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Abstract

menstrual cycle and on Days 12, 18 and 26 of early pregnancy was detected using in situ hybridization. The results showed that Smad2

Expression of Smad2 and Smud4 mRNAs in the endometrium of rhesus monkey on Days 8, 20 and 28 of the normal

and Smud4 mRNAs were mainly localized in luminal epithelium and glandular epithelium. The expression of Smad2 mRNA in glandular
epithelium was sustained at moderate level on Days 8, 20 and 28 of the menstrual cycle, while the expression of Smad4 gradually in-
ereased with the menstrual cyele. Both Smad2 and Smad4 mRNAs in functionalis glandular epithelium were expressed at the highest lev-
els on Day 12 of early pregnancy, while in basalis glandular epithelium the most abundant expression of both Smads occurred on Days 12
and 18 of pregnancy. On Day 26, both Snuds mRNAs were expressed at the lowest levels either in functionalis or in basalis. The data
suggest that the epithelium is the major compartment where TGF-fs/activins exert their biological effects via Smads, and that Smad4
may play a role in the maintenance of endometrial gland function during secreting period of the menstrual cycle. During lacunar stage of

early pregnancy, Smad2 and Smad4 are implicated in the tissue remodeling of endometrial functionalis and basalis, and during early vil-

Vol. 13, No. 8, August 2003

lous stage both Smads are functional primarily in basalis.

Keywords: Smad, rhesus monkey, pregnancy, menstrual cycle, endometrium.

The transforming growth factor- (TGF-8) su-
perfamily consisting of TGF-8s, activins, bone mor-
phogenic proteins (BMPs), etc. is a multifunctional
polypeptide superfamily that functions in many bio-
logical events such as cell proliferation and differentia-
tion, embryo development, angiogenesis and extra-
cellular matrix rernodelingm. Smad proteins were
discovered as intracellular signaling molecules that
transmit the extracellular TGF-§ signals from the
transmembrane serine/threonine kinase receptors to
the nucleus where they participate in the activation of
target genes. To date, Smads, constituting a family
of nine members in vertebrates, have been classified
into three subfamilies. Upon ligand binding, TGF-8R
I (TGF-B type Il receptor) and TGF-BR I (TGF-3
type I receptor) form heteromers, and subsequently
phosphorylate the downstream mediators R-Smads
( receptor-regulated Smads ), of which Smadl,
Smad5 and Smad8 respond to BMPs whereas Smad2
and Smad3 mediate TGF-fs/activins signals. R-
Smads then form heteromeric complexes with Co-

( Smad4 and

Smads ( common-partner Smads )

Smad4f in Xenopus ), followed by the translocation
of the complexes into the nucleus. Inhibitory Smads
(I-Smads), as a third subfamily, include Smad6 and
Smad7 which function to inhibit the TGF-§ signaling

cascadel?’ .

In some cases, TGF-8s could activate the
mitogen-activated protein kinase ( MAPK) pathway
or PP2A/p70s6k pathway independent of Smads!®’.
Smads, however, were still believed to be the prima-

ry mediators of TGF-§ biological effects.

The highly dynamic and cyclic primate en-
dometrium possesses regular cycles of growth, differ-
entiation and degradation, which is essential for the
sustentation of normal menstrual cycle and successful
embryo implantation. There was evidence to prove

that TGF-Bs were expressed together with their re-

ceptors in human fetal-maternal interfacel’!, en-

[5

dometrium!®! and pre-implantation embryo[b]. TGF-8

can also regulate the expression of trophoblastic'” ~1%)

. ~13 . .
and endometrial'™ "' matrix metalloproteinases

(MMPs) and tissue inhibitors of MMPs ( TIMPs).
Thus, TGF-8 may be involved in the regulation of
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primate endometrial modification in an autocrine and
paracrine fashion. Human endometrium compart-
ments also express activin during the menstrual cycle

[14-16] However, few re-

and embryo implantation
ports have clearly demonstrated the presence of Smads
in the endometrium, despite their important roles in
mediating TGF-fs/ activins actions. Since the accom-
plishment of biological actions of TGF-Bs/activins is
determined by the activation of the receptors as well
as intracellular signaling of Smads, neither the specif-
ic localization of TGF-Bs/ activins extracellular ligands
nor their receptors could provide enough evidence for
their function. In light of this consideration, the in-
vestigation of the localization of Smads is essential to
determining whether and where TGF-Bs/activins
function.

