










ccn2 (ctgf) mRNA expression had declined and
was confined to the apical regions of the cells.
However, these changes were not parallelled by
ccn2 (ctgf) or TGF-â1 proteins, which re-
mained at a constant moderate value (compar-
able to epithelial cells of control (oil treated)

OVX uteri) over the entire time course (fig 3A).
The high amounts of ccn2 (ctgf) mRNA
induced by E2 alone at one to six hours or P4

alone at one hour were absent in animals receiv-
ing both hormones at the same time (fig 3B).
Nonetheless, at one to six hours, ccn2 (ctgf)

Figure 3 Steroidal regulation of uterine ccn2 (ctgf) and transforming growth factor â (TGF-â). Ovariectomised mice were treated with (A) progesterone
or (B) estradiol-17â and progesterone for the indicated amounts of time (1–24 hours). The presence of uterine ccn2 (ctgf) and TGF-â were determined by
in situ hybridisation or immmunohistochemistry.
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mRNA was slightly higher in OVX animals
receiving E2 and P4 than in OVX animals receiv-
ing the oil control. This signal was mainly apical
and its intensity declined to that seen in the oil
treated controls by 24 hours.

STROMAL CELLS

ccn2 (ctgf) mRNA was not detectable in the
stromal fibroblasts of OVX animals for one to
24 hours after the administration of the oil
control. Accordingly, low amounts of CCN2
(CTGF) and TGF-â1 proteins were found in
the stroma—lower than that seen in the
myometrium (fig 2A). After E2 treatment, there
was a slight increase in ccn2 (ctgf) mRNA in a
few scattered stromal cells by six hours after
treatment, but this increase was far less than
that seen in the epithelium. Nonetheless,
stromal staining for CCN2 (CTGF) and
TGF-â1 proteins was higher than in oil treated
controls, and appeared to increase modestly
with time. P4 did not appear to stimulate ccn2
(ctgf) mRNA production in the stroma,
although relatively high amounts of CCN2
(CTGF) and TGF-â1 protein were present at
all time points (fig 3A). No stromal staining for
ccn2 (ctgf) mRNA was present in animals
receiving both E2 and P4, and the CCN2
(CTGF) and TGF-â1 protein values were
much reduced compared with the increases
seen in the stroma in response to each hormone
individually (fig 3B).

Discussion
The uterus is an intriguing and unique
example of an organ system in which tissue
turnover is cyclical and regulated primarily by
steroid hormones. It is now evident that the
cyclic changes in uterine cell organisation are
attributable, at least in part, to the regulation
by E2 and/or P4 of the synthesis of uterine
polypeptide growth factors and their signal
transducing receptors.31 Through the inte-
grated action of numerous steroidally regulated
molecules, including growth factors and recep-
tors, endometrial cells undergo proliferation,
diVerentiation, ECM remodelling, and
regression.32 In addition, during pregnancy,
endometrial stromal cells are transformed to
decidual cells under the influence of E2 and P4,
a process that also involves changes in growth
factor expression. Apart from decidualisation,
uterine growth factors are also implicated in
other processes during pregnancy, such as
embryo–uterine signalling, placental develop-
ment, and angiogenesis.32–34 Synchrony be-
tween the hormonal status of the uterus and its
receptiveness for an appropriately developed
blastocyst is central to successful implantation
in many mammalian species.35–38 This high-
lights the pivotal role that steroidally regulated
growth factors are likely to play in the embryo–
maternal interactions that enable successful
establishment and maintenance of
pregnancy.32–34 39 Our data establish for the first
time that maternal sex steroids, including E2

and P4, are among the maternal factors that can
regulate the expression of ccn2 (ctgf) in the

uterus, suggesting that CCN2 (CTGF) prob-
ably mediates some of the growth and diVeren-
tiation processes in uterine tissues that are
steroid dependent. Although steroidal regula-
tion of ccn2 (ctgf) has not been reported previ-
ously, our data are consistent with an earlier
subtractive cDNA library strategy, which
showed that the CCN2 (CTGF) related
molecule CCN1 (CYR61) was induced in ova-
riectomised rat uteri after four hours of
treatment with 17-á-ethynyl estradiol.40

