white arrow). a, adrenal gland; k, kidney; o, ovary; od, oviduct; u,

uterine horns; ur, ureter. Scale bars: 500 wm.
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Figure 3. RT-qPCR analysis of Itih5 mRNA in the adult uterus during pregnancy and the estrus cycle: comparison with mRNA levels in the
placenta. The values for the expression of the gene was normalized to Hprtl, used as an internal control, and are plotted on the y-axis as
multiples of the lowest value for this gene [that in the second day (D2) of the estrus cycle]. The figure shows one experiment out of two
independent ones leading to similar results. Error bars reflect variations between triplicates of PCR. D, day; E, embryonic day; ITIH, inter-o-
trypsin inhibitor heavy chain; PO, day O post partum.

substrates and penetrate three-dimensional ECM struc- midgestation (corresponding to stage E12.5 in mice)
tures (8). Following implantation, the uterus grows sig- (24). In humans, the uterus increases in weight from
nificantly from stage E12.5 onwards. Indeed, pregnancy about 50 g in the nonpregnant state to about 1,200 g
involves the growth and differentiation of myometrial at term, thus increasing in mass by a factor of 24
cells (30) and myometrial growth occurs mostly after during the course of pregnancy (14). This myometrial
&
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Figure 4. Western blot analysis of Itih5 protein with the o-Itih5 antibody. (A) Characterization of the o-ItihS antibody. Western blot analysis of
protein extracts from E. coli strain BL21 producing the pGEX-3X/Itih5 recombinant protein. Lane 1: Protein extract without IPTG induction;
lane 2: Protein extract with IPTG induction. The arrow indicates the molecular size of the specific signal for the GST-Itih5 protein (approximately
105 kDa). (B) Western blot characterization of the ItihS isoforms produced in the female genital tract and the liver at E18.5. Arrows indicate
the molecular sizes of the specific bands found in the embryonic female genital tract (105 and 50 kDa) and in the liver (73 kDa). (C) Size
characterization of the Itih5 isoform produced in the uterus of pregnant and nonpregnant adult mice. The arrow indicates the molecular size of
the specific band found in the uterus during gestation and in nonpregnant animals (73 kDa). E, embryonic day; NP, nonpregnant.
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growth is dependent on an increase in the synthesis
of various ECM proteins, including collagens (type I,
111, and IV), elastin, fibronectin, and laminin 2; each
of these ECM components displays a specific tempo-
ral pattern of expression during gestation (25). The
considerable variation of ItthS mRNA levels in the
mouse uterine during the course of gestation is partic-
ularly interesting in this respect. The ITIHS protein
thus appears to be one of the set of ECM proteins
involved in myometrial growth.

We also analyzed the [Itih5 gene products in
embryogenesis and adult life. A 73-kDa protein was
found in the adult uterus, during both the estrus cycle
and pregnancy. This molecule seems to correspond
to the mature form of the protein. Indeed, only one
form of the mouse Itih5 protein (NP_766059.1) is
currently found in databases. This form has a sequence
very similar to that of the human NP_85046 isoform,
corresponding to a polypeptide precursor of 952
amino acid residues (105 kDa). This precursor under-
goes posttranslational processing, including a trim-
ming of the N-terminal end, with the removal of 18
amino acid residues (signal peptide), and of the C-
terminal end at the conserved cleavage site (DDPHFVV),
resulting in the removal of 271 amino acid residues
(12). The final mature protein is approximately 73
kDa in size and, therefore, corresponds to the protein
observed in the adult mouse.

We also studied Ifih5 expression in the mouse
female genital tract during development, from E11.5
onwards, because the Miillerian ducts are known to
arise in the mesonephros at E11.5, subsequently dif-
ferentiating into the female genital tract (15,20). The
expression of this gene increased with the progres-
sion of genital tract development, from E11.5 to
birth. Furthermore, Itih5 expression was markedly
stronger in the developing female genital tract than
in the liver at the same stage, even though the liver
is the main source of ITIH proteins (5,22,23). These
observations suggest that ITIH5 plays a major role in
the development of the female genital tract. We
detected a protein of about 50 kDa in size during the
differentiation and development of the Miillerian

ducts, suggesting the presence of another Itih5 iso-
form not previously described in the mouse. This iso-
form may be equivalent to another known human
isoform, NP_116206, which is about 52 kDa in size
after posttranslational modifications. These observa-
tions are consistent with the known balance and com-
bination of proteins forming the ECM, which may be
highly variable and tissue-specific (11), resulting
from the use of alternative promoters, diverse splic-
ing patterns and various posttranslational modifica-
tions (11).

We report here the temporal pattern of expression
of the Itih5 gene in the female mouse genital tract
during adulthood and embryogenesis. We detected
two isoforms of Ithi5, of 73 and 50 kDa in size, in
adult animals and embryos, respectively. Further
investigations are required to elucidate the mecha-
nisms of action of these two isoforms. These results
indicate that ITIHS probably plays a specific physio-
logical role during cell development and differentia-
tion in the female genital tract in mammals. Even if
further functional studies, such as conditional inacti-
vation of the gene, are required to assess the role of
ITIHS, both in normal and pathological development
of the female reproductive tract, our present results
are already consistent with the deletion of the ITIH5
gene found in a case of MRKH syndrome (19), sup-
porting the identification of this gene as a candidate
gene for the syndrome.
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