To explore whether TGF-8s/activins signaling is
operational in primate uterus during the menstrual cy-
cle and early pregnancy, we investigated the expres-
sion patterns of Smad2 and Smad4, as R-Smad and
Co-Smad in TGF-Bs/activins signaling cascades re-
spectively, in rhesus monkey endometrium using in
situ hybridization.

1 Materials and methods
1.1 Animals and tissue collection

The uteri of 12 pregnant rhesus monkeys
(Macaca mulatta) were collected in the Center for
Medical Primate, Institute of Medical Biology, Chi-
nese Academy of Medical Sciences as described previ-

U7) In brief, adult female rhesus monkeys with

ously
a history of regular menstrual cycles and pregnancies
were allowed to mate with the males for two days
from the anticipated time of ovulation. Sperm plug
examination, ultrasonography and mCG detection in
the uterus were performed to determine the pregnan-
cy. The anticipated day of ovulation was designated
as Day 0 of pregnancy. On Days 8 (n =2), 20 (n =
2) and 28 {(n =2) of the normal menstrual cycle, and
on estimated Days 12 (n =2), 18 (n =2) and 26
(n =2) of pregnancy, monkeys were laparotomized
under ketamine hydrochloride anaesthesia. Uteri
were removed and trimmed laterally. The implanta-
tion sites were embedded in embedding medium (Tri-
USA) and stored at

angle Biomedical Sciences,

— 80 C until analyzed.
1.2 Immunochistochemistry

A Dbiotin-avidin-peroxidase complex ( ABC )

method { Vectastain ABC kit, Vector Labs., USA)
was used for detection of cytokeratin in rhesus mon-
key uteri during normal menstrual cycle or early preg-
nancy. A rabbit anti-cytokeratin antibody ( Santa
Cruz Biotechnology Inc., USA) and the biotinylated
anti-rabbit IgG ( Vector Labs.) were used in im-
munohistochemistry. The sections were counter-
stained with Harris hematoxylin and mounted for

photography.
1.3 Subcloning of Smad2 and Smad4

C-Flag-tagged human Smad2 and Smad4 mam-
18] were the gifts from
Dr. Zhijie Chang (Institute of Genomics, Tsinghua
University, Beijing, China) and Dr. Rik Derynck
(Department of Growth and Development, Universi-
ty of California, San Francisco, USA), respectively.
The full-length Smad2 and Smad4 cDNA fragments
were obtained by digesting the two plasmids with
EcoR 1 and Hind Il. After being purified from the
agarose gel using NucleoTrap Gel Extraction Kit
(CLONTECH Laboratories Inc., USA), the two
fragments were then subcloned into vector pGEM-3Z
(Promega, USA).

malian expression plasmids[

1.4 Probe labeling and concentration determination

To generate antisense RNA probes, the plasmids
were linearized with EcoR I and transcribed with
SP6 RNA polymerase using digoxigenin (DIG) RNA
labeling kit ( SP6/T7 ) ( Boehringer-Mannheim,
USA). Sense RNA probes were synthesized with
Hind Il and T7 RNA polymerase. The yields of the
probes were determined using spot test following the
manufacturer’s instructions with a DIG-labeled RNA
control provided in the labeling kit. Spot intensities
of the control and experimental RNA probes were
quantified using Band Leader version 3.0 (Magnitec
Ltd., Israel) to estimate the concentration of the ex-
perimental probes.