Our experiments revealed several features
regarding the regulation of ccn2 (ctgf) in the
mouse uterus. Interestingly, the only scenarios
in which uterine stromal or connective tissue
cells produce large amounts of CCN2 (CTGF)
are during the P4 dominated decidualisation
phase of pregnancy, after P4 administration, or
during periods of neovascularisation and ECM
remodelling during pseudopregnancy.14 In con-
trast, one of the most striking features of these
and previous14 data is that epithelial cells in
cycling, early pregnant, or pseudopregnant
animals are the principal site of uterine CCN2
(CTGF) synthesis. These data suggest that
CCN2 (CTGF) may influence uterine func-
tion through its action on epithelial cells,
directly or by paracrine eVects on the under-
lying stroma. CCN2 (CTGF) is produced by a
variety of epithelial cell types and regulates
functional properties including adhesion,13 dif-
ferentiation,41 42 and apoptosis.43 Although di-
rect eVects of CCN2 (CTGF) on uterine
epithelial cells have yet to be examined, our
results also support the possibility that CCN2
(CTGF) is translocated from the epithelium to
the stroma, as has been suggested previously
for TGF-â.44 Evidence for diVusion of CCN2
(CTGF) from its site of synthesis is shown by
the presence of large amounts of CCN2
(CTGF) protein in both epithelial and stromal
cells under conditions in which only the
epithelial cells contain appreciable amounts of
ccn2 (ctgf) mRNA (for example, on days 0.5–
2.5 of pseudopregnancy or in control or
hormone treated OVX animals). Thus, CCN2
(CTGF) may be one of the mediators of
epithelial–mesenchymal cell interactions that
drive uterine diVerentiation and support the
establishment and maintenance of pregnancy.

The pseudopregnancy experiments allowed
us to investigate which of the pregnancy
associated changes in CCN2 (CTGF) produc-
tion are independent of the presence of an acti-
vated blastocyst. The data clearly show that
most of the preimplantation changes in CCN2
(CTGF) production that we reported previ-
ously14 are embryo independent and, thus,
maternally regulated. Similarly, previous stud-
ies have shown that the uterine expression of
TGF-â1, TGF-â2, and TGF-â3 appears to be
independent of blastocyst regulation.29 44

Moreover, the pattern of CCN2 (CTGF) pro-
duction that we found was comparable to that
of TGF-â1 and was principally epithelial over
the first three days of pseudopregnancy. In view
of previous studies supporting TGF-â depend-
ent ccn2 (ctgf) gene induction in various cell
types, including epithelial cells, a functional
relation between TGF-â and CCN2 (CTGF)
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in the uterine epithelium is plausible. In
addition, a striking decrease in epithelial
CCN2 (CTGF) values was observed on day
4.5 in both pregnant14 and pseudopregnant
(our present data) mice. This time is the
normal day of implantation and is marked by
extensive stromal remodelling and angiogen-
esis. Suppression of epithelial CCN2 (CTGF)
production may allow for a net degradation of
stromal ECM as an essential prerequisite to
ECM remodelling and neovascularisation. In
addition, the presence of CCN2 (CTGF) in
the endothelial cells of the new vessels is
consistent with the proposed role for CCN2
(CTGF) in regulating endothelial cell prolif-
eration, adhesion, and survival.

The presence of ccn2 (ctgf) mRNA or
protein or TGF-â1 protein was not completely
abolished within the two week period after
ovariectomy. Similarly, the mRNA encoding
TGF-â1–3 was expressed at high basal values
in the uterus of immature mice30 and TGF-â2
or TGF-â3 mRNA persisted in the uteri of
adult ovariectomised mice.29 These data show
that transcriptional activation of the uterine
ccn2 (ctgf) and TGF-â genes are, at least
partly, steroid independent. Nonetheless, our
data show that both CCN2 (CTGF) and
TGF-â1 are individually induced by E2 and P4,
although the eVects of each hormone are quite
diVerent. In response to a single dose of E2,
ccn2 (ctgf) mRNA was induced in epithelial
cells within one hour, peaked at six hours, and
declined by 24 hours. Previous studies of the
mouse uterus showed that diethylstilbestrol
transiently upregulated TGF-â1 and TGF-â2
mRNA by three hours and TGF-â3 mRNA
within 30 minutes, with subsequent decreases
to basal values by six hours.30 In another study,
E2 caused a rapid (six hour) but transient
induction of TGF-â2 mRNA, whereas there
was no significant eVect of the hormone on
TGF-â3 mRNA in mouse uteri.29 In situ
hybridisation localised the mRNAs for all three
TGF-â isoforms primarily to the uterine
epithelium.29 30 Unlike the transient nature of
TGF-â mRNA induction elicited by E2, the
TGF-â proteins persisted in the epithelium for
a relatively long time.30 Following E2 stimula-
tion, we found that CCN2 (CTGF) and
TGF-â1 proteins were long lived in both the
epithelium and stroma, and were thus more
broadly distributed than would be predicted
from their mRNA, which was localised prima-
rily to epithelial cells. These data suggest that
epithelial CCN2 (CTGF) or TGF-â act in a
paracrine fashion to regulate stromal cell func-
tion. Similar conclusions were drawn from
studies of TGF-â protein localisation during
the preimplantation period, which showed that
ECM of the stroma actively accumulated
TGF-â1 that was synthesised in and secreted
from the epithelium.44

P4 is an essential hormone in the establish-
ment and maintenance of pregnancy, at least
partly because it is required to sensitise stromal
cells to diVerentiate in response to an embry-
onic or artificial stimulus and to maintain their
diVerentiated state. Nonetheless, direct induc-
tion of gene expression by P4 is not widely

documented, although some growth factors
(such as heparin binding epidermal growth
factor (HB-EGF), insulin-like growth factor
type 1 (IGF-1), vascular endothelial growth
factor (VEGF), tumour necrosis factor á
(TNF-á), and amphiregulin) and growth
factor receptors or binding proteins (such as
the EGF receptor, IGF binding protein 1, and
the TNF-á receptor type 1) appear to be P4

dependent.32 Although detailed studies of the
eVects of P4 on TGF-â are lacking in the litera-
ture, neither TGF-â2 nor TGF-â3 were
reported to be significantly aVected by P4 treat-
ment.29 However, in our studies, a single injec-
tion of P4 was eVective in stimulating the
expression of ccn2 (ctgf) and TGF-â1 over
control mice, but this response was less robust
than that seen with E2. The P4 responsiveness
of the ccn2 (ctgf) and TGF-â genes may
account, at least in part, for their high
expression in the P4 dominated decualisation
phase following implantation.14 While epithe-
lial rather than stromal ccn2 (ctgf) mRNA was
induced by P4, a similar pattern of regulation
has been reported for other uterine genes
including amphiregulin, a member of the EGF
family, which is produced by epithelial cells in
response to P4.

45 Although co-injection of P4

with E2 did not antagonise the transient E2

stimulated accumulation of TGF-â2 mRNA in
an earlier study,29 P4 appeared to antagonise the
E2 induced increase in TGF-â1 and ccn2 (ctgf)
expression by epithelial cells in our studies.
Similar opposing eVects between E2 and P4 on
their eVector molecules are not uncommon
and have been documented previously for sev-
eral uterine growth factors including HB-
EGF,46 amphiregulin,45 and basic fibroblast
growth factor.32

The similarity between CCN2 (CTGF) and
TGF-â in their patterns of expression and
localisation are consistent with TGF-â de-
pendent mechanisms of ccn2 (ctgf) gene tran-
scription, which could be both steroid depend-
ent and independent. However, in several
situations we found high amounts of TGF-â
protein in stromal cells but no detectable ccn2
(ctgf) mRNA. These findings may suggest that:
(1) TGF-â was present in its inactive latent
form, (2) stromal cells were TGF-â responsive
but the ccn2 (ctgf) gene was refractory to the
eVect of TGF-â, and/or (3) functional TGF-â
receptors were not present on the stromal cells.
However, this last possibility seems unlikely
because of the previously reported presence of
the type I and II TGF-â receptors in stromal
cells on days 1–3 of pregnancy and of the type
I, II, and III TGF-â receptors in stromal cells
on day 4 and the decidua thereafter.47

In conclusion, these and previous data dem-
onstrate that maternal factors are principal
cues for CCN2 (CTGF) production in the
uterus because it is produced in cycling and
pseudopregnant animals, its expression during
pseudopregnancy is comparable to that seen in
the preimplantation period, and its expression
is regulated by ovarian steroids. Our studies
further suggest that ccn2 (ctgf) gene transcrip-
tion in the uterus is not only regulated by
female sex steroids but also by TGF-â1
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dependent and independent mechanisms.
Thus, CCN2 (CTGF) is likely to mediate at
least some of the eVects of steroid hormones
and TGF-â on endometrial function in cycling
and pregnant animals.
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