1.5 In situ hybridization

Adjacent cryostat sections (10 um) were fixed in
4% paraformaldehyde, incubated in PBS containing
0.1% active DEPC for 30 min, and then incubated in
5 X SSC for 15 min at room temperature. Prehy-
bridization was carried out at 50 C for 2 h in a buffer
containing 50% deionized formamide, 5 X SSC and
120 pg/ mL salmon sperm DNA. Slides were then hy-
bridized with 400 ng/mL of the labeled probe
overnight at 50 C. In case of nonspecific binding,
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the slides were serially washed as follows: 2 X SSC at
room temperature for 30 min, 2 X SSC at 65T for
1h, 0.1x8SC at 65 for 1h, buffer A (100 mmol/
L. Tris, 150 mmol/L NaCl, pH 7.5) at rcom temper-
ature for 5min. This was followed by incubation with
anti-digoxigenin-alkaline phosphatase for 2 h. After
washing with buffer A, the slides were incubated in
buffer C (100 mmol/L Tris, 100 mmol/L NaCl,
50 mmol/L MgCl,, pH 9.5) for 5min, and the color
was developed by nitroblue tetrazolium chloride
(NBT ) and 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) (Boehringer-Mannheim ). All the experi-
ments were repeated three times. Sense probe hy-
bridization was used as a control for the background
level, and the results were analyzed by SPOT digital
image system (Diagnostic Instruments Inc., USA).

1.6 Statistical analysis

Signal intensities of Smad2 and Smad4 mRNAs
in glandular epithelia detected by in situ hybridiza-
tion were determined by computer-aided laser scan-
ning densitometry (Personal Densitometer SI, Molec-
ular Dynamics Inc., USA). In order to make the
statistical significance of the quantitative difference
credible in each uterine sample, 12 spots were ran-
domly selected in glandular epithelia in the experi-
mental set, and in the corresponding glandular ep-
ithelial compartments in the control set. Values are
corrected sample means = SEM. Statistical analysis
was performed using Statistical Package for Social
Science ( SPSS for Windows package release 10. 0,
SPSS Inc., USA). One-way ANOVA was used in e-
valuating the difference between individual groups of
normal menstrual cycle or early pregnancy. P<0.05
and P <0.01 were considered to be statistically sig-
nificant. Data of glandular epithelium in the function-
alis zone (GEf) and in the basalis zone (GEb) were
analyzed for statistical differences with Student’s -
test to verify differences between individual groups.

2 Results

2.1 Immunohistochemical staining of cytokeratin in
rhesus monkey endometrium

The typical structure of the macaque endometri-
um was confirmed by immunohistochemical staining
of cytokeratin, with Harris hematoxylin counterstain-
ing. Luminal epithelium and glandular epithelium
were cytokeratin-positive. Cytotrophoblast and syn-
cytiotrophoblast lining the villi, fetal-maternal inter-

face, stroma, arteriole and myometrium were cytok-
eratin-negative. Plate | (a) ~ (c¢) shows the repre-
sentative structure of glandular epithelium and stroma
on Days 8, 20 and 28 of normal menstrual cycle, re-
spectively. The typical structure of luminal epitheli-
um, glandular epithelium and stroma on Days 12, 18
and 26 of early pregnancy is shown in Plate [ (a)~

(0.

2.2 Smad2 and Smad4 mRNA expressions in rhe-

sus monkey endometrium during the menstrual cycle

Smad2 and Smad4 mRNA expressions were
observed mainly in glandular epithelium of the
macaque endometrium on Days 8, 20 and 28 of the
menstrual cycle (Plate T (d) ~ (i)). Expression of
both Smads in stroma was relatively low. Both
Smads in arteriole and myometrium were unde-
tectable. Sense-strand probes for both genes showed
no specific hybridization signals in any endometrium
investigated.

Smad2 mRNA expression in glandular epitheli-
um remained at moderate level on Days 8, 20 and 28
(Plate T (d) ~ (f)), with no discernable change
(Fig. 1(a)). The overall expression level of Smad4
in glandular epithelium was higher than that of
Smad2 . In addition, Smad4 expression increased
gradually from Day 8, through Day 20, to Day 28,
with a pattern distinct from that of Smad2 (Plate ]
(g)~(i)). The expression levels between individual
groups were significantly different (Fig. 1(b)).
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Fig. 1.  Graphic representation of the mean relative expression

levels of Smad2 and Smad4 mRNAs in glandular epithelium of
rhesus monkey endometrium on Days 8 (D8), 20 (D20) and 28
(D28) of normal menstrual cycle. Means of relative densities were
calculated from the computer-assisted densitometric scan. Error
bars are SEM calculated from the corrected sample means to indicate
sample variation within each day of menstrual cycle. (a) Relative
expression levels of Smad2. No significant difference existrs among
those groups. (b) Relative expression levels of Smad4. The differ-
ence between time points D20 and D28 is significant (P <0.05),
and the differences between time points D8 and D20/128 are signif-
icant (P<0.01).
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2.3 Smad2 and Smad4 mRNA expressions in rhe-

sus monkey endometrium during early pregnancy

Smad2 and Smad4 mRNAs were expressed
mainly in luminal epithelium and glandular epithelium
on Day 12 of pregnancy, and in glandular epithelium
on Days 18 and 26 of pregnancy. The expression of
Smad2 and Swmad4 in decidual cells was relatively
low. No expression of Smad2 or Smad4 was detect-
ed in arteriole or myometrium (Plate I (h), (i),
(k), (1), (n), (r)). Staining in trophoblast shell as
well as fetal-maternal interface was also below the
level of detection (data not shown). Expression of
Smad2 and Smad4 mRNAs in glandular epithelium
changed with the progress of pregnancy, in cell-spe-
cific patterns. And their expression patterns in func-
tionalis epithelial cells were different from those in
basalis epithelial cells (Plate Il (g) ~ (r)). Positive in
situ hybridization signal for Smad2 mRNA in glan-
dular epithelium located in functionalis was signifi-
cantly decreased with the progress of pregnancy
(Fig. 2 (a) and Platel[ (g), (i), (k)). Expression
of Smad2 mRNA in glandular epithelium located in
basalis was different from that in functionalis.
Smad2 mRNA was detected at a high level on Day
12 of pregnancy (Plate]l (h))}. Its expression on Day
18 significantly increased and reached the highest lev-
el (Fig. 2 (a) and Plate ] (j)), but decreased dra-
matically on Day 26 of pregnancy (Fig. 2 (a) and
Plate [l (1)).

Expression of Smad4 mRNA in the endometrial
compartments showed a distinct manner, and was
much higher than that of Smad2 mRNA. In func-
tionalis glandular epithelium, expression of Smad4
mRNA on Day 12 was the highest (Plate ] (m)). Its
expression on Day 18 was significantly decreased
(Fig. 2(b) and Plate Il (0)), and sustained on Day
26 (Platell (q)). In basalis glandular epithelium, the
highest expression level of Smad4 was on Day 12 and
Day 18, but the expression on Day 26 was signifi-
cantly decreased (Fig. 2 (b) and Plate [l (n), (p),
(r)).

Expression difference of Smad2 mRNA in glan-
dular epithelium between functionalis and basalis co-
incided with that of Smad4. On Day 12, expression
of both Smad2 and Smad4 in functionalis glandular
epithelium was significantly higher than that in
basalis glandular epithelium (Fig. 2 and Platell (g),
(h), (m), (n)). While on Day 18, positive in situ
hybridization signal for Smad2 and Smad4 in basalis

glandular epithelium was strikingly higher than that
in functionalis glandular epithelium (Fig. 2 and Plate
TG, G), (o), (p)). On Day 26, there was no
significant difference in the expression of Smad2 and
Smad4 mRNAs between functionalis glandular ep-
ithelium and basalis glandular epithelium (Fig. 2 and

Plate Il (k), (1), (q), (1)).
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Fig. 2.  Graphic representation of the mean relative expression
levels of Smad2 and Smad4 mRNAs in glandular epithelium of
rhesus monkey endometrium on Days 12 (D12), 18 (D18) and 26
(D26) of pregnancy. Means of relative densities were calculated
from the computer-assisted densitometric scan. Error bars are SEM
calculated from the corrected sample means to indicate sample varia-
tion within each day of early pregnancy. (a) Relative expression
levels of Smad2. Time points with no characters in common are
significantly different at P<0.05 or at P<0.01, with a, b and ¢
representing expression differences in glandular epithelium of the
functionalis (GEf), and A, B and C representing expression differ-
ences in glandular epithelium of the basalis (GEb). Among those,
the expression difference in the GEf between time points D18 and
D26 is significant (P < 0.05), and the differences between time
points D12 and D18/D26 are significant (P < 0.01). The expres-
sion differences in the GEb among time points D12, D18 and D26
are all significant (P < 0.01). (b) Relative expression levels of
Smad4 . a and b on top of each time point represent significant dif-
ferences (P<0.01) in the expression levels in GEf between time
points D12 and D18/D26, and no significant difference between
time points D18 and D26. A and B on top of each time point repre-
sent significant differences ( P < 0.05) in the expression levels in
GEb between time points D12/D18 and D26, but no significant dif-
ference between time points D12 and D18. * and * * represent
the significant difference in the expression levels between GEf and
GEb at P<0.05 on D12 and at P<0.01 on D18, respectively.
No significant difference exists between GEf and GEb on D26.

3 Discussion

This study has provided the first evidence that
Smad2 and Smad4 mRNAs are expressed in rhesus
monkey endometrium, thus supporting the hypothesis
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that TGF-Bs/activins signaling pathway is operational
in macaque endometrium during the menstrual cycle
and early pregnancy.

It has been demonstrated that TGF-8 partici-
pates in endometrial tissue remodeling via inhibiting
epithelial cell proliferation and differentiation' '}
maintaining the balanced expression of MMPs/

and

TIMPs!®!. Secretions of endometrial glands function
as primary regulators of embryogenesis, embryo im-
plantation and placentation. Interaction between
glandular epithelium and stroma will lead to local con-
trol and coordination of morphogenetically important
cell behaviors such as movement, adhesion, differen-

[20] " Strong evidence has doc-

5,21~23]

tiation and proliferation
umented the epithelial localization of TGF-8st

(14~16.24] i the cyclic and pregnant en-

and activin
dometria in many species. Combined with these re-
ports, the limited localization of Smad2 and Smad4
in luminal epithelium and glandular epithelium, as
shown in our results, may help us understand that the
endometrial epithelium is the primary compartment of
operational TGF-B/activins signaling. It was general-
ly recognized that growth factors are secreted from
(20] " Stromal-derived paracrine TGF-8

was found necessary for suppression of epithelial
[11

stromal cells
MMPs expression 1. In contrast, regulation of stro-
mal MMP-2

paracrine TGF-8 derived from the epithelial compart-
[13]

expression and secretion involves

ments In light of these observations, it can be
concluded that stromal-derived or epithelial-derived
TGF-B may act in an autocrine and/or paracrine man-
ner to modulate endometrial function during the men-
strual cycle and early pregnancy, but the epithelium
is the major compartment where TGF-§ exerts its bio-
logical effect. In addition, the new results may sug-
gest that TGF-Bs/activins function to regulate target
gene transcriptions via epithelial Smad2 and Smad4,
thus maintaining the normal function of epithelial
cells during the menstrual cycle and pregnancy.

In women and menstruating primates, the men-
strual cycle is subdivided into proliferating period, se-
creting period and menstrual period, during which
the endometrium undergoes cyclical degradation and
regeneration. Days 8, 20 and 28 correspond to prolif-
erating period, early secreting period and late secret-
ing period of the macaque menstrual cycle respective-
ly. In this study, we showed that Smad2 remained
at a moderate level in the endometrial gland on Days
8, 20 and 28 of macaque menstrual cycle, suggesting
its constitutive role in the normal menstrual cycle. In

contrast, Smad4, as a common partner of R-Smads,
displayed a gradually increased expression pattern on
Days 8, 20 and 28, with the progress of the menstru-
al cycle. This intensive expression profile during the
secreting period corresponds to the high expression
trends of TGF—B[S’zs] and activin"'* '3 thus indicat-
ing that Smad4 may play a role in the maintenance of
endometrial gland function during secreting period of
the menstrual cycle.

In rhesus monkey, the embryo implantation oc-
(261 " The selected uteri
on Days 12, 18 and 26 of pregnancy in our study rep-

curs on Day 9.5 of pregnancy

resent tissues from lacunar stage, early villous stage
and villous stage during the developmental process of

(27.28) * The data presented in

the placenta respectively
this study showed that the most intensive expression
of Smad2 and Smad4 in functionalis glandular ep-
ithelium occurred on Day 12, while in basalis the
most abundant expression of both Smads occurred on
Days 12 and 18. On Day 26, both Smads were ex-
pressed at the lowest levels either in functionalis or in
basalis. More compelling was the observation that
gene expression in glandular epithelium for both
Smads showed different levels in functionalis and
basalis, with significantly higher levels in functionalis
than in basalis on Day 12, and significantly higher
levels in basalis than in functionalis on Day 18. Taken
together, these findings suggest that during lacunar
stage, Smad2 and Smad4 in functionalis and basalis
(primarily in functionalis) may serve to participate in
the establishment of uterine epithelial morphology,
which in turn contributes to the tissue remodeling of
the endometrium, the early development of the villus
and the invasion of the trophoblast cells. During early
villous stage, Smad2 and Smad4 are functional pri-
marily in basalis, which could be explained by the
possibility that both Smads are implicated in the
preparation of the receptive endometrium for the full
invasion of the trophoblast cells into endometrial
basalis. Although it has been reported that TGF-8
was expressed in arterioles in Day 6 macaque en-
dometrium!?®}, and that TGF-B or activin was local-
ized in human first trimester fetal-maternal inter-
facel*! and trophoblast!®30? 1. our data did not illus-
trate the localization of both Smads in these compart-
ments at the three time points of early pregnancy,
hinting that TGF-Bs/activins signaling is not opera-
tional in primate endometrial arterioles, villi or fetal-
maternal interface from Day 12 to Day 26 of pregnan-

cy.
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In conclusion, this study provides the direct evi-

dence for the spatiotemporal expression of Smad2

and Smad4 in cyclic and pregnant macaque en-
dometrium, and offers the potential to advance our
understanding of operational TGF-8 signaling during
embryo implantation.
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Plate 1. Bxpression of Smad2 and Smad4 mRNAs in rhesus monkey endometrium during normal menstrual cycle. (a)~(c)
shows immunolocalization of eylokeratin in the endometrium of rhesus monkey on Days 8 (D8), 20 (D20) and 28 (D28) of
normal menstrual cycle. respectively, with hematoxylin counterstaining. Note that positive cytokeratin staining is present in
glandular epithelium. (d)~(f) shows the expression of Smad2 mRNA in the endometrium on D8, D20 and D28, respectively.
(g), (hy and (i) show the expression of Smad4 mRNA in the endometrium on D8, D20 and D28, respectively. Representative
negative controls of sense probes are shown in (j). (k) and (1), corresponding to the in site hybridization results using Smad2
sense probe in the endometrium on D8, D20 and D28, respectively. All the pictures are of identical magnification as shown in
(. Arrows show glandular epithelium (GE). (Con. control; St, stroma.)
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Plate 1. Expression of Smad2 und Smad4 mRNAs in rhesus monkey endometrium during early pregnancy. Cytokeratin
immunostaining in the endametrium on Days 12 (D12). 18 (D18) and 26 (D26) of pregnancy. with hematoxylin counterstaining,
are shown in (a)~(f). Note that positive eylokeratin staining is present in luminal epithelium and glandular epithelium. (g)~(1)
show the expression of Smad2 mRNA in the endometrium of rhesus monkey on D12, D18 and D26 of carly pregnancy.
respeetively. (m)~(r) show the expression of Smad4 mRNA in the endometrium of rhesus monkey on D12, DI8 and D26 of
carly pregnancy. respectively, Control sections of endometrial functionalis on D12 (s), D18 (1) and D26 (u) hybridized to the
Smad? sense probe show absence of the specific signals. All the pictures are of identical magnification as shown in (u). Thick

arrows show glandular epithelium (GE). (Con. control: LE. luminal epithelium; De, decidua; A, arteriole: My, myometrium.)
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